2006-37

Final Report

Application of Precast Decks and
Other Elements to Bridge Structures

yoleasay



Technical Report Documentation Page

1. Report No. 2.
MN/RC-2006-37

3. Recipients Accession No.

4. Title and Subtitle
Application of Precast Decks and other Elements to Bridge
Structures

5. Report Date
September 2006
6.

7. Author(s)

Charles M. Bell |1
Catherine E. French
Carol K. Shield

8. Performing Organization Report No.

9. Performing Organization Name and Address
University of Minnesota
Department of Civil Engineering
500 Pillsbury Drive, S.E.
Minneapolis, MN 55455

10. Project/Task/Work Unit No.

11. Contract (C) or Grant (G) No.

(c) 81655 (wo) 146

12. Sponsoring Organization Name and Address
Minnesota Department of Transportation
Research Services Section

13. Type of Report and Period Covered

Final Report

395 John Ireland Boulevard Mail Stop 330 14. Sponsoring Agency Code

St. Paul, Minnesota 55155

15. Supplementary Notes
http://www.Irrb.org/PDF/200637.pdf

16. Abstract (Limit: 200 words)

A number of countries have incorporated precast components in bridge superstructures and substructures. Precast
components include deck, abutment, and wall elements. Benefits of using precast elements in bridge construction
include the high level of quality control that can be achieved in plant cast production compared to field cast
operations and speed of construction afforded by the assembly of precast elements at the site rather than the time
consuming on site forming and casting required in cast-in-place construction. Key components in the application
of precast concrete to bridge structures are the connection elements. Connection details include the use of post-
tensioning systems, and various connection details such as weld plates, studs in grout pockets, and shear keys. The
Minnesota Department of Transportation (Mn/DOT) constructed a bridge incorporating precast elements to enable
rapid construction. The objective of this study was to develop an instrumentation plan to enable investigation of
the performance of this bridge. Researchers developed an instrumentation plan based on information provided by
the Mn/DOT bridge office regarding the specific bridge details and behaviors to be investigated. The
instrumentation plan included the types and locations of the instruments.

17. Document Analysis/Descriptors
Rapid construction
Pourte Dalle

18. Availability Statement

No restrictions. Document available from:
National Technical Information Services,
Springfield, Virginia 22161

Slab span
Precast deck

19. Security Class (this report)
Unclassified

20. Security Class (this page) 21. No. of Pages 22. Price
Unclassified 271




Application of Precast Decksand Other Elementsto Bridge
Structures

Final Report

Prepared by:
Charles Bell 111
Carol K. Shield

Catherine French

Department of Civil Engineering
University of Minnesota

September 2006

Published by:

Minnesota Department of Transportation
Research Services Section
395 John Ireland Boulevard, MS 330
St. Paul, Minnesota 55155-1899

This report represents the results of research conducted by the authors and does not necessarily
represent the views or policies of the Minnesota Department of Transportation and/or the Center
for Transportation Studies. This report does not contain a standard or specified technique.

The authors and the Minnesota Department of Transportation and/or Center for Transportation
Studies do not endorse products or manufacturers. Trade or manufacturers’ names appear herein
solely because they are considered essential to this report



Acknowledgements

The work chronicled within this thesis was largely a team effort. A special thank you is
also extended to Matthew Smith for his assistance throughout the project, specifically with the
installation of instrumentation and set up of the data acquisition system. The following people
are also greatly appreciated for the assistance they provided during the installation of
instrumentation: Paul Bergson, Scott Nesvold, Justin Ocel, and Brian Runzel.

I would also like to thank the Minnesota Department of Transportation (Mn/DOT) and
Lunda Construction for their contributions during this project. Mn/DOT provided all of the
funding for this project. In addition, several Mn/DOT engineers and site inspectors provided
assistance during the installation of instrumentation and preparation of the final report. The
construction crew from Lunda Construction, the general contractor for the construction of
Mn/DOT Bridge No. 13004, was very accommodating and cooperative during the entire
installation of instrumentation process. Their patience and hospitality was crucial for the success
of this project and therefore was greatly appreciated.



Table of Contents

Chapter 1: Introduction’

1.1 Background of Prefabricated Bridge Construction.............cceeeeevviiieeriiiieeeeiiiieeeeiieee e
1.2 Advantages of Prefabricated Bridge Construction .............cccceeevvvieeeeniiieeeeniieeeeeiiiee e
1.3 SCANNING TOUT.....eiiiiiiiiiie ettt ettt e ettt e e e ettt e e e ettt e e e esabbeeesennsbeeeesansseeeeennnnes
1.4 Implementation of TEChNOIOZY........coiiiiiiiiiiiiiiie e
1.5 Purpose Of thiS StUAY ...cceeeuiiiiiiiiiiee et et e e e e e e e
1.6 OTZANIZALION ....eviiieeeiiiiie et et e ettt e e ettt e e e ettt e e e e neaeeeeeessbaeeeeensseeeeeensseaeeennssaeeeennsnns

Chapter 2: Literature Review

2.1 TIETOAUCTION ..t e e e e e e e e e e e eeeeeeeeaaeeeeeanaaeaees

2.1.1 Precast Panel Systems with Transverse Joints
2.1.2 Prefabricated Bridge Systems with Longitudinal Joints

2.2 Prefabricated Concrete Bridge Superstructure Connection SyStems.............ceccuvveeerrveeeeennne

2.2.1 Post-tensioning Systems
2.2.2 Shear Key Systems
2.2.3 Cast-in-place (CIP) Concrete Topping

2.3 Continuity for Live Loads over Interior Piers ...........cccoeeiiiiiiiiiiiiiiieiiiiee e
2.4 Case Studies Performed on Full-Span Form Panel Bridge Systems............cccccceeeeiiiiiirennn.

2.4.1 Hays, Jr. et al. Study
2.4.2 Buckner and Turner Study
2.4.3 Peterman and Ramirez Study

2.5 Additional Full-Span Prefabricated Bridge Systems ...........ccccoeevviiiiiiiniiiieeeniiiie e

2.5.1 The Inverted Tee (IT) Shallow Bridge System for Rural Areas
2.5.2 Precast Pretensioned Trapezoidal Box Beam for Short Span Bridges

2.6 Summary of LIterature REVIEW.........uuiiiiiiiiiiiieiiiiiee ettt e e iaee e e e iaaee e e eiaaeeeeenes

Chapter 3: Development and Implementation of the Mn/DOT Inverted-T Precast Slab
System

3.1 Design of the Mn/DOT Inverted-T Precast Slab System...........ccoocuiieviiiiniiiiniieiiieenieee

3.1.1 Design of the Precast Section
3.1.2 Transverse Reinforcement over the Longitudinal Joints
3.1.3 Detailing for Continuous Behavior over the Piers

3.2 Design of Mn/DOT Bridge No. 13004........ccccuiiiiiiiiiieeiiee et

3.2.1 Materials

3.2.2 Design Calculations

3.2.3 Details of the Precast Section used for Mn/DOT Bridge No. 13004
3.2.4 Details of the Bridge Deck

3.2.5 Details of the Precast Substructure

Chapter 4: Instrumentation of Mn/DOT Bridge No. 13004

4.1 Objectives Of INStrUMENEATION. .....cccuviiieiiiiiieeeeiiieeeeeieee et ee e et e e e ereeeeeenebaeeeeseraeeeeanes

19
19
19
21
21
22
23
23
24
25
25

26



4.2.1 Instrumentation for Longitudinal Reflective Cracking above the Precast
Longitudinal Joints
4.3 Longitudinal Reflective Cracking of the CIP Concrete Deck above the Precast Section

WED COTIIETS ..o e et e e et e e e e et e e e ea e e e e eeteeeeeeaaaeaeees

4.3.1 Instrumentation for Longitudinal Reflective Cracking above the Precast Section
Web Corners

4.4 Continuous Behavior for Live Load 0vVer the PIErS ......oouueeiiieeeeeeeeeee e

4.4.1 Instrumentation for Continuous Behavior for Live Load over the Piers

4.5 Effectiveness of the Transverse HOOKS .. .oovenee e it eeeen

4.5.1 Instrumentation to Determine Effectiveness of Transverse Hooks

4.6 Installation Of INStIUMENTATION. . .c.uu.teiieee ettt et e et e e e eeaeeeeeeeaeeeeranaaaaees

Chapter 5 Data Acquisition System

5.1 Design of the Data AcquiSItion SYSEEIM ......ccceouiiiiiiiiiiie ettt e e e sieeee e
5.2 CONAUIL SYSEEIM...eeiuiiiiiieiiiiieeeeitte e ettt e e e ettt e e e eibeeeeesabeeeeessbeaeeesassaeeeesssaeeeasssaeesennsnees
5.3 Long-term Data CollECTION ........cciiuiiiieiiiiiieeeiiiiee ettt e e e e et e e e e eeeeeebaeeeeenes

Chapter 6: Summary and Future Work

0.1 SUITIMATY.....eeiiiiiieeiiiiiiee et e ettt e e e e e e e ettt e e e e e e s e aabbtaeeeeeaesssnnssbbeeeeeaeeens
6.2 Benefits of the Mn/DOT Inverted-T Precast Slab System...........ccccoeevviiiiiiiiiiiiiiiniienens
6.3 Preliminary CONCIUSIONS .......ccoiiiiiiiiiiiiiie ettt et e e e et e e e e e e e e
0.4 FULUIE WOTK....cutiiiiiiiiiiee ettt ettt e s e st e e s e e sbeeeeas

References
Tables
Figures

Appendix A: Bridge Plans

Appendix B: Design Calculations

Appendix C: Instrumentation and Data Acquisition System Components
Appendix D: Installation Log

Appendix E: Datalogger Programs

27

28

28
28
29
30
31
31

32
32
32
33

35
35
35
36
36

37
39
63



List of Tables

Table 2.1 Cross sections of different precast sections (Kamel and Tadros, 1996)....................... 40
Table 2.2 Dimensions of form panels and CIP concrete for the bridges visited in Florida
during the study performed by Hays, Jr. et al. (1980)......ccccevriiviiiiiiiiiiiieeiieeeeeen 40
Table 2.3 Reinforcement details and dimensions of the laboratory specimen used in the study
performed by Buckner and Turner (1981)........cocuiiiiiniiiiiiiiiieeeee e 41
Table 3.1 Compressive concrete strength of concrete used for precast sections in the
superstructure of Stage 1 of Mn/DOT Bridge No. 13004 ..........ccovvieiiiiiiieeiiieeeieeen 41
Table 3.2 Compressive concrete strength of CIP concrete used in Stage 1 of the superstructure
for Mn/DOT Bridge NO. 13004 ......oooiiiiiiieeiiie ettt et e e et e e e eareeaeenes 41
Table 4.1 Coordinates of the VW embedment strain gages installed directly above the precast
1oNGItUAINGL JOTNES.....eviiiieiiiiiie ettt e et e e e et e e e earbeeeeesnnraeaeenes 42
Table 4.2 Coordinates of the VW embedment strain gages installed directly above the precast
SECTION WED COTTIETS .....veeiiiieeuiite ettt e ettt e et e ettt e ettt e st e e it esabe e e sttt e sabeeesabeeesbeeesbneeeas 43
Table 4.3 Coordinates of the VW spot-weldable strain gages installed on longitudinal
TEINTOTCEMENIE ....couiiiiiiiii ittt ettt et e st e st eesaaeeeas 44
Table 4.4 Coordinates of the VW spot-weldable strain gages installed on the transverse hooks
OF the PIECASt SECLIOMNS. .. .iieiiiiiieeeiiiiie e ettt et ee ettt e e e et e e e e e e e e e e eeeeeebbaeeeessaeeens 45
Table 5.1 Channel assignments for MultipleXer #1............covriiiiiiiiiiieieiee e 46
Table 5.2 Channel assignments for MultipleXer #2............coorviiiiiiiiiiieeeiiee e 46
Table 5.3 Channel assignments for MultipleXer #3...........coovriiiiiiiiiiiieeeiiee e 47
Table 5.4 Channel assignments for MultipleXer #4............coooviiiiiiiiiiieeiiiiee e 47
Table 5.5 Channel assignments for MultipleXer #5..........cooovriiiiiiiiiiiieeiiiee e 48
Table 5.6 Channel assignments for MultipleXer #6.............ccocviieeiiiiiieiiniiiee e 48
Table 5.7 Locations of the cables in the conduit relative to the precast longitudinal joints......... 49
Table 5.8 Instrumentation connected to Cable 6-1..........c..oeeiiiiiiiiiiiiiiieeeiee e 50
Table 5.9 Instrumentation connected to Cable 6-2...........c..ooeeviiiiiiiiiiiiie e 51
Table 5.10 Instrumentation connected to Cable 6-3 ............ccoviiiiiiiiiiiiiieiiee e 52
Table 5.11 Instrumentation connected to Cable 6-4............ccooiiiiiiiiiiiiiieeiiee e 53
Table 5.12 Instrumentation connected to Cable 6-5...........coooviiiiiiiiiiiiiiieeiiee e 53
Table 5.13 Instrumentation connected to Cable 6-0............ccooiiiiiiieiiiiiiieeiiiiee e 54
Table 5.14 Instrumentation connected to Cable 5-1........cccooiiiiiiiiiiiiiiiieeieeeeee e, 55
Table 5.15 Instrumentation connected to Cable 5-2........c..ooiiviiiiiiiiiiiiiieeiee e 56
Table 5.16 Instrumentation connected to Cable 5-3 ........cccooiiiiiiiiiiiiiiieeee e 57
Table 5.17 Instrumentation connected to Cable 5-4............oooviiiiiiiiiiiiiieeiee e 57
Table 5.18 Instrumentation connected to Cable 5-5........c.ooiiiiiiiiiiiiiiiiieeee e 58
Table 5.19 Instrumentation connected to Cable 4-1...........oooeviiiiiiiiiiiiiieeiee e 59
Table 5.20 Instrumentation connected to Cable 4-2...........ooiiviiiiiiiiiiiiiie e 60
Table 5.21 Instrumentation connected to Cable 4-3 ...........ooiiiiiiiiiiiiiiiie e 61
Table 5.22 Instrumentation connected to Cable 4-4............oooviiiiiiiiiiiiieeeiiee e 61

Table 6.1 Superstructure cost comparison of bridges built with the Mn/DOT Inverted-T
Precast Slab System to traditional slab-span bridges..........ccccceeeveiiiiiiiiiiiieeniiieeeeee. 62



List of Figures

Figure 1.1 Partial-depth concrete decks prefabricated on steel or concrete beams...................... 64
Figure 1.2 Cross section of Poutre Dalle SysStem ..........ccocceiiiiiiiiiiiiiiiiiiieeiceeceeeceeeee 64
Figure 1.3 Photograph of precast section used in Poutre Dalle System .........cccccceeviiiiniennnnen. 65
Figure 2.1 Full-Depth Precast Prestressed Bridge Deck System ........c.ccccoovieeiiiiiniiiniennnnen. 65
Figure 2.2 Cross section of a partial-depth precast concrete panel system ............cccceeeeviieennnn. 66
Figure 2.3 Cross section of a box girder bridge system with transverse post-tensioning ............ 66
Figure 2.4 Elevation view of longitudinal post-tensioning in a Full-Depth Precast Prestressed
Bridge DECK SYSTEIM ....vviiiiiiiiiie ettt e e e e e et e e e nbaee s 67
Figure 2.5 Typical geometry of a shear key used in a box girder system ............ccocceeervveernneenn. 67
Figure 2.6 Typical geometry of a shear key used in a Full-Depth Precast Prestressed Panel
N 1<) 1 1 LU PP PPPPPUPPPRRN 68
Figure 2.7 Interior joint detail of a precast concrete bridge girder made continuous using the
Conventional Reinforcement Method ............cccooiiiiiiiiiiiiiiiniieeee e 68
Figure 2.8 Elevation view of a bridge made continuous over the pier through the use of
longitudinal POSt-LENSIONING ....cc.vviiieiiiiiireeiiiiee e et ee e et ee e ettt e e et eeesabeeeeeenraeaeenns 69

Figure 2.9 Elevation view of the lab specimen used in the study performed by Hays, Jr. et al. .. 69
Figure 2.10 Cross-sectional view of the standard span of the lab specimen used in the study

performed by Hays, Jr. €t al.......oooiiiiiiiiiiiie e 70
Figure 2.11 Cross-sectional view of the alternative span of the lab specimen used in the study
performed by Hays, Jr. €t al. ....oooiiiiiiiiiiie e 70
Figure 2.12 Cross section of the panel detail recommended by Hays, Jr. et al. ..........ccocceeeiien. 71
Figure 2.13 Cross section of the flat panel laboratory specimen used in study performed by
Buckner and TUIMET .......coouiiiiiiiiiiieii e 71
Figure 2.14 Cross section of the beveled-edge laboratory specimen used in study performed by
Buckner and TUIMET .......coouiiiiiiiiiiie e 72
Figure 2.15 Cross-sectional view of the loading apparatus used in the study performed by
Buckner and TUIMET .......cooouiiiiiiiiiiieiie e 72
Figure 2.16 Cross section of the laboratory specimen used in study performed by Peterman
ANA RAMITEZ ....eiiiiiiiiiie ettt ettt e sttt e e bt eeeiaeeeas 73
Figure 2.17 Cross section and reinforcement details for a tee beam used in the IT System ........ 73
Figure 2.18 Cross section of the IT System .........cccooviiiiiiiiiiiiiiiiieceeece e 74
Figure 2.19 Cross section of the closed trapezoidal box beam ..........cccccceevviiiiiiiiniiiinnieennneen. 74
Figure 2.20 Cross section of the open trapezoidal box beam .............cccceevviiiiiiiiiiiiieiiiieeeee 75
Figure 3.1 Cross-sectional view of interior inverted-T precast section concept..........c.eeeeuvvenennn. 75
Figure 3.2 Cross-sectional view of exterior inverted-T precast section concept ............cccuveeeenee 76
Figure 3.3 Photograph of the transverse hooks of the precast sections ...........ccccceeevveernieennneen. 76
Figure 3.4 Cross-sectional view of the precast longitudinal joint detail..............cccccveeeiniiiinennn. 77
Figure 3.5 Photograph of formwork with indented inner surface ............ccocceeevvieiiniiinicennnen, 77
Figure 3.6 Cross-sectional view of an interior inverted-T precast section detailing transverse
reinforcement within the precast SECHONS .........ccueeiiiriiiiiiiiiiiie e 78
Figure 3.7 Plan view of precast section layout showing blocked-out portions of the precast
SECLION TlANZES ....veieeeiiiiie e ettt et e ettt e e e ettt e e e et e e e e ettaeeesentbeeeeennaeaaeas 78



Figure 3.9 Elevation view of Mn/DOT Bridge No. 13004 ........coooiiiiiiiiiiiiiceceeeeeeeee 79
Figure 3.10 Plan view of Mn/DOT Bridge No. 13004 with construction stages and

construction joint highlighted ............cccciiiiiiiiiiiii e 80
Figure 3.11 Cross-sectional view and reinforcement details for an interior inverted-T precast

section used in Mn/DOT Bridge No. 13004 ..........cooiiiiiiiiiiiieeeeee e 81
Figure 3.12 Connection detail at abutment, bridge deck, and approach panel............................. 82
Figure 3.13 Connection detail at PIEr CAP ....couvveieeeiiiiieeiiiie ettt e e e ee e e 82
Figure 4.1 Plan view of Mn/DOT Bridge No. 13004 with instrumented portion highlighted...... 83
Figure 4.2 Cross-sectional view of precast longitudinal joint.............ccccoeevviiiiiiiiiiiieeniiiiee e, 83
Figure 4.4 Photograph of Geokon® Model VCE-4200 VW Embedment Strain Gage................ 84
Figure 4.5 Plan view of instrumentation detail for VW embedment strain gages located

directly above precast longitudinal JOINtS ............eeeeiiiiiiieiiiiiie e 85
Figure 4.6 Photograph of VW embedment strain gage tied to uncoated rebar .............c...ccee.. 85
Figure 4.7 Photograph of VW embedment strain gages installed above precast longitudinal

JOTIIES Leetee ettt ettt e ettt e e ettt e e ettt e e ettt e e e e abb e e e e e nbbeee e e nbbaee e e nbbaeeeeanbbaeeeennteeeeeannaaeens 86
Figure 4.8 Plan view of instrumentation detail for VW embedment strain gages located

directly above the precast SECtion WEb COTNETS........ccuviiieriiiiiieeeiiiieeeeriiee e 87
Figure 4.9 Cross-sectional view of instrumentation detail for VW embedment strain gages at

€ach INStrUMENLEd JOINL.....ccuuiiiieiiiiiie ettt e e e e e e eeeeeebaeeeas 88
Figure 4.10 Photograph of VW embedment strain gages installed above precast section web

corners and above precast longitudinal JOINt ...........ccccieieriiiiiiiiiiiieeeeee e 88
Figure 4.11 Photograph of Geokon® Model VK-4150 VW Spot-weldable Strain Gage ............ 89

Figure 4.12 Elevation view of Mn/DOT Bridge No. 13004 showing locations of
instrumentation along the length of the bridge for continuous behavior over the piers.... 89
Figure 4.13 Plan view of Stage 1 of the bridge construction of Mn/DOT Bridge No. 13004

showing locations of instrumentation for continuous behavior over the piers................. 90
Figure 4.14 Cross-sectional view of instrumentation detail for locations with 3 VW spot-

weldable strain gages (“¢7 in Figure 4.13) ..o 90
Figure 4.15 Cross-sectional view of instrumentation detail for locations with 2 VW spot-

weldable strain gages (“@” in Figure 4.13)....cccciiiiiiiiiiiiiiiiie e 91
Figure 4.16 Photograph of VW spot-weldable strain gage welded to longitudinal

TEINTOTCEMENE .....eiiiiiiiiiiiiect et et 91

Figure 4.17 Photograph of VW spot-weldable strain gage with waterproofing and steel cover ..92
Figure 4.18 Photograph of 3 VW spot-weldable stain gages installed on the longitudinal

reinforcement at east end 0f €ast SPAN.........eeeeiriiiiiiiiiiiie e 92
Figure 4.19 Photograph of 2 VW spot-weldable strain gages on longitudinal reinforcement

located at the centerline 0f the PIeT CaP ......vvvieeriiiiieiiiiee e 93
Figure 4.20 Photograph of transverse hooks of adjacent precast sections...........ccceevevveeruveennnen. 93
Figure 4.21 Plan view of instrumentation detail for VW spot-weldable strain gages on

trANSVETSE NOOKS ....ouiiiiiiiiiiiii e 94
Figure 4.22 Photograph of VW spot-weldable strain gages on transverse hooks..............c........ 94
Figure 4.23 Labeling scheme used for gages installed in Mn/DOT Bridge No. 13004 ............... 95
Figure 5.1 Schematic of the data acquisition system used to monitor instrumentation installed

in Mn/DOT Bridge NO. 13004 ........ooo oottt e et e e eiraeaeees 96
Figure 5.2 Plan view of the conduit SYSteM ........cccueeiiiiiiiiiiiiiiiciic e 97

Figure 5.3 Plan view of cables within conduit SyStem...........cccceeeviiiiiiiiiiniiiiniiieiceceee 97



Figure 5.4 Photograph of embedded wiring junction box located above precast longitudinal

JOTIIE oottt ettt e e ettt e e ettt e e ettt e e e e abb e e e e e abb e e e e e nbbeee e e nbaeeeeeanbbaeeeeanbaeeeeennnaaeens 98
Figure 5.5 Photograph of multiplexer boxes located on the east face of the east pier cap ........... 98
Figure 5.6 Locations of the multiplexers within the boxes on the east face of the east pier cap .99
Figure 5.7 Photograph of temporary data acquisition system cabinet............ccccceevvueernueernneenn. 99

Figure 5.8 Photograph of permanent data acquisition system cabinet



Executive Summary

Prefabricated bridge construction presents many advantages over conventional construction
methods. In prefabricated construction, elements are cast off-site and then brought to the site
ready to be erected in-place. This eliminates major-time consuming tasks from the project
timeline, such as erection and removal of formwork, placement of steel reinforcement and
concrete, and curing of the concrete. The result is shorter construction time and a reduction in
traffic disruption.

Many existing prefabricated bridge systems used in the United States have durability
issues, such as longitudinal reflective cracking, which result in significant maintenance or
replacement costs. This takes away from the advantages that would otherwise be associated with
these types of systems. This has led to numerous research programs for the development of
more durable prefabricated bridge systems.

In April of 2004, the Federal Highway Administration (FHWA) and the American
Association of State Highway and Transportation Officials (AASHTO) initiated a scanning tour
to explore the state-of-the-art technologies for rapid construction already being implemented in
other industrial countries. During this scanning tour, a team of eleven members visited Japan,
the Netherlands, Belgium, Germany, and France to identify international uses of prefabricated
bridge elements.

The Minnesota Department of Transportation (Mn/DOT) developed a prefabricated
superstructure system based on the Poutre Dalle system that was observed in France during the
scanning tour. The Poutre Dalle system consisted of inverted-T precast members placed adjacent
to one another and then topped with cast-in-place (CIP) concrete. The shape of these sections
eliminates the need for formwork for the CIP concrete and provides a working surface for the
placement of steel reinforcement and pouring of the CIP concrete.

The precast members of the Poutre Dalle system have transverse hooks that extend out of
the vertical sides of the webs. Once in place, the hooks from adjacent sections extend over the
longitudinal joints that exist between the adjacent precast sections and overlap with the hooks
from the adjacent sections. Thus once the CIP concrete has cured these hooks tie the adjacent
sections together.

The system that Mn/DOT developed, the Mn/DOT Inverted-T Precast Slab System,
utilized two main design features of the Poutre Dalle system. These two features include the
inverted-T precast section shape and the transverse hooks that extend from the vertical sides of
the web of the precast sections. Mn/DOT used these features as the basis of their design;
however modifications were made to increase the durability, performance, and constructibility of
the design.

The largest concern affecting the durability of the system was the potential development
of longitudinal reflective cracking above the longitudinal joints between adjacent precast
sections. Thus, in addition to the transverse hooks crossing the precast longitudinal joint, a
reinforcement cage was added to the CIP concrete directly above the joint. This increased the
amount of reinforcement above this joint and therefore increased the load sharing capabilities of
the CIP concrete at this location. The intent was to reduce the stresses in the CIP concrete and
thus reduce the potential for the development of reflective cracking at these locations. The
corners of the flanges and webs of the precast sections were also chamfered to reduce the stress
concentrations at those locations and again reduce the potential for the development of reflective
cracking.



Another issue of concern was the continuity of the superstructure system. The system
was designed to be continuous for live load over the interior piers after the CIP concrete had
cured, thus modifications were made to ensure that the system would provide adequate
continuity. Continuity was achieved through the use of conventional deck reinforcement and
concrete between adjacent precast sections above the piers. Additional reinforcement over the
piers was added directly above the flanges of the precast sections to provide a positive moment
connection in case a positive restraint moment was to develop above the piers over time.

The design of the Mn/DOT inverted-T Precast Slab System was tailored to the needs of
two projects with different span arrangements with the idea that the precast section would be
developed for short span ranges of 20 ft. minimum and 65 ft. maximum. One of the bridges
(Mn/DOT Bridge No. 13004) was located in Center City, Minnesota about 40 miles northeast of
Minneapolis. Instrumentation was installed in this bridge to monitor the behavior of the bridge
over time. The main goal of the instrumentation plan was to investigate for the development of
longitudinal reflective cracking of the CIP concrete above the precast longitudinal joints and
above the precast section web corners. Several vibrating wire (VW) embedment strain gages
oriented in the transverse direction were installed above the precast longitudinal joints and
precast section web corners at three different locations within the bridge deck. These gages were
used to monitor the development and propagation of cracks as would be evident by reading large
local increases in strain. Ifa crack were to develop these gages could then be used to monitor the
behavior of the crack over time.

The instrumentation plan also included several vibrating wire (VW) spot-weldable strain
gages on the longitudinal reinforcement at different locations within the bridge deck to
investigate the continuous behavior of the bridge over the interior piers for live load. At most of
these locations, either two or three of these gages were installed so that the curvature of the
bridge deck at that location could be determined. The majority of the information provided from
these gages was to be obtained during a truck load test to be performed sometime during the two-
year monitoring period of this bridge.

The results of this investigation will be used to verify some of the design assumptions
and to determine if further modifications need to be made to the design of the Mn/DOT Inverted-
T Precast Slab System to improve the performance of the system for future projects.



Chapter 1
I ntroduction

1.1 Background of Prefabricated Bridge Construction

Prefabricated bridge construction typically consists of fabricating bridge elements off-site
and delivering them to the project location ready to be erected. This can include entire
superstructure or substructure systems, or elements of each system. There are many
prefabricated superstructure systems that consist of both prefabricated and cast-in-place (CIP)
elements. Prefabricated bridge construction has been developed because it presents many
advantages over conventional bridge construction including speed of erection and improved
quality control due to plant fabrication. However, many current systems have durability issues,
such as the development of cracking, which reduce the benefits of this type of system. Thus,
new systems are constantly being developed to produce systems with improved durability.

1.2 Advantages of Prefabricated Bridge Construction

Prefabricated bridge construction presents many advantages over conventional bridge
construction. First, major time-consuming tasks such as the erection and removal of formwork,
placement of steel reinforcement and concrete, and concrete curing need not be accomplished in
the work zone. The elements can be prefabricated off-site or adjacent to the site, concurrently
with the on-site construction, then brought to the site and quickly erected into place. This can
significantly compress the construction project timeline and reduce traffic disruption (Ralls et al.,
2002). This is especially important in colder climate states, like Minnesota, which must
concentrate a large number of projects into the few months available for construction (Hagen et
al., 2005).

At construction sites, workers are often exposed to dangerous situations such as working
close to traffic, near power lines, or over water. Fabricating the elements off-site, in a safe
environment reduces the amount of time workers are exposed to these potentially dangerous
situations (Ralls et al., 2002).

The erection and removal of formwork for placement of steel reinforcement and concrete
in conventional bridge construction requires significant access to the underside of the bridge for
workers and equipment. This can have a negative impact on the environment adjacent to the
bridge. The use of prefabricated elements gives contractors more options and can often reduce
the impact bridge construction has on its surroundings (Ralls et al., 2002).

The use of prefabricated elements also increases the overall quality of the product. By
fabricating the elements off-site, work can be done ahead of time, using as much time as
necessary, and often in a much more controlled environment. Plant operations are often
standardized therefore ensuring quality control (Ralls et al., 2002). This results in a more
durable product resulting in lower life cycle costs. Also, many times the same elements can be
used for different projects and this repeatability often results in large economic benefits as well
(Ralls et al., 2002).

1.3 Scanning Tour

The highway bridges of the United States are being subjected to an ever increasing
volume of traffic. Many new bridges need to be built and many existing bridges are in need of
replacement. Thus, new systems need to be developed that realize the many advantages



associated with prefabricated construction. The Federal Highway Administration (FHWA) and
the American Association of State Highway and Transportation Officials (AASHTO) initiated a
scanning tour in April of 2004 to explore the state-of-the-art technologies for rapid construction
already being implemented in other industrial countries (FHWA, 2004).

A team of eleven members (three representatives from FHWA, four representatives from
state departments of transportation, one representative from county engineers, one university
representative, and two representatives from industry) visited Japan, the Netherlands, Belgium,
Germany, and France with the overall objectives to identify international uses of prefabricated
bridge elements and systems and to identify decision processes, design methodologies,
construction techniques, costs, and maintenance and inspection issues associated with use of the
technology (FHWA, 2004). The team was interested in all aspects of design, construction, and
maintenance of bridge systems composed of multiple elements that are fabricated and assembled
off-site (FHWA, 2004).

Of the many systemes observed, two of the systems had a similar methodology of
handling the joint between the precast components by utilizing a joint with a liberal amount of
reinforcement tied from the precast element into the joint area. Those superstructure systems
also eliminated the need to place and remove formwork, thus accelerating construction and
improving work-zone safety. The first system, which consisted of partial-depth concrete decks
prefabricated on steel or concrete beams, was found in Germany and is shown in Figure 1.1.
This system involved casting small concrete decks on steel or concrete beams prior to erection of
the beams. After the beams are erected, the edges of each deck unit abut the adjacent member
and there is no need to place additional formwork for the CIP concrete. This process speeds
construction and reduces the potential danger of equipment falling onto the roadway below
because a safe working surface is available immediately after beam erection (FHWA, 2004).

The second superstructure system, the Poutre Dalle system, was observed in France and
is shown conceptually in Figure 1.2. In this system, inverted-T precast sections are placed
adjacent to each other and then made composite with CIP concrete placed between the webs of
the tees and over the tops of the stems to form a solid member. This system also eliminates the
need to place and remove formwork and also provides a safe working surface (FHWA, 2004).

1.4 Implementation of Technology

The Minnesota Department of Transportation (Mn/DOT) developed an Inverted-T
Precast Slab system based on the French Poutre Dalle system that was observed during the
scanning tour. Two main features of the Poutre Dalle system were incorporated into the design
of the Mn/DOT Inverted-T Precast Slab system; the section shape and the use of transverse
reinforcement protruding out of the vertical sides of the precast section web. Both of these
features can be seen in Figure 1.3 which shows a typical precast section used in the Poutre Dalle
system in France. It was felt that both of these features could be utilized to produce a durable
bridge superstructure system that was easy to construct.

The Mn/DOT Inverted-T Precast Slab system was developed by Mn/DOT engineers with
input from fabricators, contractors, and faculty from the University of Minnesota. Conversations
were held with local precasters to ensure constructibility by local fabricators and contractors with
the idea that the inverted-T precast section would be developed for various short spans, ranging
from 20 ft. to a maximum of 65 ft. After the design of the system was developed, this system
was implemented in two bridge projects. Project No.1 was a bridge built over Center Lake
Channel in Center City, Minnesota (Mn/DOT Bridge No. 13004), located about 40 miles



northeast of Minneapolis, Minnesota. Project No. 2 was a deck replacement for a bridge over the
Tamarac River in Beltrami County in Waskish Township in northern Minnesota (Mn/DOT
Bridge 04002).

1.5 Purpose of this Study

The objective of this study was to monitor the bridge built for Project No. 1 in Center
City, MN (Mn/DOT Bridge No. 13004) for a period of two years to evaluate the durability and
performance of the new system. The bridge was instrumented to monitor for the potential
development of longitudinal reflective cracking in the CIP concrete portion of the bridge and to
investigate the continuous behavior of the bridge deck for live load. This report describes the
design of the Mn/DOT Inverted-T Precast Slab system and the test bridge, as well as the
instrumentation and data collection system used to monitor the bridge.

1.6 Organization

Chapter Two of this report is a summary of the literature on existing prefabricated bridge
superstructure systems, primarily focused on problems associated with these existing systems.
Chapter Three summarizes the design of the Mn/DOT Inverted-T Precast Slab system and the
implementation of this system in the test bridge (Mn/DOT Bridge No. 13004) used for this study.
Chapters Four and Five present the instrumentation and the data collection system used in the
test bridge, respectively. Chapter Six presents a summary and plans for future work.



Chapter 2
Literature Review

2.1 Introduction

Prefabricated concrete bridge superstructure systems have many variations. These
systems are typically made of precast concrete elements oriented in either the longitudinal or
transverse direction. Elements that are oriented in the transverse direction are typically decks
supported by steel or prestressed concrete girders and either span from one girder to the next or
the entire width of the bridge. Elements oriented in the longitudinal direction typically cross the
entire span from pier cap to pier cap or abutment.

The remainder of Section 2.1 presents some typical prefabricated bridge superstructure
systems found in the United States. Section 2.2 presents details on connection systems used to
create continuity among the different elements of the bridge deck, including the advantages and
disadvantages associated with each type of system. Section 2.3 explains the methods used for
achieving continuous behavior over the piers and problems associated with achieving continuity.
Sections 2.4 and 2.5 present summaries of studies performed on prefabricated bridge systems
similar to the Mn/DOT Inverted-T Precast Slab System.

2.1.1 Precast Panel Systemswith Transverse Joints

There are two systems commonly found in the U.S. that consist of precast panels oriented
in the transverse direction The first system consists of full-depth non-prestressed concrete panels
supported by either steel or prestressed concrete girders. Because of the many advantages
associated with prestressed concrete, a Full-Depth Precast Prestressed Panel System has recently
been developed (Yamane et al., 1998). Figure 2.1 shows a schematic of the Full-Depth Precast
Prestressed Panel System. This system does not require any additional wearing course, however
in many instances a non-structural bituminous pavement is used to provide a smooth driving
surface (Hieber et al., 2004).

The other system commonly found in the U.S. that utilizes precast panels oriented in the
transverse direction is known as a partial-depth precast panel system. This system consists of
relatively thin prestressed panels that span between either steel or prestressed concrete girders
and are topped with a CIP concrete topping. These panels are typically only 2.5 to 4 in. thick
and span up to 6 ft. between adjacent girders. The tops of these precast panels are roughened to
help achieve composite action with the CIP concrete topping. Figure 2.2 shows a cross-sectional
view of a typical partial-depth precast panel system. This figure shows this type of system
supported on both a steel girder and a prestressed concrete girder.

2.1.2 Prefabricated Bridge Systemswith Longitudinal Joints

Prefabricated concrete bridge superstructure systems that consist of full-span precast
elements exist in numerous different variations. Some of the precast elements commonly used in
these systems include precast panels, box girders, T-beams, and inverted T-beams. Table 2.1
lists details of several examples of precast sections typically used in prefabricated concrete
bridge superstructure systems built within the U.S. and other countries. These elements are
constructed using prestressed concrete because it allows them to have longer spans along with
shallower cross-sectional depths. The prestressing also provides better crack control within each
element (Yamane et al., 1998). The precast elements of these full-span systems are usually



topped with a CIP concrete topping or a non-structural bituminous pavement to produce a
smooth driving surface.

2.2 Prefabricated Concrete Bridge Super structure Connection Systems

In prefabricated concrete bridge superstructures the precast sections are connected to one
another in order to produce continuity within the bridge deck system and provide load sharing in
each direction. The connection is typically achieved with either a longitudinal or transverse
post-tensioning system, a shear key system, a CIP concrete topping, or some combination of
these components. This section briefly explains each type of connection system along with
associated advantages and disadvantages.

2.2.1 Post-tensioning Systems

Post-tensioning is typically added to systems to connect adjacent precast sections to
achieve continuity within the deck system. Systems that utilize post-tensioning typically have
post-tensioning tendons oriented perpendicular to the prestressing strands that exist within the
precast elements. Figure 2.3 shows the cross section of a box-girder bridge system that utilizes
transverse post-tensioning. In this system, the transverse post-tensioning allows for adequate
load transfer from one element to the other in the transverse direction (El-Remaily et al., 1996).
Figure 2.4 shows the elevation view of a Full-Depth Precast Prestressed Bridge Deck System.
The longitudinal post-tensioning in this system allows for adequate load sharing from one
element to the other in the longitudinal direction (Yamane et al., 1998). Often times cracking is
a concern in full-depth panel systems, however, the two-way stressing created by the
combination of prestressing and post-tensioning in this system ensures continued compression of
the deck cross section during its service life providing good crack control and producing a very
durable deck system (Fallaha et al., 2004).

The use of post-tensioning, however, has disadvantages. First, the large amount of post-
tensioning required in these systems is typically very costly and additional time is required to
install post-tensioning in the field which greatly diminishes the economic benefits otherwise
associated with prefabricated construction (Badie et al., 1999). The use of post-tensioning also
often requires the mobilization of a specialty contractor and increased construction monitoring to
assure post-tensioning operations are performed in accordance with their special requirements
which further increase the initial construction costs.

2.2.2 Shear Key Systems

Shear key systems serve two important functions. These systems effectively connect
adjacent precast sections, providing adequate load transfer, while also serving to waterproof the
joint. A shear key system consists of small voids between adjacent precast sections, extending
along the entire length of each section. Once the precast sections are in place, the void is filled
with rapid-set non-shrink grout (Yamane et al., 1998). Figures 2.5 and 2.6 show examples of
different geometries used for typical shear keys found in box girder and full-depth precast panel
systems, respectively.

The problem with shear key systems is that the failure of shear keys sometime during
their service life is a fairly common phenomenon, especially for shear keys located in joints that
are adjacent to the normal-driving-lane wheel tracks (Huckelbridge, Jr. et al., 1995). The failure
of these shear keys has an effect on both the strength and serviceability of the bridge. It
compromises the lateral load distribution of the bridge, which results in individual girders being



exposed to greater live loads than those for which they were designed (Huckelbridge, Jr. et al.,
1995). Failure of the shear keys also results in excessive relative displacements between
adjacent girders which typically leads to failure of the deck waterproofing system, resulting in
the infiltration of water and waterborne contaminants through the inter-girder joints
(Huckelbridge, Jr. et al., 1995). This exposure to deicing chemicals results in corrosion of the
conventional reinforcement and, more importantly, of the prestressing strands adjacent to the
joint. This can eventually compromise the structural integrity of the entire bridge deck system
(Huckelbridge, Jr. et al., 1995).

2.2.3 Cast-in-place (CIP) Concrete Topping

CIP concrete can be placed on top of precast sections to produce a smooth riding surface.
However, the use of a CIP concrete topping also serves other functions. First, the CIP concrete
topping serves to connect adjacent girders creating continuity within the deck system and
providing a means for transverse load sharing. In addition, this topping can be used compositely
with the precast sections to improve the structural performance of the system (Hays, Jr. et al.,
1980). However, in order to achieve composite action, the CIP concrete must be effectively tied
to the precast sections. An effective connection is typically achieved through shear
reinforcement protruding from the precast sections and/or roughened contact surfaces on the
precast sections (Hays, Jr. et al., 1980).

General drawbacks to the use of a CIP concrete topping include a relatively low speed of
construction, the need for strict field quality control, and the possibility of cracking due to the
differential shrinkage between the CIP concrete topping and the precast sections (Fallaha et al.,
1996). In addition, longitudinal reflective cracking often develops in the CIP concrete topping
above the joints formed between adjacent sections (Badie et al., 1999). These cracks develop
because sections that are not rigidly connected in an effective manner (i.e., no post-tensioning,
ineffective shear keys or shear key failure) relegate load sharing in the transverse direction to
occur through the CIP concrete. This can produce tensile stresses in the CIP concrete above the
joints which can then lead to the development of longitudinal reflective cracking (Badie et al.,
1999).

The development of reflective cracking is a major concern because once this cracking
develops water and deicing chemicals are able to penetrate through the cracks which can then
lead to concrete staining and spalling along with reinforcement corrosion (Badie et al., 1999).
This can lead to the need for repair or even replacement which would create more traffic delays
and increased costs, taking away from the advantages associated with using prefabricated
construction.

2.3 Continuity for Live Loads over Interior Piers

Many prefabricated bridge superstructures are designed to behave continuously for live
loads because continuity allows the bridge deck to consist of longer spans or fewer lines of
girders, either of which result in lower overall costs compared to a simple-span design
(McDonagh and Hinkley, 2003). Use of continuity in precast superstructure systems also
reduces the number of longitudinal joints where durability is a concern. However, if a bridge is
designed to behave continuously but the design does not provide adequate means to achieve the
desired continuity, the bridge could fail at much smaller loads than it was designed to handle.

In practice, there are two different methods that are commonly used to create continuity
in concrete bridge decks. The most common method involves the use of CIP concrete



diaphragms and conventional reinforcement in the CIP concrete deck. The girder ends are
embedded in the diaphragms, therefore under loading, the diaphragms provide compressive
resistance and the conventional reinforcement in the deck provides tensile resistance, thus
combining to create negative moment resistance at this location (Saleh et al., 1995). Figure 2.7
shows a detail of an interior joint in a precast concrete girder bridge made continuous through the
use of conventional deck reinforcement. The girders act as a simple-span under their own
weight, the deck weight, and the construction loads, but behave continuously after the CIP
concrete cures, under the effects of a relatively small superimposed dead load and live load
(Saleh et al., 1995).

The other method commonly used in practice to create continuity consists of full-length
post-tensioning. In this system, post-tensioning tendons are stressed after the CIP concrete deck
and diaphragms have cured. Figure 2.8 shows an elevation view of a typical bridge deck with
longitudinal post-tensioning. The post-tensioning provides resistance to the superimposed dead
load and the live load (Saleh et al., 1995). This method for achieving continuity provides greater
resistance to stresses and allows longer spans for a given girder size than the conventional deck
reinforcement continuity method (Saleh et al., 1995). However, as explained in Section 2.2.1
there are some drawbacks to the use of post-tensioning systems within the bridge deck.

Regardless of the method used to achieve continuity, the amount of continuity within the
system is affected by long-term effects such as creep and shrinkage. The concrete of the girder
creeps as a result of the prestressing force which over time could cause the girder to camber
further upwards (McDonagh and Hinkley, 2003). If there is no positive moment reinforcement
over the piers, this movement can cause a gap to open at the bottom of the girder ends. Then, as
loads are imposed, the girders act as simple spans until the load is large enough to close the gaps
(McDonagh and Hinkley, 2003). However, if there is a positive moment connection between the
girders at the piers, the upward creep will cause positive restraint moments to develop in the
girders. These positive restraint moments combined with the superimposed moments of the
continuous span result in a lower negative moment over the piers and a higher positive moment
at the midspans (McDonagh and Hinkley, 2003). Therefore regardless of the positive moment
connection at the pier, girder creep effectively reduces the amount of continuity within the
system resulting in higher positive moments in the girders at the midspans (McDonagh and
Hinkley, 2003).

Differential shrinkage between the CIP concrete deck and the girder concrete has the
opposite effect on the amount of continuity within the system. By the time the deck concrete is
poured, the girders have already had time to undergo some shrinkage. Therefore the shrinkage
of the deck concrete exceeds the remaining shrinkage of the girder concrete resulting in a
downward deflection of the composite bridge deck system (McDonagh and Hinkley, 2003). This
results in the development of a negative restraint moment above the piers. Depending on the
positive moment connection, this will either help to close the gaps at the girder ends or offset the
positive restraint moments caused by the previously discussed creep effects, therefore effectively
increasing the amount of continuity within the system (McDonagh and Hinkley, 2003).

The age of the girder at the time continuity is established has a large influence on the
effect that creep and shrinkage have on the effective continuity within the system. The amount
of creep and shrinkage remaining to develop within the girder decreases as the girder gets older.
The less amount of creep remaining results in smaller gaps at the girder ends or smaller positive
restraint moments, depending on the positive moment connection at the piers (McDonagh and
Hinkley, 2003). The less shrinkage left to develop within the girder results in a larger shrinkage



differential between the CIP concrete deck and girder concrete which works to counter-act the
effect of girder creep and shrinkage, further reducing the gaps at the girder ends or positive
restraint moments. Therefore, as the girder gets older prior to the time continuity is established,
it leads to smaller gaps at the girder ends or smaller positive restraint moments, which ultimately
increases the amount of effective continuity within the deck system (McDonagh and Hinkley,
2003).

2.4 Case Studies Performed on Full-Span Form Panel Bridge Systems

The Mn/DOT Inverted-T Precast Slab System closely resembles a system commonly
referred to as the Full-Span Form Panel Bridge System. This system consists of precast
prestressed concrete form panels oriented in the longitudinal direction that cross the entire span
between supporting piers, covered with a CIP concrete topping. The panels in this system are
typically flat but sometimes have beveled edges adjacent to the longitudinal joints. Three studies
performed on this system over the years are summarized in this section. These summaries
include the objectives of the studies, testing procedures, and results and conclusions made as a
result of the studies.

2.4.1 Hays, Jr. et al. Study

Hays, Jr. et al. (1980) performed a study on Full-Span Form Panel Bridge systems during
the late 1970s to develop details that would reduce the development of reflective cracking that
were almost always observed within the CIP concrete topping above the longitudinal joints of
existing full-span form panel bridges at the time. They hoped to accomplish this through a
research program that consisted of four phases: a field survey on the condition of existing
bridges, analytical modeling, laboratory testing, and field testing on an existing bridge.

Field Survey

The field investigation included visits to a total of nine bridges that had been constructed
using the Full-Span Form Panel System. The dimensions of the panels and CIP concrete for
each bridge are provided in Table 2.2. Although there were variations in intensity and
frequency, each of these bridges exhibited extensive reflective cracking in the CIP concrete
topping above the longitudinal joints. Negative moment cracking was also observed above some
of the piers. The longitudinal reflective cracking was observed above every longitudinal joint
and extended for virtually the full length of the bridge. One bridge, the Sampson River Bridge,
was visited prior to being opened to traffic and it already exhibited several major longitudinal
cracks. Therefore it appeared that shrinkage had an influence on the development of the
longitudinal cracking in those bridges. Note Table 2.2 includes a “comment” column that notes
variations in these general observations.

In addition to the nine full-span form panel bridges visited, other bridges constructed
using more conventional techniques such as a flat slab bridge with a CIP concrete deck slab or
girders with either a CIP concrete deck or composite deck panels oriented in the transverse
direction were visited. All of these bridges also exhibited cracking. The cracking in these
bridges appeared to be less extensive and their pattern appeared to be much more random,
whereas in the case of the full-span form panel bridges the excessive cracking always occurred
directly above the longitudinal joints formed by the adjacent panels.



Finite Element Analyses

Two types of analytical modeling were performed. Linear elastic finite element models
were used to approximate stress and displacement distributions from working loads and concrete
shrinkage strains. In addition, nonlinear discrete element models were used to investigate
structural behavior over a range of load levels up to ultimate strength.

Two plane stress finite element models were used to analyze stress distributions due to
shrinkage throughout typical transverse bridge deck cross sections. The first model consisted of
one form panel and the corresponding CIP concrete topping and the second model consisted of
five form panels and the corresponding CIP concrete topping. A shrinkage strain was induced by
specifying a coefficient of thermal expansion of 0.00001 in./in./°F for the finite elements of the
CIP concrete topping along with a uniform decrease in temperature of 40°F. Both models were
given constant values of 4000 ksi for the elastic modulus and 0.15 for the Poisson’s Ratio and it
was assumed that a “no-slip” condition existed between the CIP concrete topping and the form
panel.

The finite element solutions obtained using these two models revealed that the top fiber
stress increased towards the center of each form panel, however the maximum tensile stress
occurred at the top fiber directly above the longitudinal joints where there was an abrupt increase
in tension. This maximum top fiber stress exceeded the modulus of rupture. Because these
models supported the observations of cracking, even within bridges that had not yet been open to
traffic, it became evident that shrinkage must be considered as a major source of the stresses
which cause longitudinal cracking over the longitudinal joints.

Three finite element models of the three full-span form panel laboratory specimen were
used to analyze the effects of concentrated working loads. The longitudinal joint between form
panels was represented in the finite element model by a decreased thickness of the specimen over
an exaggerated width at the location of the longitudinal joint. The thickness of the specimen in
the finite element model at this location was equal to the thickness of the CIP concrete topping.
The joint width was exaggerated to approximately the size of the bridge deck thickness because
preliminary finite element solutions suggested that this would provide the most accurate results
from the finite element method.

Laboratory Testing combined with Finite Element Analyses

As mentioned previously, three separate specimens were constructed and tested for the
laboratory phase of this project. Each specimen had two spans with two precast prestressed
panels in each span for a total of four panels per specimen. An elevation view of the laboratory
specimen is shown in Figure 2.9. The two cross sections considered in the test are shown in
Figures 2.10 and 2.11. Specimen #1 used the standard cross section of constant thickness precast
panels for both spans. Specimens #2 and #3 used the standard cross section for one span and the
alternative cross section for the other span. A minimum 2.25” CIP concrete topping was added
on top of the precast sections to provide a constant total thickness for the two spans of each
specimen. A cold joint was constructed over the longitudinal joint of Specimen #3 to represent a
worst-case condition. It was felt that this would provide a potential cracking plane. The joint
was artificially roughened to increase the shear friction force transmitted through the joint.

Once the concrete of the CIP concrete deck was poured, an attempt was made to measure
creep and shrinkage deflections during the curing time. However, no appreciable deflections
occurred due to the short spans and relatively stable curing conditions. Also, there were no signs



of shrinkage cracking in any of the specimens. The deflection of each specimen was measured
from the top of the CIP concrete topping on three lines along the length of the specimens.

Loading was applied nominally symmetric about the center support, 6 ft. from the
support centerline. Hydraulic jacks were used to apply concentrated forces over the center of
one of the precast panels in each span. The jacks were connected in parallel to provide an equal
load in each span.

For the first two load increments near the design load either no cracking or minor hairline
cracking was observed over the supports due to negative moment. Prior to failure, extensive
negative moment cracking was observed over the full width of the specimen. Positive moment
cracks were observed under the loaded panel and in some cases under the unloaded panel. Even
after extensive cracking, the specimen had continued load capacity and exhibited good ductility.
Failure occurred via a punching shear failure. No longitudinal cracking was observed except in
Specimen #3, which was built with a cold joint over the longitudinal joint between form panels.
No problems were found with the bond between the CIP concrete topping and the precast panels.

The data from the laboratory tests were used to obtain the chord displacement for each
specimen. These chord displacements were compared to finite element solutions obtained using
plate bending models of the three full-span form panel laboratory specimens and one plate
bending model that did not include a longitudinal joint. This comparison showed that there was
good correlation between the experimental data and the finite element solutions for the models of
the three full-span form panel laboratory specimens. The comparison of the experimental data
with the finite element solution for the model that did not include a longitudinal joint showed
that the presence of a longitudinal joint greatly decreases the overall stiffness of the section due
to the loss of two-way action. Since there was good correlation, the finite element models of the
lab specimens were used to explore moment distributions. The results of these analyses showed
that the presence of the longitudinal joint increased the positive and negative moment in each
panel, again due to the loss of two-way action, and greatly affected the magnitude and
distribution of the transverse moment. The transverse moment went from positive on the panel
being loaded to negative on the unloaded panel. In addition, the presence of the longitudinal
joint largely increased the torsional moment within the unloaded panel in both the positive and
negative moment regions of the laboratory specimen.

The load-displacement response obtained from the experimental results was compared to
the finite element solution obtained by performing a non-linear elastic analysis with a model that
utilized discrete elements. This comparison showed that the non-linear analysis predicted much
less ductile behavior and generally predicted failure at a smaller loading. However, the predicted
failure loads from the analysis were still much higher than the design loads. The researchers
concluded from these analyses that in spite of the large torsional moments, the laboratory
specimens were able to transfer a sufficient amount of load across the longitudinal joint to
develop more than the limit design strength based on the entire width of the specimen cross
section at both the positive and negative moment sections. They felt that the major source of
conservatism in the limit design values was in the approximate equation for the ultimate positive
moment of the prestressed section.

Field Testing

One of the bridges visited during the field survey, the Lloyd Creek Bridge, was used for
the field testing portion of this project. This bridge contained eight spans and each span had a
length of 23 ft. The precast panels had a thickness of 7 in. with a CIP concrete topping thickness
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of 5.5 in. The loading was applied by jacking against the bottom of a large tank trailer that had
its wheels positioned over the piers. The load was applied at the midspan of Span 8§ at three
different transverse locations of one of the interior panels. These locations included the center of
the panel and 1 ft. from each edge. The load was applied in § kip increments until a maximum
load of 32 kips was applied which was approximately 1.5 times the design wheel load.

The load-deflection results showed that the load was indeed transferred across the
longitudinal joints. Differential deflections across a longitudinal joint were in no case more than
6% of the total joint deflection under the applied load. These deflections were compared to the
finite element solution obtained using a plate bending finite element model of spans 7 and 8§ of
the bridge. It was found these deflections showed good correlation to the finite element solution.
Therefore this model was used to estimate moment distributions across the bridge. The
maximum longitudinal moments from the finite element solutions compared well with
computations based on the effective width formula from AASHTO (2004). Examination of the
transverse moment distribution using the finite element solutions revealed that the stresses at the
joint were high and indicated tension on the interface between the panels and the CIP concrete
topping. Therefore the researchers concluded that steel reinforcement was needed in both the top
and bottom of the CIP concrete topping.

Conclusions

After finishing the field survey, analytical modeling, and laboratory and field tests, the
researchers observed that loss of bond between the CIP concrete topping and the precast panels
did not occur. They attributed this to the roughness of the surface, however, they recommended
that a minimum amount of shear reinforcement be used between the precast and CIP concrete to
provide a factor of safety.

The researchers concluded, based on field observations and finite element testing, that
stresses sufficiently high to cause shrinkage cracking in the CIP concrete can be expected. Based
on laboratory and field tests, the researchers recommended a minimum amount of transverse
steel reinforcement of #4 bars at 12 in. spacing and a minimum CIP concrete topping thickness
of 4.5 in. They felt that this detail would provide adequate load transfer between adjacent panels
and help to alleviate some of the shrinkage cracking. In addition, they felt that the panels with
the alternative section design would give improved performance with regards to longitudinal
cracking and load transfer. The recommended detail for this alternative section is shown in
Figure 2.12.

The researchers also felt that an improved detail over the piers and end abutments with
more positive transfer of shear from the panels to the supports would decrease deformations and
cracking in these areas and increase the stiffness of the bridge. This could be accomplished by
providing some direct bearing of the panels on the CIP concrete over the piers. They also
recommended that positive moment reinforcement over the piers be provided.

2.4.2 Buckner and Turner Study

Buckner and Turner (1981) performed a study shortly after the study performed by Hays,
Jr. et al. (1980) to investigate the effect of repetitive loading on the serviceability and strength of
Full-Span Form Panel Bridge Systems. This study consisted of an experimental program in
which six single-span simply-supported bridge decks were loaded repetitively with 2,000,000
cycles of design load followed by a test to failure. The performance was evaluated primarily
based on flexural rigidity, differential deflection between panels, and the strength and ductility of
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the composite system. Also considered in evaluating the specimens were visible cracks in the
concrete, prestressing strand slip, and strains in the transverse steel. The objectives of this study
were to develop recommendations for minimum CIP concrete topping thickness, a minimum
quantity of transverse reinforcement, and a preferred type of joint (flat or beveled) between
panels.

The laboratory specimens used in this experimental program had a total thickness of 13
in., overall width of 125 in., and a span length of 20 ft. Each specimen was constructed of three
precast panels, with each having a width of 3 ft.-5.5 in. The thicknesses of the precast panels and
CIP concrete topping were varied among different laboratory specimen while maintaining a
constant overall thickness of 13 in. Three sets of specimens were cast with panel thicknesses of
5.5, 8, and 10 in. for each set. One specimen of each set with a particular panel thickness was
constructed using flat precast panels and the other specimen was constructed using panels with
beveled edges as shown in Figures 2.13 and 2.14, respectively. The panel thickness of 5.5 in.
was chosen as the lower bound for an unshored panel form on a 20 ft. simple span, and 10 in.
was chosen as the upper bound because it would minimize the CIP concrete topping thickness to
3 in. which was adequate to provide a minimum concrete cover of 2 in. It was felt that the
satisfactory behavior of the lower and upper bound thicknesses would indicate satisfactory
behavior for similarly designed specimens of intermediate thickness. The 8 in. panel thickness
was chosen for the third set of specimens to study the effect of reflective cracking in the CIP
concrete topping on the behavior of composite decks. This was done by inducing a longitudinal
crack above one of the longitudinal joints and monitoring the behavior of the crack under
loading.

One of the longitudinal joints between panels in each specimen had a 2 in. gap that was
filled with fiberboard to minimize shear transfer by friction and to allow more freedom for
transverse shrinkage. The other longitudinal joint in each specimen had no gap between adjacent
panels, which was the usual construction practice. The transverse reinforcement for the
specimens varied for each half of the specimen. The transverse reinforcement used in each
specimen is summarized in Table 2.3.

The test specimens were designed assuming complete composite action between the
precast panels and the CIP concrete topping. The design was based on normal weight concrete
having specified compressive strengths of 5000 psi for the precast concrete and 4200 psi for the
CIP concrete.

During construction of the test specimen, four of the specimens were cured under plastic
for seven days and then exposed to air. None of these specimens developed visible shrinkage
cracks on the top surface. The other two specimens, the specimens with 8 in. thick precast
panels, were cured under plastic for only 48 hours and then exposed to air. This shorter curing
time was intended to simulate the relatively poor curing conditions likely to occur in field
bridges. As mentioned previously, a longitudinal crack was induced above the longitudinal joint
that had a '2-in. fiberboard in both of the specimens with 8 in. thick precast panels to measure the
behavior of the crack under loading. Six locations along the crack at approximately 3 ft.
intervals were selected to monitor for crack width growth. The crack width was measured using
a direct-reading measuring microscope graduated to 0.01 mm.

A single concentrated load was applied at the midspan because the primary consideration
in the study was the shear transfer across the joint between panels. The load was spread into two
“wheel” loads and applied to the slab through 1 in. thick neoprene bearing pads which were sized
and positioned to simulate tire prints. By applying the load through the spreader beam,
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approximately 1/3 of a wheel load was transferred across each longitudinal joint into the middle
panel. According to the researchers, in a full-width bridge, the maximum shear transfer would
occur with a wheel adjacent to a longitudinal joint, with the resultant load approximately 1 ft.
from the joint. Thus, the use of a spreader beam to apply loads adjacent to the longitudinal joints
yielded a reasonable approximation of the maximum shear transfer which would occur in a
bridge. A cross-sectional view of the loading apparatus used in this study is provided in Figure
2.15.

The vertical deflections were measured using linear variable differential transformers
(LVDTs) installed at transverse sections 2 ft. from the span centerline. Strain gages were
mounted on two transverse reinforcing bars in the CIP concrete topping of each laboratory
specimen. The instrumented bars were located in the proximity directly above the location of the
LVDTs. Strand slip was measured using a caliper with a dial gage.

Testing started after the concrete of the CIP concrete topping had reached an age of 32
days. After 2,000,000 cycles of repetitive loading was complete the specimen was brought to
failure. The load was applied in 10 kip increments and then reduced to 5 kip increments as the
load neared ultimate. During this loading, the midspan deflection was measured using a dumpy
level. Elevations were measured at midspan and at the supports so that rigid body movement
caused by compression of the supports could be eliminated.

All six specimens exhibited satisfactory structural performance. Overall, there was no
evidence of fatigue in either the CIP concrete or reinforcement, or deterioration of composite
action, shear transfer strength or bond during the cyclic loading. The computed flexural
rigidities of the composite specimens were from 2.06 to 3.80 times larger than for the CIP
concrete topping and precast panels acting non-compositely. The deflection was essentially the
same after 2,000,000 cycles of loading as it was at the beginning for each specimen. The
researchers felt that this was an indication that there was no significant loss of composite action.
Differential deflection was used as a measure of shear transfer across the longitudinal joint.
Initially there was very little differential deflection observed between adjacent panels for all
specimens and there were no significant increases after loading therefore indicating no
deterioration of shear transfer.

Failure occurred in most specimens in the form of concrete crushing at midspan. These
specimens showed adequate ductility and failed at loads that exceeded the ultimate design load.
One of the specimens with a 3 in. CIP concrete topping failed due to sudden shear transfer
failure. Inspection revealed that a vertical crack had formed over the longitudinal joint.
However, the failure load for this specimen was 5.25 times the design load, thus an uncracked 3
in. CIP concrete topping would have adequate shear transfer strength.

Cracking, after the 2,000,000 cycles of the design load, other than the induced cracking,
was only observed in the two specimens that were covered with plastic for only 48 hours. This
transverse cracking located near the midspan was believed to be caused by shrinkage of the CIP
concrete attributed to the relatively poor curing conditions of the two specimens. These cracks
caused an increase in the measured service load deflection of approximately 25% compared to
the uncracked specimens, but did not appear to affect the behavior near ultimate. The induced
cracks in these specimens were measured periodically during the curing period and during the
loading cycles. The crack widths increased about 0.002 in. during the curing period however
there were no significant increases in crack widths observed during the loading cycles. These
specimens failed at loads that were higher than the ultimate design load, thus indicating that
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when reinforced transversely with No. 4 bars at 12-in. spacing, there was adequate shear transfer
strength even across a preexisting crack.

There was no strand slip observed in any specimen at any stage of the loading indicating
that bond and development of the prestressing strands within the specimens was not a problem.
The strain gages on the transverse reinforcement, however, did not provide a reliable basis for
evaluating the performance of the transverse reinforcement. Several of the gages were damaged
during the curing period and the readings obtained varied erratically. The strain gages did,
however, provide some qualitative information. The measured strains in the transverse
reinforcement were relatively small during application of the live loads therefore indicating the
stress range due to live load was likely to be so small that fatigue of this reinforcement should
not be a problem.

As a result of this experimental program, the researchers were able to conclude that the
composite section formed by the CIP concrete topping and precast panel could withstand
2,000,000 cycles of design load without any significant loss in serviceability or strength.
Adequate composite action was obtained by roughening the interface surface of the precast
panels. The researchers also concluded that adequate serviceability and strength could be
obtained using flat precast panels rather than the more expensive beveled-edge panels. There
was no indication that the relative thickness of the CIP concrete topping to the total thickness of
the composite section had any effect on the fatigue strength of the section. The researchers’ final
recommendation was a minimum CIP concrete thickness of 5 in. with reinforcement of #4 bars
spaced at 12 in. to provide adequate shear transfer strength.

2.4.3 Peterman and Ramirez Study

Peterman and Ramirez (1998) performed a study on Full-Span Form Panel Bridge
Systems in the mid 90’s to further investigate the strength and behavior of bridges built with this
type of system. With the advent of high-performance concrete, better construction practices, and
increased quality control, this type of construction had become attractive therefore requiring
testing to investigate the behavior of these systems under these conditions.

This study involved a laboratory experiment during which two full-scale specimens were
fabricated and subjected to 5,000,000 cycles of service loading and then tested to failure. The
objectives of this study were to investigate the effects of repeated loading on the continuity at the
interior piers and to evaluate the ultimate strength of multi-span bridges constructed using this
system.

Each laboratory specimen consisted of two spans with two precast prestressed panels in
each span. These panels were 21 ft. long, 4 ft. wide, and 6 in. thick and were topped with a 6 in.
thick CIP concrete topping, as shown in Figure 2.16. The panels were supported at the center
pier by a pin connection and at the ends by rollers. A raked finish was applied to the top surface
of the precast form panels to attain composite action, as recommended by Buckner and Turner
(1981). The differences between the two laboratory specimens were variations in prestressing
steel and reinforcement in the CIP concrete topping. Specimen #1 used eight '2-in. uncoated
low-relaxation strands which provided an average value of prestressing that would be expected
in a precast form panel, while Specimen #2 contained only four such strands which represented a
minimum expected amount of prestressing. In the CIP concrete topping, Specimen #1 had
sixteen No. 4 bars over the pier while Specimen #2 had six No. 6 bars over the pier. The
transverse reinforcement in the CIP concrete topping consisted of No. 4 bars spaced at 12 in. as
recommended by Buckner and Turner (1981).
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The instrumentation of these laboratory specimens consisted of load cells, electrical
resistance strain gages, LVDTs, and dial gages. Load cells were placed underneath spreader
beams at the discontinuous ends of the laboratory specimens. This enabled the researchers to
determine the internal moments for this statically indeterminant structure. These cells were
monitored throughout the curing period of the CIP concrete topping to monitor the combined
effects of creep and shrinkage. They were also monitored throughout the cyclic loading period
and during loading to failure. Electrical resistance strain gages were used to measure strains in
the concrete and steel of both laboratory specimens. These gages were installed on both the
prestressing steel and the mild longitudinal reinforcement of the CIP concrete topping at the
center pier. Surface strain gages were installed at the midspan on the top and bottom of the
precast panels prior to casting of the CIP concrete topping and also on the CIP concrete topping
prior to cyclic loading. LVDTs were used to measure midspan deflections both during the cyclic
loading and during loading to failure. Prestressing strand slip was also measured throughout
cyclic loading and loading to failure by attaching dial gages to the strands that extended out of
the panels at the discontinuous ends.

Specimen #1 was allowed to cure for 50 days and Specimen #2 was allowed to cure for
44 days. During this time the load cells at the unrestrained ends of both laboratory specimens
revealed that the end reactions decreased over time in both specimens. This indicated that
negative restraint moments had developed over the center piers.

After this cure time, each specimen was subjected to 5,000,000 cycles of service loading
by two hydraulic actuators. This was done to evaluate the effects of repeated loading on the
degree of continuity at interior piers. The actuators were centered over the precast panel joints at
a distance of 8 ft.-3 in. from the center of the middle pier because this location produced the
maximum negative moment over the middle pier. The load levels for cyclic loading of each
bridge were chosen so that the maximum stress in the longitudinal steel over the pier ranged
from 26 to 44 ksi. The upper limit of 44 ksi was equal to 120% of the maximum allowable
design reinforcement stress range, according to AASHTO Specifications (2004). Thus, it was
felt that this stress range was believed to represent a worst case scenario of repeated loadings in
excess of the design service load.

After Specimen #1 was subjected to 2,000,000 cycles of loading, the loading was halted
and the surface of the specimen near the middle pier was subjected to 48 days of southern
exposure cycling. This weekly cycling consisted of 4 days of exposure to a 15% sodium
chloride solution followed by a 3-day drying period. After the exposure cycling was concluded,
the specimen was subjected to the remaining 3,000,000 cycles of loading. The stiffness of the
specimen increased after the exposure cycling by approximately 67%. This increase in stiffness
was attributed to the change in restraint moment at the pier. As a result of the exposure cycling,
the restraint moment at the pier changed from -55 k-ft to +20 k-ft. The researchers believed that
the re-wetting of the surface reduced the shrinkage of the CIP concrete topping therefore
allowing the creep within the precast panels to develop a positive restraint moment. The positive
restraint moment then closed any negative bending cracks that had developed over the middle
pier providing a much stiffer section.

Specimen #2 was subjected to 5,000,000 cycles of loading continuously without any
southern exposure cycling. The stiffness of the section remained unchanged throughout the
loading cycle and deterioration of continuity between spans did not occur.

Each specimen was brought to failure using the same two actuators that were used in the
cyclic loading. Flexural failure occurred in each specimen due to concrete crushing in the
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positive moment region. These failures occurred close to the predicted capacities for each
specimen using strain compatibility, however, these capacities were much higher than the
AASHTO design nominal moment capacities. Strand slip was observed in these panels, but not
until very high loading was reached. However, the strand slip did not prevent the section from
reaching the design capacity.

The results of this study showed that the continuity between adjacent spans was not
affected by 5,000,000 cycles of repeated service loading in which the calculated reinforcement
stress range at the pier exceeded the AASHTO allowable design stress range by 20%. The
experimentally determined positive and negative moments in both laboratory specimens at
failure exceeded the AASHTO design nominal moment capacities for the composite sections by
factors of 1.7 and 1.6 for Specimens #1 and #2, respectively. This was primarily due to strain
hardening of the mild steel reinforcement. In addition, the researchers concluded that full
composite action was attained by applying a raked finish to the surface of the precast panels and
the ultimate load carrying capacity of the test bridges was not affected by time-dependent effects.

2.5 Additional Full-Span Prefabricated Bridge Systems

In this section, two recently developed prefabricated bridge systems which share
similarities to the Mn/DOT Inverted-T Precast Slab System are presented. The presentation of
these systems includes the objectives for developing the new system, details of the new system,
details on testing that may have been performed, and any results or conclusions made as a result
of the studies.

25.1Thelnverted Tee (IT) Shallow Bridge System for Rural Areas

Kamel and Tadros (1996) performed a study during the mid 90’s to develop a new full-
span precast concrete composite bridge superstructure system. The objective of this study was to
develop a superstructure system that is simple to construct and takes advantage of the benefits
associated with prefabricated construction while maintaining a low span-to-depth ratio. Of all
the bridges built between 1950 and 1990, 95% of them had span lengths of less than 100 fi.
Many of these bridges were built over railroads or waterways where clearance was limited. This
new system was called the Inverted Tee (IT) System and it consisted of precast, prestressed
inverted tee beams with a 6 in. CIP concrete topping. A cross section of the inverted tee beam
used in the IT System is shown in Figure 2.17. This new section shape enabled the use of only
one set of forms for a variety of beam depths. Also, the beams were reinforced with straight
prestressing strands and welded wire fabric. Therefore these beams were simple to construct and
relatively light to handle. The system had a span-to-depth ratio of 35 making it shallower than
other available precast concrete products.

The IT System was developed after an extensive literature review and a national survey
of fabricators and bridge designers. Initially five different shapes were considered in this survey,
but the results of the survey revealed that the new IT system would be a good precast concrete
system for bridges with shallow superstructure depth requirements and with spans less than 100
ft.

A full scale test was performed on the new system to validate the design of the new
system, investigate the applicability of the AASHTO Specifications (2004) for its design, and
determine if the AASHTO allowable concrete compressive stresses at prestress transfer and at
service due to full loading could be exceeded. For the test, two 60 ft. long IT beams with a
height of 15.75 in. were fabricated with 22 prestressing strands in the bottom flange. This was
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the maximum number of strands that would geometrically fit in the bottom flange at a spacing of
2 in. The strands were not debonded or draped in order to investigate the impact of high
compressive stresses at transfer of prestress. Two prestressing strands were added to the top of
the web to keep the tensile stresses in the concrete below the AASHTO limits. Once the beams
were fabricated they were positioned side by side and polystyrene foam blocks were used to fill
the voids between the two beams. A CIP concrete deck was then cast on top to complete the
specimen. Figure 2.18 shows a cross-sectional view of the IT System.

Once fabrication of the specimen was complete, it was tested as a 60 ft. long simple span
beam subjected to two concentrated loads that were located 18.5 ft. from each end of the
specimen. The testing revealed that the ultimate strength of the IT System exceeded the
AASHTO Specifications (2004) for design. However, the compressive stresses in the bottom
fibers of the test beams a transfer length away from the ends of the member were equal to 0.81f ¢
at prestress transfer which exceeded the limit of 0.6f' ¢ in the AASHTO Specifications (2004).
The compressive stress at service in the top fibers of the test specimen was calculated by
standard elastic analysis to be about 33 % higher than the 0.6f'; AASHTO allowance. However,
there was no negative impact detected during testing as a result of exceeding the allowable
AASHTO concrete compressive stress either at transfer or due to service loading. Therefore the
researchers felt that these limits were too conservative and increasing this allowable limit from
0.6f' to 0.8f ¢ would not result in negative impact and would allow producers to reduce the
amount of draped or debonded strands at the ends, or relieve compressive strength requirements.

The result of this study was a new inverted tee prestressed concrete beam system that has
many advantages over other systems. This system is lightweight, simple to construct, and is cost
competitive with other systems because it requires no temporary field forming, spans farther and
is constructed quicker than other systems. It also has a high span-to-depth ratio making it ideal
for projects where clearance is an important design factor.

2.5.2 Precast Pretensioned Trapezoidal Box Beam for Short Span Bridges

Badie et al. (1999) also performed a study in the mid 90’s to develop a new precast
prestressed trapezoidal box beam system. The new beam was developed in two different shapes:
a closed totally precast concrete shape and an open-top shape requiring a CIP concrete topping.
Figures 2.19 and 2.20 provide a cross-sectional view of closed- and open-top shapes,
respectively. Box girders can span long distances and maintain a high span-to-depth ratio,
eliminate the need for formwork, and produce an aesthetically pleasing superstructure.
However, there were some problems associated with existing box girder systems, including
longitudinal reflective cracking. Due to the large torsional stiffness of the box girders, the
amount of transverse post-tensioning that would be required in this system to mitigate the
reflective cracking would have significantly increased the cost of the structure. The objective of
this study was to produce a new box girder that would perform better than existing box girders
without the requirement of transverse post-tensioning, as well as provide additional economic
benefits.

The new system was developed by first conducting a survey that was sent to bridge
owners, general contractors, precast concrete fabricators, and consultants across the U.S. The
results of the survey indicated that using a box beam with sloped sides was preferred because
they are easy to construct and possess aesthetic appeal. A parametric study conducted on bridge
girders showed that concentrating the area of the cross section in the two flanges as far apart as
possible, along with having a thin web, together produced the most efficient cross section. The
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sides of the flanges were shaped to create a continuous shear key that would be filled with non-
shrink grout. The shape of this shear key is shown in “detail B” of Figure 2.19. Additional
transverse connections were provided within blockouts of the precast concrete at an interval of
approximately 23 in. These transverse connections were made of large voids that included
transverse reinforcing dowels, and once they were filled with non-shrink grout would serve to
form an additional connection between adjacent precast sections.

There were no laboratory or field tests conducted on this system. However, it was
believed that these new beams would provide additional benefits over existing box girders. First,
the large width of these new beams lowered the total number of pieces needed to complete the
deck which resulted in higher construction speed and lower erection costs. Also, the design of
the cross section had relatively flexible flanges and used shear keys and transverse connections
to make them continuous, therefore potentially eliminating the development of longitudinal
reflective cracking above the joints without the use of transverse post-tensioning. This helped to
minimize maintenance costs and increase the expected life of the bridge.

2.6 Summary of Literature Review

Review of the literature on prefabricated bridge superstructure systems revealed
significant information about these systems. Examination of the different types of connection
systems used in prefabricated bridge superstructure systems suggested the use of a CIP concrete
topping to be the most advantageous, especially in a cold climate state such as Minnesota.
However, it also revealed some problems that exist with the use of a CIP concrete topping
specifically the development of longitudinal reflective cracking above the longitudinal joints
between adjacent precast sections. In addition, the complexity of continuous behavior revealed
the importance of proper design practices and reinforcement detailing to achieve continuity.

Some conclusions made as a result of the studies performed on Full-span Form Panel
Bridges were considered during the design process of the Mn/DOT Inverted-T Precast Slab
System and the development of the instrumentation plan for this research project. Some of these
conclusions include being able to achieve composite action through the use of raked or
roughened surfaces, and the use of transverse reinforcement over the longitudinal joints as well
as thinner precast section flanges near the longitudinal joints to reduce the probability for the
development of longitudinal reflective cracking in the CIP concrete topping. Some aspects of
the designs for the other two recently developed prefabricated bridge superstructure systems
were also considered during the design process as well as the development of the instrumentation
plan.
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Chapter 3
Development and | mplementation of the Mn/DOT Inverted-T
Precast Slab System

3.1 Design Objectives of the Mn/DOT Inverted-T Precast Slab System

The objective of the design of the Mn/DOT Inverted-T Precast Slab System was to
develop a durable bridge superstructure alternative to the traditional CIP slab-span bridge system
that takes advantage of the benefits associated with prefabricated construction. The CIP slab-
span bridge system is a superstructure of relatively short span ranges commonly used in
Minnesota over streams. The construction of this system requires the use of shoring to pour the
bridge deck which increases construction times and often has a negative impact on the
environment adjacent to the bridge. The design of the Mn/DOT Inverted-T Precast Slab System
possesses the advantages of a shallow depth slab-span, but eliminates the need for shoring by
utilizing the inverted-T precast sections as stay-in-place forms that become integral with the CIP
slab. The use of the new system reduces construction time at the site and ultimately reduces the
impact on the traveling public.

The system concept was developed in a collaborative process between Mn/DOT
engineers, the University of Minnesota, and local fabricators for spans ranging between 20 and
65 feet. The fabricator input was sought to ensure constructability and economy of the precast
sections.  Ultimately, Bridge No. 13004 was designed by Mn/DOT engineers using the
AASHTO Load and Resistance Factor Design (LRFD) Bridge Design Specifications, Third
Edition (2004). The remainder of this chapter will discuss the features of the bridge system
common to all Mn/DOT inverted-T precast slab bridges and then discuss the design details for
Bridge No. 13004.

3.2 Common Featuresof the Mn/DOT Inverted-T Precast Bridge System

This section discusses design considerations and details that are general to any bridge
designed with the Mn/DOT inverted-T precast section. The common features and design
assumptions of the precast section are discussed in Section 3.2.1. Section 3.2.2 discuses the
general system to tie the precast sections together. Section 3.2.3 discusses the system for making
the spans continuous over the piers for live load.

3.2.1 Design of the Precast Section

A cross-sectional view of an interior section of the Mn/DOT Inverted-T Precast Slab
System concept is shown in Figure 3.1. This shape was based on the precast section used in the
French Poutre Dalle system (Figure 1.1). The precast sections of the new system were designed
to have a standard width of 6 ft. which was the maximum width that local fabricators could
readily accommodate. This maximum width was chosen to minimize the number of sections
required to span the width of the bridge. It was believed that this would result in economic
benefits by reducing the amount of time required to fabricate the sections as well as the time
required to place the sections during bridge construction. Using wider precast sections also
results in fewer longitudinal joints between precast sections in the finished structure which
require special reinforcement and time to construct. The exterior inverted-T precast section
concept used in this system had a web, a flange on only one side, and reinforcement to

19



accommodate a barrier, as shown in Figure 3.2. These sections did not have a standard width.
The variable width of these sections allows a bridge to have any desired width.

The inverted-T precast sections were designed with transverse hooks protruding out of
the vertical sides of the web, as shown in Figure 3.1. These hooks were #6 bars spaced at 12 in.
along the length of each precast section. The 12-inch spacing was chosen conservatively to
ensure that an adequate amount of steel traversed the longitudinal joint. For this system, 90°
hooks were used rather than 180° hooks which were used in the Poutre Dalle system because it
was felt that this would simplify formwork during the precasting process as well as the
placement of reinforcement in the field. Figure 3.3 shows a photograph of these transverse
hooks.

Because this system is similar to slab-span bridges, the web height of the inverted-T
section for each bridge project was to be determined using AASHTO LRFD Table 2.5.2.6.3-1
(2004), which specifies for slab-span bridges with continuous spans:

Total Structure Depth = [S+10]/30, (D)
where Sis the clear length (feet) of the longest span.

The minimum thickness of the CIP concrete above the precast section webs was set at 6
in. to provide 3 in. of cover above the longitudinal deck reinforcement, therefore the height of
the precast section web would be 6 in. less than the value obtained from Eqn. (1). The
longitudinal reinforcement at the top of the webs consisted of seven #8 bars spaced at 7 in. This
reinforcement was used to provide resistance for tensile stresses that could develop during
handling and transportation of the panels prior to placement.

The required prestressing force was a function of the span length and the dead load. The
precast sections were designed to be simply supported under dead loads and continuous over the
piers for live loads. The maximum span length of the precast sections was to be 65 ft.

The flanges were designed with a 1:24 slope to increase the constructibility of the
section. It was felt that eliminating the flat surface on top of the flanges would simplify removal
of the formwork, as well as simplify the casting of both the precast and CIP concrete by
facilitating the flow of concrete. The thickness of the flanges along the exterior of each section
was 5.25 in. because this was the minimum flange thickness that provided enough clearance
within the flange for the #4 bar with a 180° hook around the longitudinal reinforcement and 1.5
in. of concrete cover along the bottom surface of the section. There was no concrete cover
requirement at the top surface of the flanges because the flanges were covered with CIP concrete
in the field, however a minimal amount of concrete was needed between the steel and the top
surface of concrete in order for the steel to bond with the precast concrete. Minimizing the
thickness of the flanges increased the thickness of the CIP concrete at these locations and
lowered the depth of the transverse hooks that traversed the longitudinal joints, both of which
increased the ability of the section to distribute loads in the transverse direction.

The web and flange corners of the precast inverted-T sections had a %-inch chamfer, as
shown in Figure 3.1. Chamfering the corners reduced the stress concentrations at these locations
to lessen the probability for the development of longitudinal reflective cracking. Caulk was used
to seal the joint as well as to increase the surface area of the discontinuity and reduce the stress
concentration directly above the longitudinal joints, as shown in Figure 3.4.

The contact surfaces of the precast sections (those surfaces in direct contact with the CIP
concrete) were intentionally roughened to enhance the bond between the precast sections and the
CIP concrete. The surfaces were roughened to have a minimum amplitude of Yi-inch.
Formwork was fabricated with a form liner to create roughened surfaces, as shown in Figure 3.5.
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This formwork was used to create roughened surfaces on the tops of the flanges and the vertical
sides of the web. A rake was used to roughen the top of the web. The intent of these roughened
surfaces was to help achieve composite action between the precast and CIP concrete and
therefore help prevent the development of reflective cracking in the CIP concrete.

Transverse reinforcement was included within the precast sections to satisfy three
different reinforcement requirements:  horizontal shear reinforcement, anchorage zone
reinforcement, and confinement reinforcement. The transverse reinforcement that was included
to satisfy these requirements is highlighted in Figure 3.6. Horizontal shear reinforcement was
required to ensure that composite action was achieved. The size and spacing of the horizontal
shear reinforcement required for each bridge was to be a function of the surface area and
roughness of the concrete interface (AASHTO LRFD 5.8.4). This reinforcement was required
along the entire length of each precast section. = The amount of reinforcement included for
anchorage zone reinforcement and confinement reinforcement was standardized to provide a
standard reinforcement detail that could be used for precast sections with a prestressing force of
up to 1,000,000 Ibs., which was the maximum prestressing force proposed by local fabricators.
This reinforcement was only included within 18 in. of the end of each precast section. The
standard anchorage zone reinforcement consisted of three #5 ties (Figure 3.6) at 2-in. spacing at
the end of each section followed by two #5 ties at 6-in. spacing (AASHTO LRFD 5.10.10.1).
The standard confinement reinforcement consisted of three #4 ties (Figure 3.6) at 2-in. spacing at
the end of each section followed by two #4 ties at 6-in. spacing (AASHTO LRFD 5.10.10.2).

During the casting process for the inverted-T sections, styrofoam blocks were used to
block out the final 10 in. of each flange at both ends of the member. After the precast sections
were set in place, these block-outs formed large voids above the pier caps, as shown in Figure
3.7. These block-outs were filled with CIP concrete which served, along with reinforcement, to
tie the precast sections to the pier caps.

3.2.2 Transver se Reinfor cement over the Longitudinal Joints

Once the precast sections were in place, a reinforcement cage was placed over the
longitudinal joint. The reinforcement detail over the joint, including the transverse hooks, is
shown in Figure 3.4. The use of 90° hooks with this system enabled the reinforcement cage to be
prefabricated and dropped into place above the longitudinal joints rather than tying each bar in-
place individually. Figure 3.8 shows a photograph of the reinforcement cage after it was set in
position above the longitudinal joints.

The transverse hooks and reinforcement cage were included in the system to provide a
means for transverse load distribution. Once the sections and reinforcement were in place and
the CIP concrete had cured, the transverse hooks and the reinforcement cage would serve to
effectively connect adjacent sections. Thus, it was felt that this large amount of reinforcement
placed in each longitudinal joint would reduce the tensile stresses that would otherwise develop
within the CIP concrete topping as a result of transverse load sharing. This would therefore
arrest the development of reflective cracking above the longitudinal joints.

3.2.3 Detailing for Continuous Behavior over the Piers

The Mn/DOT Inverted-T Precast Slab System was designed to behave continuously for
live load by adding negative moment reinforcement at the top of the CIP concrete above the pier
caps. This method for achieving continuity was much more practical than the use of longitudinal
post-tensioning. Longitudinal deck reinforcement was included within the CIP concrete topping
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to provide tensile resistance. This longitudinal reinforcement was designed similar to the
reinforcement in the top of traditional CIP slab-span bridges.

The CIP concrete that filled the large voids created by the block-outs of the precast
sections at the piers (Figure 3.3), along with the concrete between the ends of the precast sections
acted similar to a concrete diaphragm, and also provided potential compressive resistance for
negative continuity moments. It was felt that the combination of this compressive resistance
with the tensile resistance of the longitudinal deck reinforcement would provide adequate
negative moment resistance to achieve continuous behavior for live load over the piers.

As explained in Section 2.3, long-term behaviors such as creep and shrinkage can lead to
the development of positive restraint moments at the pier caps. A positive moment connection
must be provided to prevent the development of a gap between the CIP concrete and the precast
sections above the pier caps. This positive moment connection was provided by adding
additional reinforcement consisting of four #8 bars over the piers at a lower depth in the cross
section. These #8 bars extended 10 ft. in each direction on each side of the pier. This
reinforcement is shown in Figure 3.4. The reinforcement cages that were placed above the joints
were not continuous over the piers.

3.3 Design of Mn/DOT Bridge No. 13004

The bridge instrumented for this study was Mn/DOT Bridge No. 13004, located in Center
City, Minnesota. This bridge was oriented in the east-west direction on U.S. Trunk Highway 8
near the junction of Chisago County Road 9. The bridge spanned the newly created Center Lake
Channel that connected North Center Lake and South Center Lake. The channel was built to
enable boat travel between the two lakes. Originally a box culvert existed at this location that
was not designed for boat travel. An elevation view of this bridge is shown in Figure 3.9.
Complete bridge plans for this bridge are provided in Appendix A of this report.

The superstructure of the bridge was constructed using the Mn/DOT Inverted-T Precast
Slab System. The thickness of the CIP concrete above the web of the precast sections was 6 in.
to provide adequate concrete cover of 3 in. above the longitudinal deck steel. This produced a
deck with a constant cross section thickness of 18 in. The abutments, wingwalls, and pier caps
were constructed of precast concrete and were supported by CIP concrete piles (The abutments
of Stage 2 were CIP rather than precast because the large weight of the precast abutments
presented problems during construction). The substructure had a crown towards the center to
allow for proper drainage of the bridge deck and to allow the deck to have a constant deck
thickness. The wingwalls extended back from the abutments at a 90° angle. The bridge had
three spans measuring 22 ft., 27 ft., and 22 ft. There was no skew between the roadway and the
channel.

The general contractor for construction of the bridge was Lunda Construction. The
inverted-T precast sections were fabricated by County Materials Corporation at their fabricating
plant in Roberts, Wisconsin. The bridge was constructed in two stages to allow continuous flow
of traffic. In Stage 1, the abutments and pier caps were precast in two separate pieces and
connected using construction joints. Reinforcement dowels were placed within the construction
joints and the joints were filled with grout to tie the sections together. In Stage 2, the abutments
and piercaps were cast-in-place. The CIP concrete deck was also cast in two stages therefore
there was a longitudinal construction joint located along the entire length of the CIP portion of
the bridge deck adjacent to the centerline of U.S. Trunk Highway 8. The construction stages and
construction joint within the CIP concrete deck are shown in Figure 3.10. The superstructure
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was constructed integrally with the pier caps and abutments therefore there were no expansion
joints installed in the bridge. There were however expansion joints installed between the
approach panels and the roadway paving to allow for movement of the approach panels to
accommodate the bridge expansion and contraction.

The bridge was designed to accommodate one lane in each direction, a full-width
shoulder on each side, and a left-turn lane located in the center of the bridge for eastbound
traffic. A bike path was located along the north side of the bridge, bordered on the north by an
ornamental metal railing and on the south by a guardrail which served to separate the bike trail
from the highway traffic. There was also a guardrail on the south side of the bridge.

Instrumentation was installed at several locations within the CIP portion of the deck to
monitor for the development of reflective cracking and to investigate continuous behavior over
the interior piers. A conduit system was constructed within the CIP portion of the deck to house
the wiring for this instrumentation. The conduit traveled from the CIP concrete down through
the flanges of three of the precast sections to boxes that were mounted on the pier cap. The
conduit proceeded along the underside of the bridge and then underground towards a cabinet that
housed the data collection system. A complete description of the conduit system is located in
Chapter 5 of this report.

3.3.1 Materials

The inverted-T precast sections were constructed using concrete with a specified
minimum compressive strength of 6500 psi. The other precast elements as well as the CIP
portions of the bridge were constructed using concrete with a specified minimum compressive
strength of 4000 psi. The results of the compressive strength tests for both the precast and CIP
concrete are provided in Tables 3.1 and 3.2, respectively.

The prestressing strands used in the precast sections were ’2-inch diameter 7-wire low-
relaxation strands conforming to ASTM A416 with a minimum ultimate tensile strength of 270
ksi. The mild reinforcement located in all elements of the structure was epoxy-coated rebar with
a minimum tensile yield strength of 60 ksi.

The backfill material used during the construction of this bridge was a granular backfill
that met Mn/DOT standard specification 3149.2D (2000). At the time of construction, this
specification called for pit-run or crusher-run mineral to pass a 75 mm (3 inch) sieve, graded
from coarse to fine such that the ratio of the portion passing the 75 pm (#200) sieve divided by
the portion passing the 25 mm (1 inch) sieve may not exceed 20 percent by mass.

3.3.2 Design Calculations

Mn/DOT Bridge 13004 was designed according to the AASHTO LRFD Bridge Design
Specifications, Third Edition (2004) and interim specifications current at the time of design (Fall
2004). An HL93 Live Load was considered for design along with an additional uniform load of
20 psf for allowance of future wearing course modifications as well as 450 plf for traffic barriers
and 200 plf for a pedestrian barrier, both distributed equally to all of the precast sections. The
design speed for the bridge was 45 mph. Calculations performed by engineers at the Mn/DOT
Bridge Office for an interior composite section are provided in Appendix B of this report.

The precast sections acted simply-supported for their self weight but once the concrete
had cured the composite section behaved continuous over the pier. Therefore the continuous
composite section was designed to support the live load and superimposed dead loads. Live
loads were considered to be distributed to the superstructure based on the equivalent beam
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widths for slab-span type bridges (AASHTO LRFD 4.6.2.3). This distribution factor was used
because once constructed the bridge most closely resembled a slab-span bridge making this live
load distribution factor most appropriate.

The restraint moment was estimated using the Portland Cement Associated (PCA)
Method (Freyermuth, 1969). In this method, a formula was used to calculate the moment caused
by differential shrinkage in a composite concrete section. The restraint moments were then
calculated using a formula that combined the shrinkage moment, the moment caused by the
prestressing force about the centroid of the composite section, and the midspan moment caused
by dead load to obtain the restraint moment at the piers. The restraint moments estimated using
this method were combined with the dead and live load moments to check the capacity of the
composite section.

The maximum total factored negative moment demand over the pier, including the
estimated restraint moment and live load was conservatively calculated to be -97 ft-kips per foot
of width. The longitudinal reinforcement over the piers consisted of #8 bars at 12-inch spacing
and #7 bars at 4-inch spacing between the #8 bars. This detail is shown in Figure 3.3. The
factored nominal negative moment capacity of this reinforcement along with the concrete above
the piers was calculated to be 117 ft-kips per foot of width. Conservatism was used with these
calculations because it is difficult to accurately predict restraint moments for this new system.
The transverse deck reinforcement consisted of #5 bars spaced at 12 in. to satisfy shrinkage and
temperature requirements (AASHTO LRFD 5.10.8.2).

3.3.3 Details of the Precast Section used for Mn/DOT Bridge No. 13004

The height of the web for the precast sections of Bridge 13004 was 12 in. This height
was used to produce a deck cross section that had a constant thickness of 18 in. This bridge had
initially been designed as a slab-span bridge with an 18 in. deck and by using the same thickness
no changes had to be made to the grade of the roadway. Figure 3.11 shows the cross section of
the interior precast sections for this bridge, including complete details of the reinforcement.

The prestressing pattern within the precast sections consisted of two layers of prestressing
strands with 8 strands in each layer. The two layers had a center-to-center vertical spacing of 2
in. and each strand had a horizontal spacing of 6 in. Each of these strands were stressed to 202.5
ksi (0.75f,) to produce a total prestressing force per section of 496 kips. The longitudinal
reinforcement within the flange tips was originally planned to consist of mild steel. However,
this was changed to prestressing strands tensioned to a nominal stress of 5000 psi. The
fabricators suggested this be done because it significantly simplified the placement of this
reinforcement. The transverse reinforcement within the flanges consisted of #4 bars with a 180°
hook around the longitudinal reinforcement within the flange, as shown in Figure 3.1. This
reinforcement was used to increase the durability of the flanges during transport.

The maximum total factored positive moment demand at midspan of the center span,
including the estimated restraint moment and live load, was calculated to be 393.1 ft-kips for an
interior composite section. The positive design moment capacity was calculated to be 713.7 ft-
kips for an interior composite section. The excess ultimate capacity was a result of satisfying
serviceability requirements.

The maximum factored vertical shear demand at the critical section was calculated to be
90 kips. This was less than half of the design concrete shear capacity for the composite section
therefore there was no requirement for stirrups due to vertical shear demand. The maximum
factored horizontal shear demand at the interface of the precast and CIP concrete was estimated
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to be 0.104 ksi near the ends of the precast sections. This slightly exceeded the 0.100 ksi
maximum design horizontal shear capacity of the concrete with a roughened surface, therefore
transverse reinforcement was needed near the ends of the section for horizontal shear (AASHTO
LRFD 5.8.4.1). The rest of the section required only the minimum amount of reinforcement at
24-in. spacing (AASTHTO LRFD 5.8.4.1). However, due to the unique design of this system
and the importance of composite action, these sections were conservatively designed with #5 ties
at 12 in. along the entire length. The relatively short length of the precast sections in this bridge
allowed this conservative amount of reinforcement to be used without large economical impact.

3.3.4 Details of the Bridge Deck

The entire deck of the bridge was 72 ft. 2 in. long and 76 ft. 5 in. wide. The roadway was
62 ft. 3 in. wide and the bike trail was 10 ft. wide. Holes were prefabricated into the flanges of
three of the interior-end span sections to provide a means for the conduit to travel from the CIP
portion of the deck to the underside of the bridge.

The approach panels extended out 20 ft. from the bridge and ran the whole width of the
roadway. The thickness of the approach panels was 12 in. The approach panels were reinforced
with a top and bottom mat of steel consisting of #4, #5, and #6 bars. The far end of the approach
panel rested on a concrete sill and had an expansion joint between the panel and the roadway.

3.3.5 Details of the Precast Substructure

The substructure was designed to be constructed entirely out of precast concrete.
However, due to problems handling the abutment sections (mostly due to weight) during Stage 1
of bridge construction, the abutments of Stage 2 were constructed using CIP concrete. In Stage
1, reinforcing dowels were used to tie adjacent precast elements together. This was done by
inserting reinforcing dowels from one of the elements into prefabricated holes in another element
and then filling the holes with grout. The precast sections of the superstructure were placed on
elastomeric bearing pads located on top of the pier caps and/or abutments. The superstructure of
the bridge was tied to the wingwalls, abutments, and pier caps by reinforcing dowels that
extended out of the precast elements and into CIP portions of the bridge deck or approach panels.
Figures 3.12 and 3.13 show the connection detail of the abutment to the CIP concrete of the
bridge deck and approach panels and the connection detail of the pier caps to the CIP concrete of
the bridge deck, respectively. The reinforcing dowels were only located within the center 50%
of the bridge width to allow the outer portions of the bridge to expand and contract laterally
under thermal loading.

In Stage 1, the abutments, wingwalls and pier caps were constructed of precast concrete.
The abutments were 76 ft. 5 in. long, 7 ft. tall and 3 fi. thick. The wingwalls extended back
approximately 10 ft. 6 in. from the face of the abutments. The reinforcement of the abutments
and wingwalls consisted entirely of #5 and #6 bars. The pier caps were 76 ft. 5 in. long, 3 ft. 6
in. tall and 3 ft. 6 in. thick. The reinforcement for the pier caps consisted of #5, #7 and #9 bars.

The precast substructure was supported by CIP concrete piles. The piles consisted of
steel pipes driven into the ground, closed-ended, to the depth required to reach bearing capacity.
The piles used to support the abutments were 55 ft. long and had a 12 in. nominal diameter. The
piles used to support the pier caps were 80 ft. long and had a 16 in. nominal diameter. Once the
piles were driven to the proper depth, they were filled with high slump concrete and
reinforcement was added to the top portion of the pile. This reinforcement was used in
conjunction with grout to tie the CIP concrete piles to the precast substructure.
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Chapter 4
| nstrumentation of Mn/DOT Bridge No. 13004

4.1 Objectives of Instrumentation

The instrumentation plan for Mn/DOT Bridge No.13004 was developed with the
objective of evaluating the performance of the newly developed Mn/DOT Inverted-T Precast
Slab System. The behaviors to be investigated were established after an extensive literature
review on other precast deck systems along with several meetings with Mn/DOT engineers.
Behaviors of interest included potential development of longitudinal reflective cracking in the
CIP concrete, continuity for live loading over the piers, and effectiveness of the transverse hooks
in transverse load sharing.

All instrumentation for Mn/DOT Bridge 13004 was installed during Stage 1 of bridge
construction, which consisted of the north half of the bridge. This Stage was selected for
instrumentation for two reasons. First, after completion of Stage 1, all traffic was rerouted to
that portion of the bridge while construction began on Stage 2. This subjected the north half of
the bridge to potentially larger traffic volume at an early age, promoting the potential
development of reflective cracking. Second, this section of the bridge was closest to the cabinet
used to house the dataloggers which was stationed adjacent to the available power source.
Because of symmetry, only the east half of Stage 1 was instrumented. Figure 4.1 shows a plan
view of the bridge with the instrumented portion of the bridge highlighted.

The remainder of this chapter explains the behaviors that were investigated, the
instrumentation that was used to investigate each behavior, and the locations of the installed
instrumentation.

4.2 Longitudinal Reflective Cracking of the CIP Concrete Deck above the
Precast Longitudinal Joints

The development of longitudinal reflective cracking in the CIP concrete deck was a
major concern due to the implications that such cracking would have on the durability of the
system, as explained in Section 2.2.3. The main area of concern for the development of cracking
was the area directly above the longitudinal joints between adjacent precast sections because it
was thought that this presented the most probable area for the development of cracking. Figure
4.2 shows a cross-sectional view of the deck system with the longitudinal joints highlighted. The
vertical sides of the flanges on adjacent precast sections were not connected therefore the load
sharing in the transverse direction across these joints had to occur within the CIP concrete. This
had the potential to create tensile stresses in the CIP concrete in the transverse direction which
could lead to the development of cracking. In addition, loading, such as wheel loads, could
cause adjacent flanges to slightly separate from one another. The contact surfaces of the precast
sections were roughened to create a bond with the CIP concrete and help to achieve composite
action, however the bonding of the CIP concrete to the top of the flanges could also potentially
increase the tensile stresses in the CIP concrete resulting from slight separation of the adjacent
flanges due to transverse load sharing and consequently create a driving force for the
development of reflective cracking.

As mentioned in Chapter 3, transverse hooks protruded out of the webs of the precast
sections in addition to reinforcement cages placed between the webs to arrest the development of
longitudinal reflective cracks. Figure 3.4 shows these transverse hooks along with the additional
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reinforcement cages located above the longitudinal joints between the precast webs. The top
corners of adjacent flanges were chamfered to reduce local stress concentrations at these
locations. A single bead of caulk was applied to the top of the longitudinal joints to weather-
proof the joint and to reduce stress concentrations at this location by blunting and increasing the
area of the discontinuity.

4.2.1 Instrumentation for Longitudinal Reflective Cracking above the Precast L ongitudinal
Joints

Slight separation between adjacent flanges, which would act as a driving force for the
development of reflective cracking, would most likely occur at the location of maximum
downward deflection. Thus, it was felt that reflective cracking would most likely develop above
the longitudinal joints of the longest span. Therefore instrumentation was installed above the
longitudinal joints at the midspan of the center span at three different locations in the transverse
direction. These transverse locations were chosen to be as close as possible to the nominal wheel
load locations as shown in Figure 4.3.

The center span had a total of 12 longitudinal joints formed by adjacent precast sections;
therefore, it would be difficult to evaluate the overall performance of these joints by
instrumenting a single joint however it was not feasible to instrument every single joint. As a
compromise, three joints were instrumented, to obtain a sufficient amount of information that
would allow for proper evaluation of the overall performance of the longitudinal joints.

The instrumentation at each location consisted of five vibrating wire (VW) embedment
strain gages oriented in the transverse direction. The VW embedment strain gages used for this
instrumentation were Geokon® Model VCE-4200 VW Strain Gages as shown in Figure 4.4.
Details and specifications for this strain gage are provided in Appendix C.

Once installed, each gage overlapped the adjacent gage by approximately 2 in. as shown
in the instrumentation detail given in Figure 4.5. The gage length for the gages used was 6 in.
Therefore each gage had approximately 2 in. where it was not overlapped by any of the adjacent
gages, and 2 in. at each end that was overlapped by the adjacent gages. The gages were
overlapped to ensure that the crack would not propagate around them which would allow the
crack to avoid being detected. If a crack were to develop and open, it would cause any strain
gage that spanned the crack to have a larger relative strain reading than adjacent strain gages.
Therefore in addition to ensuring that the crack was detected, overlapping the gages would allow
for determination of the crack location to within 2 in.

The five VW embedment strain gages at each transverse location were installed by tying
each gage between two pieces of uncoated rebar using coated tie wire as shown in Figure 4.6.
Once all the gages were tied to the rebar, this assembly was placed on top of the bottom
longitudinal reinforcement steel of the reinforcement cage, positioning the gages approximately
3 in. above the top of the flanges, as shown in Figure 4.7. Once the assembly was tied in place,
the final position of each gage was secured by using a zip tie to secure the gage to the coated tie
wire. This prevented the gage from sliding in the transverse direction and changing position
during pouring of the CIP concrete deck. The lead wire for each gage was temporarily placed in
a plastic bag to protect it from the elements.
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4.3 Longitudinal Reflective Cracking of the CIP Concrete Deck above the
Precast Section Web Corners

A secondary area of concern for the development of longitudinal reflective cracking of
the CIP concrete deck was directly above the web corners of the precast sections. Figure 4.2
shows a cross-sectional view of the deck system with the precast web corners highlighted. This
area was a concern because the corner of the web of the precast section might produce high
stress concentrations in the relatively thin CIP concrete. These corners were chamfered to
reduce stress concentrations at this location. The contact surfaces of the precast sections were
also roughened to achieve better bond with the CIP concrete to lessen the effect of the
discontinuity between the precast concrete and the CIP concrete at this location.

4.3.1 Instrumentation for Longitudinal Reflective Cracking above the Precast Section Web
Corners

The instrumentation above the web corners at each location consisted of ten Geokon®
Model VCE-4200 VW Strain Gages oriented in the transverse direction. Details and
specifications for this strain gage are provided in Appendix C. Again, these gages were placed
such that each gage overlapped the adjacent gage. The gage length for the gages used was 6 in.
and the overlap used for these gages was about 1.5 in. therefore each gage had approximately 3
in. where it was not overlapped by any adjacent gages. Figure 4.8 shows the plan view of the
instrumentation detail for the instruments located above the web corners. This detail existed at
the same locations as the instrumentation above the joints but at a higher depth in the cross
section. Figure 4.9 shows a cross-sectional view that includes all the VW embedment gages
located at each instrumented transverse location. This detail was used because it would provide
more information in the case that cracking would develop. More specifically it would reveal if
the cracking had propagated to a higher depth in the cross section and would give an
approximation of the path by which the cracking had propagated.

The ten VW embedment strain gages located above the web corners were installed by
tying each gage to two pieces of coated rebar using coated tie wire. In this case, epoxy-coated
rebar was used due to the close proximity of these gages to the exterior surface of the CIP
concrete deck. Once all the gages were tied to the rebar, the assembly was slid into position
underneath the longitudinal deck steel and tied in place as shown in Figure 4.10. Again, the final
position of each gage was secured by using a zip tie to secure the gage to the coated tie wire.

4.4 Continuous Behavior for Live Load over the Piers

The Mn/DOT Inverted-T Precast Slab System was designed to behave continuously over
the piers for live load because continuous behavior presents many advantages, as explained in
Section 2.3. Md/DOT practice for typical preacast concrete beam bridges is to design the spans
as simply supported for both dead and live load; however the design of the Bridge 13004 spans
included reinforcement in the CIP deck for the purpose of producing continuous behavior for
live loads.

It was difficult to accurately calculate or predict the restraint moment that would develop
at the piers because the methods used to predict restraint moments are based on typical bridge
deck systems which have much thicker cross sections than this system. Thus, a large amount of
reinforcement was chosen conservatively. The reinforcement in the negative regions of the CIP
concrete deck consisted of #8 bars spaced at 12 in. with #7 bars spaced at 4 in. between the #8
bars. As mentioned in Chapter 3, additional reinforcement was added over the piers at a lower
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depth in the cross section to provide a positive moment connection in case a positive restraint
moment were to develop due to long-term behaviors such as creep and shrinkage. This
additional reinforcement consisted of four # 8 bars above the joint as shown in Figure 3.4. Since
it was difficult to calculate the size of the potential positive restraint moment, it was uncertain
how effective this additional reinforcement would be. However, if this reinforcement was not
added and large positive restraint moments had developed this could cause a gap to open
between the precast sections and the girder ends.

Once the precast sections were placed on top of the pier caps and/or abutments, the
blocked-out portions of the flanges (Figure 3.3) created large voids above the pier caps which
were filled with the CIP concrete of the deck. Once the CIP concrete cured, the concrete that
filled these voids along with the space between the ends of the precast sections acted as a
concrete diaphragm and provided some compressive negative moment resistance. However, due
to the irregular geometry of the CIP concrete and precast sections, it was difficult to analytically
determine how effective this negative moment resistance would be in helping to achieve
continuous behavior for live load.

4.4.1 Instrumentation for Continuous Behavior for Live Load over the Piers

The bridge superstructure for the Mn/DOT Inverted-T Precast Slab System was designed
to behave continuously for live loads only. To determine the effective continuity of the bridge
superstructure a live load (known test load) must be applied to the bridge. This will be done by
moving a loaded sand truck to several different positions along the length of the bridge. While
the sand truck is at each position, the curvature at several different locations along the length of
the bridge will be determined using the installed instrumentation. The effective continuity of the
bridge can be determined by comparing the curvatures obtained using instrumentation to the
curvatures calculated using the known live load and assuming fully continuous behavior. The
truck test had not yet been executed at the time of this report.

The instrumentation used for monitoring the continuity were Geokon® Model VK-4150
Vibrating Wire Strain Gages as shown in Figure 4.11. Details and specifications for this strain
gage are provided in Appendix C. These gages were welded to the longitudinal steel
reinforcement at different depths of the bridge cross section. Each gage provided a strain reading
for that depth of the cross section which could be used to determine the curvature of the bridge at
that location.

Due to symmetry, it was only necessary to determine the continuous behavior over one of
the piers, thus six locations along only half the length of the bridge were instrumented. These
locations of instrumentation are shown in Figure 4.12. At each of these locations,
instrumentation was installed at several locations in the transverse direction. This was done
partly to provide redundancy but also to provide information on transverse load distribution.
Figure 4.13 is a plan view of Stage 1 of the bridge deck, showing the locations of all the
instrumentation installed on the longitudinal steel reinforcement. In the transverse direction,
instrumentation was installed at the midspan of the center span adjacent to both Joint 1 and Joint
2 and near the pier on the center span side, adjacent to Joints 1, 2, and 3. Gages were also
installed on the longitudinal deck steel at several locations above Webs 1 and 2 of the precast
sections on the center pier side of the east pier. These gages were used to determine if the strains
in the deck steel over the pier differed between the areas above the flanges and the areas above
the webs. This would provide insight on the effect that the precast section shape has on the
continuous behavior of the bridge.
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The #’s in Figure 4.13 represent locations of instrumentation where three strain gages
were installed. At these locations, two strain gages were installed on the longitudinal steel of the
reinforcement cage above the longitudinal joint and one strain gage was installed on the
longitudinal deck steel that was closest to the other two gages, as shown in Figure 4.14. The @’s
in Figure 4.13 represent locations of instrumentation where two strain gages were installed. The
instrumentation detail was different at these locations because the reinforcement cages were not
continuous over the pier. At these locations, one strain gage was installed on one of the #8 bars
above the pier and one strain gage was installed on the longitudinal deck steel directly above the
other strain gage, as shown in Figure 4.15. The a’s in Figure 4.13 represent locations of
instrumentation where only one strain gage was installed. At these locations the strain gage was
installed on the longitudinal deck steel.

The VW spot-weldable strain gages were installed by first grinding the epoxy coating off
of the longitudinal reinforcing steel at the location where the gage was to be installed. The steel
was then ground flat at this location to provide a smooth surface for spot-welding the strain gage.
Figure 4.16 shows a picture of a VW spot-weldable strain gage welded to longitudinal
reinforcement. After the strain gage was welded to the steel, cyano-acrylate adhesive was
applied to the mounting tabs to seal any gaps between the steel and the mounting tabs. The tabs
were then completely covered with a water-proofing compound to protect against future
corrosion. To provide mechanical protection, the entire gage was then covered with a steel cover
that was secured in place using three zip ties as shown in Figure 4.17. The edges of the cover
were covered with mastic tape to prevent concrete from getting inside the cover. After all of the
gages were installed, the steel reinforcement that had gages attached were rotated so that the
gages were located on the bottom of the steel. This was done to reduce the chances of damaging
the gages during pouring of the CIP concrete deck. Figure 4.18 shows a photograph of three VW
spot-weldable strain gages on the longitudinal steel near midspan and Figure 4.19 shows a
photograph of two VW spot-weldable strain gages installed on the longitudinal steel above the
pier.

4.5 Effectiveness of the Transver se Hooks

The transverse hooks extending out of the webs of the precast sections were intended to
help with transverse load sharing and to reduce the probability for the development and
propagation of longitudinal reflective cracking in the CIP concrete above the longitudinal joint.
These hooks were spaced at 12 in. on center in each member. The locations of the hooks within
each section were staggered slightly so that the hooks from adjacent sections would not line up
directly, which would otherwise prevent proper placement of adjacent precast sections. Figure
4.20 shows a photograph of the hooks from adjacent sections lined up once the sections were in
place.

The spacing of 12 in. was chosen arbitrarily because it was difficult to accurately predict
the effectiveness of these hooks. Therefore to determine if this spacing was adequate to provide
effective transverse load sharing, it was necessary to monitor the behavior of these hooks under
applied loading. Also, if a longitudinal reflective crack were to develop in the CIP concrete it
would be important to determine whether or not the steel of the transverse hooks had yielded
across the crack.
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4.5.1 Instrumentation to Deter mine Effectiveness of Transverse Hooks

The same three joints that were instrumented for longitudinal reflective cracking were
also instrumented to investigate the effectiveness of the transverse hooks (Figure 4.3). At each
location, two transverse hooks were instrumented above each joint directly adjacent to the VW
embedment strain gages that were used to detect the development of longitudinal reflective
cracking. These locations were chosen to facilitate the detection and location of reflective
cracking. Also, the transverse hooks at midspan would likely experience the largest strains
therefore instrumenting these hooks would likely provide the most information on their
effectiveness.

Each pair of hooks that was instrumented consisted of hooks protruding from adjacent
precast sections located directly adjacent to one another in the longitudinal direction. Each pair
was instrumented with a total of seven Geokon® Model VK-4150 Vibrating Wire Strain Gages.
Four gages were placed on one hook while three gages were placed on the adjacent hook. The
gages were placed so that the gage on one hook slightly overlapped the adjacent gages on the
other hook. Together, the seven gages spanned most of the distance between the webs of the
adjacent precast sections. This was done to ensure that the gages would cross a crack if one were
to develop. Figure 4.21 shows a plan view of the instrumentation detail for the transverse hooks.

These gages were installed in the same manner as the gages used for monitoring
continuous behavior over the piers as explained in Section 4.3.2. Figure 4.22 shows a
photograph of these strain gages installed on the transverse hooks.

4.6 Installation of | nstrumentation

The coordinates of all the gages installed in the bridge are provided in Tables 4.1 through
4.4. These coordinates are in inches and were measured from the northeast corner of the
roadway (inside the north guardrail, see Figure 4.1), using a positive coordinate system with x-
being positive in the west direction along the length of the bridge, y- positive in the south
direction, and z- positive in upwards direction starting from the bottom surface of the bridge
superstructure. The x-direction coordinates given for the VW embedment gages is for the center
of that group of gages. The gages overlap the adjacent gages, but they are not all in the same
line. They have a spacing of approximately 1.5 in. between overlapping gages (see Figure 4.7).
The gages were labeled according to the type of gage and the approximate location of the gage
within the bridge. This labeling scheme is explained in Figure 4.23.

The installation of instrumentation took place in September of 2005. The process started
on September 2 and lasted until September 28 at which point all instrumentation was connected
to the data acquisition system, which is described in Chapter 5. Data was recorded intermittently
throughout the installation process using a Geokon® GK-403 read-out box. A complete log of
the installation process is provided in Appendix D of this report.
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Chapter 5
Data Acquidtion System

5.1 Design of the Data Acquisition System

A data acquisition (DAQ) system was created to facilitate long-term recording of strain
and temperature readings from the VW strain gages installed within the CIP concrete portion of
the bridge deck. This system consisted of two dataloggers, two VW interfaces, six multiplexers,
two storage modules, and two batteries. A schematic of this system is provided in Figure 5.1.
All of the components used in this system were supplied by Campbell Scientific, Inc. A general
description along with some of the specifications for each component are provided in Appendix
C.

The multiplexers installed in this system were AM16/32 Relay Multiplexers and were
numbered 1 through 6 (from south to north). Each strain gage was connected to one of the six
multiplexers used in this system. The multiplexers each had the capacity to monitor 16
differential sensors that require excitation, i.e., 16 VW strain gages, along with the differential
thermistor of each gage. Thus, the use of six multiplexers enabled monitoring of 96 instruments
with this DAQ system. A total of 98 instruments were installed in the bridge, however two of
these instruments are not being measured. These extra gages were installed in case some of the
gages were damaged during casting of the CIP concrete deck. The initial channel assignment for
each strain gage is provided in Tables 5.1 though 5.6.

The signal cable from each multiplexer was connected to one of the two AVW4 VW
Interfaces used in this system. The VW Interfaces are needed to convert the differential strain
and temperature measurements obtained from the VW strain gage to single-ended measurements
that can be read by a datalogger. Up to four multiplexers can be connected to each VW
Interface. These VW interfaces were numbered 1 and 2. Multiplexers 1 through 3 were
connected to VW interface 1 and Multiplexers 4 through 6 were connected to VW interface 2.
Each VW interface was connected to one CR-10X datalogger. These dataloggers were
programmed using the PC400 Software to measure the strain gages connected to the
multiplexers. The initial programs that were downloaded into the dataloggers are provided in
Appendix E of this report. The data received from the strain gages was stored in the SM16M
Storage Module that was connected to each datalogger.

Each datalogger was powered by a PS100 12V Rechargeable Battery. These batteries
were originally only intended to provide the dataloggers with DC power and provide a reserve
power source in the case of a power outage. However, AC power was not immediately provided
at the site, therefore for a period of time these batteries were the only source of power. During
this time, both dataloggers were connected to one of the batteries while the other battery was
charged. After a period of approximately two weeks the fully charged battery was brought to the
bridge and swapped with the other battery. This process was to continue until the site was
supplied with AC power at which point each battery would again be connected to one datalogger
and would continually supply the datalogger with DC power, however, as of June 2006 the site
had not been supplied with AC power.

5.2 Conduit System

The cables used in the DAQ system were housed within a galvanized steel conduit
system that was installed by the contractor. A plan view of the conduit is provided in Figure 5.2.
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Complete plans for this conduit system are shown on page 26 of the Bridge Plans provided in
Appendix A. This conduit system was completely sealed prior to pouring the CIP concrete to
prevent corrosive or mechanical damage to the cables or system components.

The individual wires for each of the instruments were typically spliced to a larger cable
that traveled through the conduit to the multiplexers. This was less expensive and more practical
than running each individual wire through the conduit. 17-pair and 6-pair shielded cables were
used as necessary to accommodate the total number of instruments at each instrumented location.
The cables above Joint #1 were labeled 6-#, the cables above Joint #2 were labeled 5-#, and the
cables above Joint #3 were labeled 4-#. Tables 5.8 through 5.22 identify the instruments
connected to each cable. Figure 5.3 shows a plan view of the cables within the bridge deck.
Table 5.7 summarizes the location of each cable relative to the longitudinal joints and the
multiplexer box to which each cable traveled. The spliced portions of the cables were housed
within relatively large steel boxes, as shown in Figure 5.4.

The conduit traveled from the instrumented locations adjacent to the precast member
joints to the eastern side of the east pier cap at which point the conduit then traveled down
through the precast sections to steel boxes mounted on the eastern face of the pier cap, as shown
in Figure 5.5. The portion of the conduit located within the CIP concrete had an inside diameter
of 1.5 inches.

Each of the large boxes mounted on the eastern pier cap was used to house two
multiplexers. These boxes were 10 in. wide, 12 in. tall, and 5 in. deep which provided adequate
room for two multiplexers located side by side. The boxes were numbered 1 through 3 from
south to north (from left to right in Figure 5.5). The locations of the multiplexers within these
boxes are shown in Figure 5.6. The multiplexers were mounted on plywood that was secured in
place against the back of the boxes using Liquid Nail® all-purpose adhesive.

A 3-inch inside diameter conduit traveled from the multiplexer boxes along the underside
of the bridge to the abutment. From there the conduit originally traveled through the abutment
underground to a cabinet that was intended to house the remainder of the DAQ system, however,
this portion of the conduit was damaged during construction, preventing its use. A temporary
cabinet was set up next to the abutment, as shown in Figure 5.7, to house the DAQ system until
new conduit was installed. A new conduit was planned to travel north around the front of the
abutment and underground to the cabinet that was to be used to permanently house the remainder
of the DAQ system, however, as of June 2006 this new portion of the conduit had not yet been
installed. The proposed new conduit is included in the plan view of the conduit provided in
Figure 5.2. A photograph of the permanent DAQ cabinet is shown in Figure 5.8.

5.3 Long-term Data Collection

The dataloggers were programmed to take strain and temperature readings from all 96
VW strain gages starting at midnight of each day and again every two hours. This provided
information on the influence of temperature and solar radiation, which vary throughout the day,
on the behavior of the bridge. The recorded data was stored in the SM16M Storage Modules that
were attached to each datalogger. For this application, it was not necessary to connect the two
dataloggers to each other because there was no need for communication between them.
However it was important that the clocks within each datalogger were synchronized so that both
dataloggers took measurements at the same time.

The bridge was located within relatively close proximity to the U of MN campus
therefore the data was downloaded about once a month. This was done by driving to the site and
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swapping the two storage modules that were connected to the dataloggers with two empty
storage modules. The storage modules containing the data were then brought to the U of MN
where the data was downloaded onto a computer. During the period of time when the site was
without power, the data was downloaded every time the batteries were swapped, which was
approximately every two weeks.
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Chapter 6
Summary and Future Work

6.1 Summary

The use of prefabricated bridge superstructure systems has many advantages over
conventional bridge construction. These systems generally reduce the duration of construction
time, which minimizes traffic disruption and increases work-zone safety. This has inspired
numerous research programs to develop new superstructure systems or improve existing systems
to enable them to achieve the benefits associated with prefabricated construction.

One system that has recently been developed is the Mn/DOT Inverted-T Precast Slab
System. This system was inspired by the French Poutre Dalle System that was observed during a
scanning tour of prefabricated technologies in foreign countries. Several features of the design
for this system were incorporated into the design of the Mn/DOT Inverted-T Precast Slab
System. In addition, consultation from faculty at the University of Minnesota, as well as input
from fabricators and contractors, led to several modifications to the design that would enhance
the durability, performance, and constructibility of this new system.

A major concern affecting the durability of precast bridge superstructure systems was the
development longitudinal reflective cracking of the CIP concrete deck. The Mn/DOT Inverted-T
Precast Slab System was designed to be less susceptible to the development of reflective
cracking, however, additional modifications were made to further reduce the potential for the
development of these cracks. The corners of the precast sections were chamfered to reduce
stress concentrations within the CIP concrete. In addition, the thickness of the flanges was
reduced to increase the thickness of the CIP concrete above the longitudinal joint. This increased
the sections ability to share loads in the transverse direction. It was hoped that these
modifications would further reduce the potential for the development of longitudinal reflective
and therefore increase the durability of this system.

The Mn/DOT Inverted-T Precast Slab System was initially implemented in two bridge
projects. The first project was a bridge constructed in Center City, Minnesota (Mn/DOT Bridge
No. 13004), which was about 40 miles northeast of Minneapolis, Minnesota. The second project
was a deck replacement for a bridge located in Beltrami County near Waskish Township in
northern Minnesota (Mn/DOT Bridge No. 04002). Instrumentation was installed in the bridge
located in Center City (Mn/DOT Bridge No. 13004) to monitor several behaviors that would
allow the durability of the system to be evaluated. These behaviors included the development of
longitudinal reflective cracking of the CIP concrete and continuous behavior over the piers for
live load.

6.2 Benefits of the Mn/DOT Inverted-T Precast Slab System

The precast sections of the Mn/DOT Inverted-T Precast Slab System eliminated the need
for formwork to cast the CIP concrete deck and provided a working surface for placement of the
deck reinforcement and CIP concrete. During the deck replacement of the Waskish Bridge
(Mn/DOT Bridge No. 04002), this improved constructibility reduced the impact of the bridge
construction on the environment below the bridge. This improved constructibility also resulted
in a reduction in overall construction time. The second stage of the Center City Bridge
(Mn/DOT Bridge No. 13004) was completed in 18 working days (23 total days). The first stage
took longer because of delays caused by the installation of instrumentation in this portion of the
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bridge. If the second stage of the bridge had been constructed using a traditional CIP slab-span
type bridge system, it would have taken 20 working days (28 total days). Thus, if there were not
delays caused by the installation of instrumentation, the Mn/DOT Inverted-T Precast Slab
System would have shortened the construction time by 4 working days and 10 total days. This
shorter construction time reduced traffic disruption and improved work-zone safety by
shortening the amount of time that construction workers were exposed to this dangerous
environment.

It was hoped that the Mn/DOT Inverted-T Precast Slab System would provide a faster
bridge construction process for a small premium over conventional bridge superstructure
systems. The estimated costs for the two bridges built using the new superstructure system were
compared to those of a traditional slab-span bridge to determine if the economic impact of this
new system. This comparison is provided in Table 6.1. This table shows that the costs of the
Waskish Bridge (Mn/DOT Bridge No. 04002) and Center City Bridge (Mn/DOT Bridge No.
13004) compared well with the cost of a traditional CIP slab-span bridge. There was an
expectation that the “rapid construction” associated with this system, as well as the start-up costs
for the precaster , would cause this system to be more expensive than a traditional slab-span
bridge; however, the start-up costs should not recur as additional bridges of this type are built
and future comparisons between costs should be made.

6.3 Preliminary Conclusions

The Center City Bridge (Mn/DOT Bridge No. 13004) was built during September of
2005. As of June 2006, analysis of the collected data and visual inspection of the bridge deck
had indicated that no cracking had developed within the CIP concrete topping. No significant
information about the continuous behavior of the bridge had been obtained during this period. It
was expected that the majority of the information about the continuous behavior of the bridge
would be obtained after the truck load test was performed.

6.4 Future Work

The instrumentation in Mn/DOT Bridge No. 13004 was to be monitored for a period of
two years. A truck load test was planned to be performed on the bridge during this time period
to obtain more information on the continuous behavior of the bridge. In addition to the field
testing, a laboratory test and finite element analysis were to be conducted. The objective of the
laboratory test was to investigate the effect of several design modifications on the behavior of the
bridge. The modifications were made to further increase the durability and constructibility of the
system. In addition, the test provided a means to investigate behaviors that could not be
investigated with the instrumented bridge in the field such as composite action and loss of
prestressing force. The laboratory experiment was to include a full-scale specimen with two
spans and two precast sections in each span. Reinforcement details and other aspects of the
design were to be varied within each precast section and each span to allow for a more thorough
investigation of variations of several parameters including precast section flange thickness,
roughened surfaces, continuity steel, horizontal shear reinforcement, and anchorage zone and
confinement reinforcement. It was hoped that after complete analysis of the field data, along
with completion of the laboratory tests and finite element analysis, final design recommendations
could be made for the Mn/DOT Inverted-T Precast Slab System to be implemented in future
projects to enhance the performance, constructibility, and durability of this bridge superstructure
system.

36



References

American Association of State Highway Transportation Officials (AASHTO). AASHTO LRFD
Bridge Design Specifications, Third Edition. Washington, D.C.: 2004.

Badie, Sameh S., Mounir R. Kamel, and Maher K. Tadros. "Precast Pretensioned Trapezoidal
Box Beam for Short Span Bridges." PCl Journal, vol. 44, no.1 (January-February 1999):
48-59.

Buckner, C. Dale, and H. T. Turner. Performance Tests of Full Span Panel Form Bridges (Final
Report 80-1c). (Baton Rouge, LA: Louisiana State University, Research and
Development Section Louisiana Department of Transportation and Development, 1981).

El-Remaily, Ahmed, et al. "Transverse Design of Adjacent Precast Prestressed Concrete Box
Girder Bridges." PCI Journal, vol. 41, no.4 (July-August 1996): 96-113.

Fallaha, Sam, et al. "High Performance Precast Concrete NUDECK Panel System for Nebraska's
Skyline Bridge." PCI Journal, vol. 49, no. 5, (September-October 2004): 40-50.

Freyermuth, C. "Design of Continuous Highway Bridges with Precast, Prestressed Concrete
Girders." PCI Journal, vol. 14, no. 2 (March-April 1969): 14-39.

Hagen, Kevin, et al. "Development and Construction of a Precast Inverted T System for
Expediting Minnesota Slab Span Bridge Projects." 2005 Concrete Bridge Conference.

Hagen, Kevin. “Development of Mn/DOT Precast Slab System”. Presentation ed. Mn/DOT &
FHWA Precast Slab System Workshop, September 8, 2005.

Hays, C. O. Jr., R. L. Cox, Jr., and G. O. Obranic, Jr. Full Span Form Panels for Short Span
Highway Bridges (Final Report U17F). (Gainesville, FL: Department of Civil
Engineering, University of Florida, 1980)

Hieber, David G., et al. Sate-of-the-Art Report on Precast Concrete Systems for Rapid
Construction of Bridges (Draft Interim Report). (Seattle, WA: Department of Civil
Engineering and Environmental Engineering, University of Washington, August 2004.)

Huckelbridge, Arthur A. Jr., Hassan El-Esnawi, and Fred Moses. "Shear Key Performance in
Multibeam Box Girder Bridges." Journal of Performance of Constructed Facilities, vol.
9, no. 4 (April 1995): 271-85.

Kamel, Mounir R., and Maher K. Tadros. "The Inverted Tee Shallow Bridge System for Rural
Areas." PCI Journal, vol. 41, no. 5 (September-October 1996): 28-43.

37



McDonagh, Michael D., and Kevin B. Hinkley. "Resolving Restraint Moments: Designing for
Continuity in Precast Prestressed Concrete Girder Bridges." PCl Journal, vol. 48, no. 4
(April 2003): 104-19.

Minnesota Department of Transportation. Standard Specifications for Construction, 2000
Edition.

Peterman, Robert J., and Julio A. Ramirez. "Behavior and Strength of Bridges with Full-Span
Prestressed Concrete Form Panels." PCl Journal, vol. 43, no. 2 (March- April 1998): 80-
91.

Peterman, Robert J., and Julio A. Ramirez. "Restraint Moments in Bridges with Full-Span
Prestressed Concrete Form Panels." PCl Journal, vol. 43, no.1 (January-February 1998):
54-73.

"Prefabricated Bridge Elements and Systems in Japan and Europe- Summary Report." FHWA
International Technology Exchange Programs. May 2004.

Ralls, Mary Lou, Ronald D. Medlock and Sharon Slagle. "Prefabricated Bridge National
Implementation Initiative." 2002 Concrete Bridge Conference.

Saleh, Mohsen A., Amin Einea, and Maher K. Tadros. "Creating Continuity in Precast Girder
Bridges." Concrete International, vol. 17, no. 8 (August 1995): 27-32.

Tadros, M.K. and Baishya, M.C., “Rapid Replacement for Bridge Decks,” NCHRP Report 407,
National Cooperative Highway Research Program, Washington D.C., 1998.

Yamane, Takashi, et al. "Full Depth Precast, Prestressed Concrete Bridge Deck System." PCI
Journal, vol. 43, no. 3 (May-June 1998): 50-66.

38



Tables

39



Table2.1 Cross sections of different precast sections (Kamel and Tadros, 1996)

Typical Section Width (in.) Depth (in.) Span range (ft.)
Solid Slab 36 to 96 10to 18 up to 30
Voided Slab 36 to 48 15t0 23 20 to 60
Multi-stem 48 16 to 23 20 to 60
Double Stem 60 to 96 16 to 23 20 to 60
Single Stem 4810 72 24 10 48 3510 80
Box Girder 36 to 48 27t0 42 60 to 100
Deck Bulb Tee 48 to 84 29to 41 60 to 110
I-Girder 18 to 26 36 to 45 40 to 80

Table2.2 Dimensions of form panelsand CIP concrete for the bridgesvisited in
Florida during the study performed by Hays, Jr. et al. (1980) (variablest;, t»,
and tzare shown in Figures 2.10 and 2.11)

Thickness | panel
Span (in.) Width
Bridge (ft.) | ts to  tg (in.) Year/Comments
Lloyd Creek Bridge 23 7 - 55 48 1977/ Neg. Mom Cracks
SR 59, Jefferson County Less extensive
Hurricane Creek Bridge 30 6 5 5 79 1977
SR2A, Holmes County
Sanders Creek Bridge 30 10 -- 4 48 1977/ Long. Cracks
SR 20, Okalossa County Less extensive
Fort Gasden Creek 26 4 5 4 80 1977
SR 65, Liberty County
Black Creek Bridge 26 4 5 4 80 1976
SR 65, Liberty County
Sampson River Bridge 32 7 5 45 80 1979/ Neg. Mom. Cracks
SR 18, Bradford County less extensive
Harney Canal Bridge - 27 5 5 5 80 1977/ Exstensive random
C136 surface cracking
US 301, Hillsborough
County Widest longitudinal cracks
Cypress Creek Bridge 28 5 5 5 60 1978/ Extensive random
cracking
Kings Point Boulevard No longitudinal cracking
Hillsborough County Very light traffic
Shingle Creek Bridge 27 6 5 45 51 1978/ Less long. cracking when
joint
SR 528A, Orange County near center of traffic lane
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Table2.3 Reinforcement details and dimensions of the laboratory specimen used in the
study performed by Buckner and Turner (1981) (“S’ =flat panel, “B” =

beveled panel) (variablestq and t, are shown in Figures 2.13 and 2.14)

Transverse Reinforcement No. of
Specimen Mark (itr?.) (itr;).) Str;\enrds
Left Half Right Half Panel

S-55-10 7.5 55 | #4 @ 15" o.c. | #4 @ 12" o.c. 10
B-5.5-10 7.5 55 | #4 @ 15" o.c. | #4 @ 12" o.c. 10
S-8-8 5 8 #3 @ 12" o0.c. | #4 @ 12" o.c. 8
B-8-8 5 8 #3 @ 12" o0.c. | #4 @ 12" o.c. 8
S-10-8 3 10 #3 @ 15" 0.c. | #4 @ 12" o.c. 8
B -10 -8 3 10 #3 @ 15" 0.c. | #4 @ 12" o.c. 8

Table3.1 Compressive concrete strength of concrete used for precast sectionsin the
superstructure of Stage 1 of Mn/DOT Bridge No. 13004
Release 28 Day
Date Poured Strength (psi) | Strength (psi)
8/18/2005 7650 9880
6780
8/19/2005 6760 9870
6380
8/22/2005 7340 9850
6990
8/24/2005 6760 9840
8080
8/25/2005 6680 9850
7040
8/29/2005 6900 9850
7370
Table3.2 Compressive concrete strength of CIP concrete used in Stage 1 of the

superstructure for Mn/DOT Bridge No. 13004

7 Day 10 Day 28 Day
Date Poured | Strength (psi) | Strength (psi) | Strength (psi)
9/19/2005 3875 3613 3979
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Table4.1 Coordinates of the VW embedment strain gagesinstalled directly above the
precast longitudinal joints (see Figure 4.1 for coordinate system, “Z” isdepth
within cross section from bottom of bridge)

Instrument No. | X (in.) Y (in.) Z (in.)

CJ1-51-1 438.0 280.5 8.5

Joint CJ1-51-2 438.0 276.5 8.5
#1 CJ1-51-3 438.0 272.5 8.5
CJ1-51-4 438.0 268.5 8.5

CJ1-51-5 438.0 264.5 8.5

CJ2-51-1 438.0 208.5 8.5

Joint CJ2-51-2 438.0 204.5 8.5
#2 CJ2-51-3 438.0 200.5 8.5
CJ2-51-4 438.0 196.5 8.5

CJ2-51-5 438.0 192.5 8.5

CJ3-51-1 438.0 136.5 8.5

Joint CJ3-51-2 438.0 132.5 8.5
#3 CJ3-51-3 438.0 128.5 8.5
CJ3-51-4 438.0 124.5 8.5

CJ3-53-5 438.0 120.5 8.5
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Table4.2 Coordinates of the VW embedment strain gagesinstalled directly above the
precast section web corners (see Figure 4.1 for coordinate system, “Z” is
depth within cross section from bottom of bridge)

Instrument No. | X (in.) Y (in.) Z (in.)
CJ1-53-1 4380 | 2930 | 135

CJ1-53-2 4380 | 2885 | 135

CJ1-53-3 4380 | 2840 | 135

CJ1-53-4 4380 | 2795 | 135

Joint CJ1-53-5 4380 | 2750 | 135
#1 CJ1-53-6 438.0 | 2705 13.5
CJ1-53-7 4380 | 266.0 | 135

CJ1-53-8 4380 | 2615 | 135

CJ1-53-9 4380 | 257.0 | 135

CJ1-53-10 4380 | 2525 | 135

CJ2-53-1 4380 | 221.0 | 135

CJ2-53-2 4380 | 2165 | 135

CJ2-53-3 4380 | 2120 | 135

CJ2-53-4 4380 | 2075 | 135

Joint CJ2-53-5 4380 | 2030 | 135
#2 CJ2-53-6 4380 | 1985 13.5
CJ2-53-7 4380 | 1940 | 135

CJ2-53-8 4380 | 1895 | 135

CJ2-53-9 4380 | 1850 | 135

CJ2-53-10 4380 | 1805 | 135

CJ3-53-1 4380 | 149.0 | 135

CJ3-53-2 4380 | 1445 | 135

CJ3-53-3 4380 | 1400 | 135

CJ3-53-4 4380 | 1355 | 135

Joint CJ3-53-5 4380 | 131.0 | 135
#3 CJ3-53-6 4380 | 126.5 13.5
CJ3-53-7 4380 | 1220 | 135

CJ3-53-8 4380 | 1175 | 135

CJ3-53-9 4380 | 1130 | 135

CJ3-53-10 4380 | 1085 | 135
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Table4.3 Coordinates of the VW spot-weldable strain gagesinstalled on longitudinal
reinforcement (see Figure 4.1 for coordinate system, “Z” isdepth within
cross section from bottom of bridge)

Instrument No. | X (in.) Y (in.) Z (in.)
SJ1-51-1 429.0 264.0 9.0
SJ1-52-1 429.0 264.0 12.5
SJ1-53-1 427.5 276.5 15.5
SJ1-53-2 427.5 263.5 15.5
SJ1-41-1 290.0 268.5 9.0
SJ1-43-1 290.0 280.0 15.5
SJ1-43-2 290.0 268.5 15.5
SJ1-C1-1 271.0 268.5 9.0
Joint SJ1-C3-1 271.0 268.5 15.5
#1 SJ1-C3-2 271.0 296.0 15.5
SJ1-31-1 252.0 268.5 9.0
SJ1-33-1 251.0 280.0 15.5
SJ1-33-2 250.0 269.5 15.5
SJ1-21-1 128.5 264.0 9.0
SJ1-22-1 128.5 264.0 12.5
SJ1-23-1 130.0 261.5 15.5
SJ1-11-1 22.0 264.0 9.0
SJ1-12-1 22.0 264.0 12.5
SJ1-13-1 21.0 261.5 15.5
SJ2-51-1 427.5 192.0 9.0
Joint SJ2-52-1 427.5 192.0 12.5
49 SJ2-53-1 426.5 193.5 15.5
SJ2-41-1 289.5 198.0 9.0
SJ2-43-1 291.5 197.0 15.5
Joint SJ3-41-1 287.0 124.5 9.0
#3 SJ3-43-1 286.0 | 1240 | 155
SW1-43-1 292.5 249.5 15.5
Web #1 SW1-43-2 292.5 236.0 15.5
SW1-43-3 292.5 225.0 15.5
SW2-43-1 291.0 177.5 15.5
Web #2 SW2-43-2 291.0 165.5 15.5
SW2-43-3 291.0 154.5 15.5
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Table4.4 Coordinates of the VW spot-weldable strain gagesinstalled on thetransverse
hooks of the precast sections (see Figure 4.1 for coordinate system, “Z” is
depth within cross section from bottom of bridge)

Instrument No. | X (in.) Y (in.) Z (in.)

SJ1-5T-1 434.0 278.5 7.0

SJ1-5T-2 4325 276.5 7.0

Joint SJ1-5T-3 434.0 274.5 7.0
#1 SJ1-5T-4 4325 272.5 7.0
SJ1-5T-5 434.0 270.5 7.0

SJ1-5T-6 4325 268.5 7.0

SJ1-5T-7 434.0 266.5 7.0

SJ2-5T-1 434.0 206.5 7.0

SJ2-5T-2 4325 204.5 7.0

Joint SJ2-5T-3 434.0 202.5 7.0
#2 SJ2-5T-4 4325 200.5 7.0
SJ2-5T-5 434.0 198.5 7.0

SJ2-5T-6 4325 196.5 7.0

SJ2-5T-7 434.0 194.5 7.0

SJ3-5T-1 434.0 134.5 7.0

SJ3-5T-2 4325 132.5 7.0

Joint SJ3-5T-3 434.0 130.5 7.0
#3 SJ3-5T-4 4325 128.5 7.0
SJ3-5T-5 434.0 126.5 7.0

SJ3-5T-6 4325 124.5 7.0

SJ3-5T-7 434.0 122.5 7.0
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Table5.1 Channel assignmentsfor Multiplexer #1

Multiplexer #1

Ch. Gage #

1.1- CJ1-53-5
1.2- CJ1-53-6
1.3- CJ1-53-7
1.4- CJ1-53-8
1.5- CJ1-53-9
1.6- CJ1-53-10
1.7- SJ1-51-1
1.8- SJ1-52-1
1.9- SJ1-53-2
1.10- SJ1-53-1
1.11- SJ1-21-1
1.12- SJ1-22-1
1.13- SJ1-23-1
1.14- SJ1-11-1
1.15- SJ1-12-1
1.16- SJ1-13-1

Tableb5.2 Channel assignmentsfor Multiplexer #2

Multiplexer #2

Ch. Gage #

2.1- SJ1-5T-1
2.2- SJ1-5T-2
2.3- SJ1-5T-3
2.4- SJ1-5T-4
2.5- SJ1-5T-5
2.6- SJ1-5T-6
2.7- SJ1-5T-7
2.8- CJ1-51-1
2.9- CJ1-51-2
2.10- CJ1-51-3
2.11- CJ1-51-4
2.12- CJ1-51-5
2.13- CJ1-53-1
2.14- CJ1-53-2
2.15- CJ1-53-3
2.16- CJ1-53-4
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Table5.3 Channel assignmentsfor Multiplexer #3

Multiplexer #3

Ch. Gage #

3.1- CJ2-53-5
3.2- CJ2-53-6
3.3- CJ2-53-7
3.4- CJ2-53-8
3.5- CJ2-53-9
3.6- CJ2-53-10
3.7- SJ2-51-1
3.8- SJ2-52-1
3.9- SJ2-53-1
3.10- SJ1-41-1
3.11- SJ1-43-2
3.12- SJ1-43-1
3.13- SJ1-C1-1
3.14- SJ1-31-1
3.15- SJ1-33-2
3.16- SJ1-33-1

Table5.4 Channel assignmentsfor Multiplexer #4

Multiplexer #4

Ch. Gage #

4.1- SJ2-5T-1
4.2- SJ2-5T-2
4.3- SJ2-5T-3
4.4- SJ2-5T-4
4.5- SJ2-5T-5
4.6- SJ2-5T-6
4.7- SJ2-5T-7
4.8- CJ2-51-1
4.9- CJ2-51-2
4.10- CJ2-51-3
4.11- CJ2-51-4
4.12- CJ2-51-5
4.13- CJ2-53-1
4.14- CJ2-53-2
4.15- CJ2-53-3
4.16- CJ2-53-4
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Table5.5

Table5.6

Channel assignmentsfor Multiplexer #5

Multiplexer #5

Ch. Gage #

5.1- CJ3-53-5
5.2- CJ3-53-6
5.3- CJ3-53-7
5.4- CJ3-53-8
5.5- CJ3-53-9
5.6- CJ3-53-10
5.7- SJ3-41-1
5.8- SJ3-43-1
5.9- SW2-43-1
5.10- SW2-43-2
5.11- SW2-43-3
5.12- SJ2-41-1
5.13- SJ2-43-1
5.14- SW1-43-1
5.15- SW1-43-2
5.16- SW1-43-3

Channel assignmentsfor Multiplexer #6

Multiplexer #6

Ch. Gage #

6.1- SJ3-5T-1
6.2- SJ3-5T-2
6.3- SJ3-5T-3
6.4- SJ3-5T-4
6.5- SJ3-5T-5
6.6- SJ3-5T-6
6.7- SJ3-5T-7
6.8- CJ3-51-1
6.9- CJ3-51-2
6.10- CJ3-51-3
6.11- CJ3-51-4
6.12- CJ3-51-5
6.13- CJ3-53-1
6.14- CJ3-53-2
6.15- CJ3-53-3
6.16- CJ3-53-4
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Table5.7 L ocations of the cablesin the conduit relative to the precast longitudinal
joints (see Figure 5.3 for plan view of cables)

Joint # Span Cable # Multiplexer Box #
Cable 6-1
Cable 6-2
Cable 6-3
Cable 6-4
Cable 6-5
Cable 6-6
Cable 5-1
Cable 5-2
Joint #2 Center Span Cable 5-3
Cable 5-4
Cable 5-5
Cable 4-1
Cable 4-2 Box #3
Cable 4-3
Cable 4-4

Joint #1 Center Span
Box #1

Joint #1 East Span

Box #2

Joint #3 Center Span
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Table5.8

Instrumentation connected to Cable 6-1

Cable 6-1

Instrument-Cable

SJ1-5T-1

red-green
black-white

green-green
white-blue

SJ1-5T-2

red-red
black-orange

green-red
white-brown

SJ1-5T-3

red-green
black-yellow

green-green
white-brown

SJ1-5T-7

red-red
black-black

green-black
white-yellow

SJ1-5T-5

red-red
black-yellow

green-blue
white-black

SJ1-5T-6

red-black
black-green

green-red
white-white

SJ1-5T-4

red-black
black-orange

green-blue
white-red

CJ1-51-1

red-red
black-green

green-brown
white-black
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Table5.9

Instrumentation connected to Cable 6-2

Cable 6-2

Instrument-Cable

CJ1-51-3

red-green
black-blue

green-red
white-orange

CJ1-51-4

red-red
black-brown

green-green
white-yellow

CJ1-51-5

red-green
black-brown

green-red
white-black

CJ1-53-1

red-black
black-yellow

green-red
white-yellow

CJ1-53-2

red-blue
black-black

green-black
white-green

CJ1-53-3

red-red
black-white

green-black
white-green

CJ1-53-4

red-red
black-white

green-black
white-orange

CJ1-53-5

red-blue
black-red

green-red
white-green
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Table5.10

Instrumentation connected to Cable 6-3

Cable 6-3

Instrument-Cable

CJ1-53-6

red-green
black-white

green-green
white-blue

CJ1-53-7

red-red
black-orange

green-red
white-brown

CJ1-53-8

red-green
black-yellow

green-green
white-brown

CJ1-53-9

red-red
black-black

green-black
white-yellow

CJ1-53-10

red-red
black-yellow

green-blue
white-black

SJ1-53-1

red-black
black-green

green-red
white-white

CJ1-51-2

red-black
black-orange

green-blue
white-red
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Table5.11

Table5.12

Instrumentation connected to Cable 6-4

Cable 6-4

Instrument-Cable

red-black
SJ1-51-1 black-green

green-green
white-white

red-red

SJ1-52-1 black-black

green-green
white-white

red-red

SJ1-53-2 black-black

green-green
white-white

Instrumentation connected to Cable 6-5

Cable 6-5

Instrument-Cable

red-black

SJ1-11-1 black-green
green-brown

white-black

red-black

SJ1-12-1 black-blue

green-black
white-yellow

red-red

SJ1-13-1 black-black

green-black
white-white
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Table5.13

Instrumentation connected to Cable 6-6

Cable 6-6

Instrument-Cable

SJ1-21-1

red-black
black-green

green-brown
white-black

SJ1-22-1

red-black
black-blue

green-black
white-yellow

SJ1-23-1

red-red
black-black

green-black
white-white
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Table5.14

Instrumentation connected to Cable 5-1

Cable 5-1

Instrument-Cable

SJ2-5T-1

red-green
black-white

green-green
white-blue

SJ2-5T-2

red-red
black-orange

green-red
white-brown

SJ2-5T-3

red-green
black-yellow

green-green
white-brown

SJ2-5T-7

red-red
black-black

green-black
white-yellow

SJ2-5T-5

red-red
black-yellow

green-blue
white-black

SJ2-5T-6

red-black
black-green

green-red
white-white

SJ2-5T-4

red-black
black-orange

green-blue
white-red

CJ2-51-1

red-red
black-green

green-brown
white-black
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Table5.15

Instrumentation connected to Cable 5-2

Cable 5-2

Instrument-Cable

CJ2-51-3

red-green
black-blue

green-red
white-orange

CJ2-51-4

red-red
black-brown

green-green
white-yellow

CJ2-51-5

red-green
black-brown

green-red
white-black

CJ2-53-1

red-black
black-yellow

green-red
white-yellow

CJ2-53-2

red-blue
black-black

green-black
white-green

CJ2-53-3

red-red
black-white

green-black
white-orange

CJ2-53-4

red-blue
black-red

green-red
white-green

CJ2-53-5

red-brown
black-black

green-black
white-white
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Table5.16

Table5.17

Instrumentation connected to Cable 5-3

Cable 5-3

Instrument-Cable

red-green

CJ2-53-6 black-white

green-green
white-blue

red-red
CJ2-53-7 black-orange

green-red
white-brown

red-green
CJ2-53-8 black-yellow

green-green
white-brown

red-red

CJ2-53-9 black-black

green-black
white-yellow

red-red
CJ2-53-10 black-yellow

green-blue
white-black

red-black
CJ2-51-2 black-green

green-red
white-white

Instrumentation connected to Cable 5-4

Cable 5-4

Instrument-Cable

red-black
SJ2-51-1 black-green

green-brown
white-black

red-black

SJ2-52-1 black-blue

green-black
white-yellow

red-red

SJ2-53-1 black-black

green-black
white-white
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Table5.18

Instrumentation connected to Cable 5-5

Cable 5-5

Instrument-Cable

SJ2-41-1

red-black
black-green

green-brown
white-black

SJ2-43-1

red-black
black-blue

green-black
white-yellow

SW1-43-1

red-red
black-black

green-black
white-white

SW1-43-2

red-red
black-yellow

green-black
white-orange

SW1-43-3

red-red
black-brown

green-green
white-red
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Table5.19

Instrumentation connected to Cable 4-1

Cable 4-1

Instrument-Cable

SJ3-5T-1

red-green
black-white

green-green
white-blue

SJ3-5T-2

red-red
black-orange

green-red
white-brown

SJ3-5T-3

red-green
black-yellow

green-green
white-brown

SJ3-5T-7

red-red
black-black

green-black
white-yellow

SJ3-5T-5

red-red
black-yellow

green-blue
white-black

SJ3-5T-6

red-black
black-green

green-red
white-white

SJ3-5T-4

red-black
black-orange

green-blue
white-red

CJ3-51-1

red-red
black-green

green-brown
white-black
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Table5.20

Instrumentation connected to Cable 4-2

Cable 4-2

Instrument-Cable

CJ3-51-3

red-green
black-blue

green-red
white-orange

CJ3-51-4

red-red
black-brown

green-green
white-yellow

CJ3-51-5

red-green
black-brown

green-red
white-black

CJ3-53-1

red-black
black-yellow

green-red
white-yellow

CJ3-53-2

red-blue
black-black

green-black
white-green

CJ3-53-3

red-red
black-white

green-black
white-orange

CJ3-53-4

red-blue
black-red

green-red
white-green

CJ3-53-5

red-brown
black-black

green-black
white-white
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Table5.21

Table5.22

Instrumentation connected to Cable 4-3

Cable 4-3

Instrument-Cable

red-green

CJ3-53-6 black-white

green-green
white-blue

red-red
CJ3-53-7 black-orange

green-red
white-brown

red-green
CJ3-53-8 black-yellow

green-green
white-brown

red-red

CJ3-53-9 black-black

green-black
white-yellow

red-red
CJ3-53-10 black-yellow

green-blue
white-black

red-black
CJ3-51-2 black-green

green-red
white-white

Instrumentation connected to Cable 4-4

Cable 4-4

Instrument-Cable

red-black
SW2-43-1 black-green

green-brown
white-black

red-black

SW2-43-2 black-blue

green-black
white-yellow

red-red

SW2-43-3 black-black

green-black
white-white
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Table6.1 Superstructure cost comparison of bridges built with the Mn/DOT Inverted-
T Precast Slab System to traditional dab-span bridges

Waskish Bridge (Mn/DOT Bridge No. 04002) $64/S.F.
Center City Bridge (Mn/DOT Bridge No. 13004) $64/S.F.
Traditional Slab-span Bridge $60-$65/S.F.
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Figure 1.1 Partial-depth concrete decks prefabricated on steel or concrete beams (FHWA,

2004)
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Figure 1.2 Cross section of Poutre Dalle System (Hagen, 2005)
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Figure 1.3 Photograph of precast section used in Poutre Dalle System (Hagen, 2005)

Non-shrink grout

with plate washer and nut

Figure 2.1 Full-Depth Precast Prestressed Bridge Deck System (Yamane et al., 1998)
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Figure 2.2 Cross section of a partial-depth precast concrete panel system (Tadros and
Baishya, 1998)
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Figure 2.3 Cross section of a box girder bridge system with transverse post-tensioning (El-
Remaily et al., 1996)
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(Girder not shown, see Figure 2.1)

Figure 2.4 Elevation view of longitudinal post-tensioning in a Full-Depth Precast
Prestressed Bridge Deck System (dimensionsarein mm) (Yamane et al., 1998)

Grouted Shear
/ Key 0.375"

Figure 2.5 Typical geometry of a shear key used in abox girder system (Huckelbridge, Jr.
et al., 1995)
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Figure 2.6 Typical geometry of a shear key used in a Full-Depth Precast Prestressed Panel
System (dimensionsarein mm) (Yamane et al., 1998)
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Figure 2.7 Interior joint detail of a precast concrete bridge girder made continuous using
the Conventional Reinforcement Method (Saleh et al., 1995)
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Figure 2.8 Elevation view of a bridge made continuous over the pier through the use of
longitudinal post-tensioning (Saleh et al., 1995)
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Figure 2.9 Elevation view of thelab specimen used in the study performed by Hays, Jr. et
al. (1980)
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Figure 2.10 Cross-sectional view of the standard span of the lab specimen used in the study
performed by Hays, Jr. et al. (1980)
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Figure 2.11 Cross-sectional view of the alternative span of the lab specimen used in the
study performed by Hays, Jr. et al. (1980)
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Figure 2.12 Cross section of the panel detail recommended by Hays, Jr. et al. (1980)
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Figure 2.13 Cross section of the flat panel laboratory specimen used in study performed by
Buckner and Turner (1981) (see Table 2.3 for notation)
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Figure 2.14 Cross section of the beveled-edge laboratory specimen used in study perfor med
by Buckner and Turner (1981) (see Table 2.3 for notation)
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Figure 2.15 Cross-sectional view of the loading apparatus used in the study performed by
Buckner and Turner (1981)
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Figure 2.16 Cross section of the laboratory specimen used in study performed by Peterman
and Ramirez (1998a, 1998b)
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Figure 2.17 Cross section and reinfor cement detailsfor atee beam used in thel T System
(Kamel and Tadros, 1996)
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Figure 2.18 Cross section of the IT System (dimensionsarein mm) (Kamel and Tadros,
1996)
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Figure 2.19 Cross section of the closed trapezoidal box beam (dimensions arein mm)
(Badieet al., 1999)
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Figure 2.20 Cross section of the open trapezoidal box beam (dimensionsarein mm) (Badie

et al., 1999)
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Figure 3.1 Cross-sectional view of interior inverted-T precast section concept
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Figure 3.3 Photograph of the transver se hooks of the precast sections
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Figure 3.4 Cross-sectional view of the precast longitudinal joint detail

Figure 3.5 Photograph of formwork with indented inner surface
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Figure 3.6 Cross-sectional view of an interior inverted-T precast section detailing
transver se reinfor cement within the precast sections
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Figure 3.7 Plan view of precast section layout showing blocked-out portions of the precast
section flanges
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Figure 3.8 Photograph of the reinforcement cage installed above the precast longitudinal
joint
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Figure 3.9 Elevation view of Mn/DOT Bridge No. 13004 (Hagen, 2005)
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Figure 3.10 Plan view of Mn/DOT Bridge No. 13004 with construction stages and
construction joint highlighted
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Figure 3.11 Cross-sectional view and reinforcement detailsfor an interior inverted-T
precast section used in Mn/DOT Bridge No. 13004 (the dimensions of the reinforcement are
taken from the outside of the bar)
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Figure 3.12 Connection detail at abutment, bridge deck, and approach panel
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Figure 3.13 Connection detail at pier cap
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Figure 4.1 Plan view of Mn/DOT Bridge No. 13004 with instrumented portion highlighted
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Figure 4.2 Cross-sectional view of precast longitudinal joint
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Figure 4.3 Plan view of Stage 1 of the bridge construction for Mn/DOT Bridge No. 13004
highlighting the instrumented joints

Figure 4.4 Photograph of Geokon® M odel VCE-4200 VW Embedment Strain Gage
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Figure 4.5 Plan view of instrumentation detail for VW embedment strain gages located
directly above precast longitudinal joints

Figure 4.6 Photograph of VW embedment strain gage tied to uncoated rebar
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Longitudinal
Joint

Figure 4.7 Photograph of VW embedment strain gages installed above precast longitudinal
joints
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Figure 4.8 Plan view of instrumentation detail for VW embedment strain gages located
directly above the precast section web corners
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Row of 10 VW embedment strain gages
above precast web corners

-1

Row of 5 VW embedment strain gages
directly above the longitudinal joint

Figure 4.9 Cross-sectional view of instrumentation detail for VW embedment strain gages
at each instrumented joint
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Figure 4.10 Photograph of VW embedment strain gagesinstalled above precast section web
cornersand above precast longitudinal joint
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Figure 4.11 Photograph of Geokon® Model VK-4150 VW Spot-weldable Strain Gage

Center of

Midspan of the interior support West side of
middle span exterior support
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H H |
/ >l\ﬁsmn of the

/ A eastern end span

/ East side of

~ West side of interior support
mterior support

Figure 4.12 Elevation view of Mn/DOT Bridge No. 13004 showing locations of
instrumentation along the length of the bridge for continuous behavior over the piers
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Figure 4.13 Plan view of Stage 1 of the bridge construction of Mn/DOT Bridge No. 13004
showing locations of instrumentation for continuous behavior over the piers
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Figure 4.14 Cross-sectional view of instrumentation detail for locationswith 3 VW spot-
weldable strain gages (“ 4" in Figure 4.13)
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Figure 4.15 Cross-sectional view of instrumentation detail for locationswith 2 VW spot-
weldable strain gages (“ ®” in Figure 4.13)

A N
\

a

"

. 9
:
e

2

o)

A
-1

Figure 4.16 Photograph of VW spot-weldable strain gage welded to longitudinal
reinforcement
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Figure 4.17 Photograph of VW spot-weldable strain gage with water proofing and steel
cover
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Figure 4.18 Photograph of 3 VW spot-weldable stain gagesinstalled on the longitudinal
reinforcement at east end of east span
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Figure 4.19 Photograph of 2 VW spot-weldable strain gages on longitudinal reinforcement
located at the centerline of the pier cap

Figure 4.20 Photograph of transverse hooks of adjacent precast sections
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Web of Precast Section
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weldable Strain

Flange of Gages

Precast Section |x7
Cin Loneitudi
ongitudinal
----------------------- 1S

Flange of [Transverse

Precast Section - Jy ~ Hooks

Web of Precast Section

Figure 4.21 Plan view of instrumentation detail for VW spot-weldable strain gages on
transver se hooks

Figure 4.22 Photograph of VW spot-weldable strain gages on transver se hooks
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1 = Adjacent to E Abutment
2 = Midspan of E Span

C = Center of E Pier Cap

5 = Midspan of Center Span

Location of Gage (Longitudinal): (See Figure 4.12)

3 = Eastern Side of E Pier Cap

4 = Western Side of E Pier Cap

Type of VW Strain Gage:
C = VW Embedment
Strain Gage (Concrete)
S = VW Spot-weldable
Strain Gage (Steel
Reinforcement)

Location of Gage (Transverse):
Indicates the number of the gage at
that location (longitudinal) of the
bridge and height (within depth of
cross section). Numbering
increases from south to north.

CJ1-51-1

Proximity of Gage:
J# = Gage is installed above
Longitudinal Joint (See Figure 4.12)
0 1= Long. Joint #1
0 2= Long. Joint #2
0 3 =Long. Joint #3
Wi# = Gage is installed above Web of
a Precast Section (See Figure 4.12)
0 1=Web#l
0 2=Web#2

Figure 4.23 Labeling scheme used for gagesinstalled in Mn/DOT Bridge No. 13004
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L ocation of Gage (Within Depth
of the Cross Section):
“C” Gages-
1 = Directly Above Long.
Joint
2 = Above Precast Section
Web Corners
“S” Gages—
T = Transverse Hook
1 = Bottom Long. R/F of
R/F Cage
2 =Top Long. R/F of R/F
Cage
3 = Long. Deck R/F
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Figure 5.1 Schematic of the data acquisition system used to monitor instrumentation
installed in Mn/DOT Bridge No. 13004
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Figure 5.2 Plan view of the conduit system
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Figure 5.3 Plan view of cableswithin conduit system
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Figure 5.4 Photograph of embedded wiring junction box located above precast longitudinal
joint

Figure 5.5 Photograph of multiplexer boxes located on the east face of the east pier cap
(north isto theright)
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_ North

Box #1 Box #2 Box #3
Mult. Mult. Mult. Mult. Mult. Mult.
#1 #2 #3 #4 #5 #6

Figure 5.6 Locations of the multiplexerswithin the boxes on the east face of the east pier
cap

Figure 5.7 Photograph of temporary data acquisition system cabinet

99



Figure 5.8 Photograph of permanent data acquisition system cabinet
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Appendix B

Design Calculations



B.1 Design of Interior Composite Section

The inverted-T sections of the Mn/DOT Inverted-T Precast Slab System were designed to
behave as a simple span under self weight and the weight of the CIP concrete deck. After the
CIP concrete of the deck had cured, the deck then behaved continuously for live loads over the
interior piers.

The design of the inverted-T precast sections for Mn/DOT Bridge No. 13004 was
performed using a MathCAD® Worksheet. This program allows the user to make iterative
calculations rather easily. If one variable is changed, the program changes all of the calculations
within the worksheet. This worksheet was originally written to be used for the design of I-
girders, but it was modified to be applicable to the design of inverted-T sections. The remainder
of Section B.1 presents the calculations for the design of an interior inverted-T precast section of
the center span of Mn/DOT Bridge No. 13004.

B.1.1 Program Defaults and Inputs (B-2 through B-5)

The first page of the calculations provided program defaults that allowed a user to select
a beam size and strand size then provided them with the dimensions for the selected beam and
strand. The rest of this section allowed the user to input material properties, additional geometry
requirements (i.e., span length, etc.), loads, load factors, and the strand pattern design, all of
which would be used later in the calculations.



Simple-Span Interior Pretensioned |I-Girder Design -v 1.0
wxx IS CUSTOMARY UNITS **

Limitations: Design of a simple-span composite precast/pretensioned concrete I-beam in accordance with
AASHTO LRFD. Strand patterns are assumed to be 2-pt. depressed patterns, although straight
patterns can be used, but without debonding. The template checks all pertinent limit states. Flexural
checks for service, strength, and fatigue limit states are performed. Live load generation is good for
spans of 12.9 meters or greater.

References: AASHTO LRFD Bridge Design Specifications, Second Edition

Author: Roy L. Enksson, P.E., modified for MN/DOT by DJD
Portions Copyright @ 1998 Roy L. Eriksson

Last Update: 11-25-2003

These calculations consider the effect of Restraint Moments.

INPUT ===> Filename: Filename = "INT SECT SPAN2 MR.mcd"
Bridge Number: Bridge_no:= "13004"

Description: Description := "Special PS Section for Center Span w/Restraining Moments"

Units: k= 1000-1bf ksi := 1000-psi
AN

Beam Data:

Prestressed Concrete Beam Properties: y=1.8

Sectiony = yo Ay Apcby= Yeab, = Ipchy = A, = bfy:=  bwy:= ffy:=
27" 1| k7] [51s 13.59 43075 294 5 30 6 6]
"36M" 2] |36 570 17.96 93528 321.5 30 6 6
"MAIN" 3| 12| [738 5.424 8399 594.0 48 48 3 |
"FASC" 2l 12| |es7 5691 8072 5355 505| [50.5| |3 |
"5AM" -1 B4| T8 26 75 265828 3755 30 6 6 |
"B3M" = 62 732 3117 392056 402 5 30 3 6
"7 2| s 35 60 547922 429 5 30 g 6 |
"B1M" a1 840 40.04 735615 456.5 30 6 6

g L L

Note: A for "SPEC" section is the bottom half (of final section depth) of precast section only.

Strand size &area x=1.3

Strand, = « diay .= Area, =
"0.5 in" 1 0.153
0.5 in special” 0.174
"0.6 in" 0217




PROGRAM INPUT

Select Beam Size: yy -3 Section = Sectionyy Section = "MAIN"
PCB v DESIGNATION
27TM 1 ) ) ) :
46M 5 h = Hyyin h=12in by = bfin bs = 48in
SFPEC 3 2 2 ) :
45N 4 A= Apcbyy-in A = T738in tr = tyyin tr=3in
54M 5 4 4 ) :
G3M 5 | = Ipchyy-in I =8399%in by = bWy in by = 48in
72 7 : in 5.42in A=A, in°  Ag=594.0in°
1M g R }‘cgl)W ¥b - e~ Rey C -
Select Strand Size: -1 Strandyy = "0.5 in"
STRAND xx DESIGNATION 5 5
05in 1 Agirand = Areayin Agirand = 0.1531n
0.5 in special 2 o i
0.6in 3 gy == diay,-in dggr=0.50n

Materials: Beam Concrete: f.=65ksi  fy=45ksi W= 11155-i3
it

Kk
Deck Concrete:  fy=4.0-ksi Wy = 0.15[]-—3 Strand:  E = 28500-ksi  fp, == 270-ks|
it

Rebar: 1, = 60-ksi Eg = 29000-ksi Relative Humidity: H=73
Geometry: Span: L, =266667t Lypg=141N  Lyes'=Loy-Lomg Lges=25.51 Skew: 8 :=0.00

Bridge: Ng=13 §=60-ft de = 7441t "interior" or "exterior" beam?: heam -= "interior"
Deck: slab thickness for section properties, comp for DC2 & DW  topes = 6.00-in Nstprop = 0.0-In

comp for LL & FWC | = 6.00-in

slab thickness for load calculations, tg,5q = 7.75-In tye == 0.0-in Natigad == 0.0-in
width from gutterline to gutterline,  Widthg, = 73.75-ft overhang from Widthgp, = 2.41-t
centerline of beam,
Loads: Uniform Dead:  wygrier. = 0396~  wpaiar. = 0.0 Live: HL-93  wigne = 0.64—
1 it ARRIRR it fit
K
Wiys = 0.020-—

K k
Woamier, = 0539 — iar. = 0.190-—
it" ft Moateky it

Diaphragms (maximum of 2 symmetrical Ngia =0  Pgigpn =0.00-k atlocation gz, == 0-1t
interior diaphragms):

Factors: Flexure: 6;:=1.00 Shear. ¢,:=090 DLA = 0.33 (LRFD 3.6.2.1-1)



Strand Pattern Design:
Initial Pull Fraction: Pull = 0.75 Hold Down Point Fraction of Design Span:  Dep Frac =0
Number of Draped Strands:  No_Draped =0

Draped c.g. from bottom dr_cQapg := 0-in Draped c.g. from bottom  dr_cgp,q = 0-in
at end: at midspan:
(0 0 (0) (.
0 0] 0 0
0 0 0 0
0 0 0 0
0 0 0 0
EPat n:= 0 EPat h==| 0 [in MPat n=|0 MPat h:=| 0 |.in
0 0] 0 0
0 0 0 0
0 0 0 0
3 4.0 8 4.0
\8 \2.0 \8 \2.0
End Pattern Mid Pattern
No_StrandsE = ZEPat_n No_StrandsM = ZMPat_n
MNo_StrandskE = 16 No_StrandsM = 16

No_Strands_Check := if(No_StrandsE = No_Strandsi,"OK" ,"NG")  No_Strands_Check = "OK"

Shear Design: Input of estimated & values for iteration is found on page 24.

Width owerall
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Figure 1: Cross section of bridge with input variable definitions.
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Figure 2: Half beam elevation.



Input values for the dimensions and section
properties of the beam itself and for the
hg dimensions of the slab are entered on page 1 and

4.\t\f§

"L

defined as shown in Figure 3.

'%' Note that the parameter 'A ' is specifically

;Lié%%l defined in LRFD as the area of concrete on
Side the flexural tension side of the member as
shown in Figure 3 (LRFD Article 58342

and LRFD Fig. 5.8.3.4.2-3). A_isusedin

1
‘ \ the shear calculations.
|

(hatg)/2

Figure 3: Cross section of one girder with associated slab with input variable definitions.



B.1.2 Calculation of Section Properties (B-6 through B-9)

This section of the calculations used the program defaults and user inputs from the first
section to calculate the properties of the composite section. The properties that were calculated
in this section included the area, moment of interia, and section moduli.

CALCULATIONS
Section Properties

MNon-Composite Section Properties:

I
Sp=—

3 3
Vo Sp = 1548in Yi=h-vyp St=— St =1277in

Composite Section Properties for DC2 and DW :

Effective Flange Width:

The effective width of the composite section is the least of: (LRFD 4.6.28.1)
Dot int \
. Ldes eﬁ_|n.1 . ( . Les ) Ldes |
forint beam,  beg jnt, = for ext beam, b ey, =t if| Widthy, < —5 - Widthon. —— |
\ S
Deff_in Deff_in beﬁ_i nt, \".
beﬁ L, =+ 12-tspc2 Rgm = + if‘-. Widthgp < . Widthgp.
beﬁ_in'
Deff,jnt. =S b = Width
ARty Pl W= 5 oh
befipc2 = if( beam = "interior” . min( bes_jnt) . Min{befr_ext)) beffpca = 72.000n
; 3 W15 ]
ft 0.5 ;
Ecdeck = | 33000 Wep—~0.005| - [T | ksi Ecgeck — 2644 ksi
\ k J _
( (28 Y 05
Echeamf:‘ 1265-[T; + 1000-— |.Ksi . E cpsamr = 4225.1 ksi
\ in J
Ecdsck .
Ngy = Ngy = 0.8625 BiranDc2 = Nab-PeDc2 Biranpcz = 62.101n
Echeamt
ht.omm = 5.0in thickness of CIP concrete between webs above top of flange slopes
bcomm = 24.0in total wigth of CIP concrete between from edge of web to edge of flange



Properties:

2 2
Agiabbcz = Pranpcz ez Agjappcz = 372.60n Astool = brNgtprop Nay Agtggl = 01in
) 2
Acomp1 = Deomp1-Neompt-Ndb Acompt = 103.51n
2
AcompDC2 = A + AglabDr2 + Astool + Acompi AcompDcz = 1214.1in
i Y / h Y - h R}
sDC2 | stprop | comp
Ay + Agiabpezt N+ Natprop + | + Asgtaol| N+ | +Acompt-| N - T
\ J b, J \ J
YbeDC2 =
AwmpDCZ
Ypeocz = 87100
Nepcz = N+ Nstprop + sDC2
YieDG2 = Nebo2 - YoeDC2 Viepcz = 9.290n
3 N Br-Netoron
biranpC2 teDC2 4 I
lslahpcz = 2 lslanpcz2 = 111810 12
(b M) Neompr
\Peompt-Nab)-Neompi 4
leomp1 = P P leomp1 = 215.61n
12
2 ( DC2
lepg2 =1+ A (Yb ~Ynencz)” + lsiabpoz + Aslachz" N+ Nsiprop + e YheDC2 ]
Y, /
- 2 I W2
[ Nstprop Peomp1
+ lstool + Asto-ol'-l h+ ~V¥pencz | + leompt + Acompi D — — YpeDC2
\ 4 \ /
4
lepcz = 32507 1n
lepc2 3 lepca 3
Spepez = Speocz = 3732100 Siepcz =————  Stepez = 4057100
YoeDc2 Yieoc2 Ndp
Composite section modulus at the top of the prestressed beam:
lepe2 3
ViehDez = N = ¥peDe2 Stehboz = ——— Steppcz = 988110n
YtchDC2



Composite Section Properties for LL :

Effective Flange Width: (LRFD 4.6.2.6.1)
The effective width of the composite section is the least of:
b N \
for int beam P Loes for ext beam : b itrWimn < Fdes Width, Fdes
" Balteinty = ' Rl =~ + T Widthon < —=. Widthon.
by b off_int, ‘ Deff_in Defr | nt, \
Daf jnt. = — + 12 b =——— 4+ if| Widthgp < . Widthgy, |
Rettinty = 5 ts Rettext, > | Widton 2 oh )
beff_in13
Deff jnt. =3 #] =—— + Width
ARty Pl N o B - oh
beriLL = if(beam = "interior” . min( Deft_in). Min(berr_ext)) beffLL = 72.00in
Ngp = 0.8625  DyapiL = Ngpy DefriL DiraniL = 62.101n
Properties:
2 2
AgtabLL = DiranLL-tsLL AglabLL = 372.61n Astogl= b Nstprop-Nab Astool = 0.01n
o2
AcomplLL = A+ AglanLL + Astaol + Acompi AcompLL = 1214.11n
p p . p .
tsi Nstprop [ Neompt
A-Yp + AsiapLL | N+ Netprop + T + Agmpor{ N+ 5 + Acomm'-l h- 5
YbelL = - - - - - - YbeLL = 8.71in
AcompLL
h{:LL =h+ hSlDI'DD + tSLL nCLL = 18.00in
YeeLL = Merr — YoeLL YieLL = 9.29in
3
3 N B Nstprop 4
DtranLL-tsLL 4 ooy =————————— lgtgo = 0N
lsiabLL = T lgigpLL = 111810n ~HORh 12 stool
2
] .2 | tsLL | 4
lere = {1+ Ay — Yol | + lsiabLL + AsianLL-| D + Nstprop + - chu_; Iy = 32507in
2 ’ .2
Nstprop | [ Neompi
+ lstool + Astool| N + - ‘.'r'thL; + leompt + Acomp1-| N - — ¥helL
N A \ .
leLL 3 leLL 3
Shell = SpeLL = 37320 St =———— SteLL = 4057 0n
YbelL YteLL-Ndh

Composite section modulus at the top of the prestressed beam:

leLL

) 3
YiebLL = N = VpeLL YiehLL = 3-29In StepLL = SicpLL = 98811In

YtebLL



Section Properties Summary

Input hand calculated section properties considering transformed mild reinforcement.

5 2 3
Noncomposite - A = 738In St=1277In
4 3
| =839%in Sp = 15481In
= 5.42in 3 3
Yo Sy:= 1407in Sp.= 1620in
. 2 3
Composite for DC2 and DW - Acgmapeo = 1214in Stenoz = 405710n
4 -3
lepcz = 325071In Stepocz = 9881100
- -3
Yoepez = 8.710n Spencz = 373200
Dyranpez = 62.10in Sicaga 11844in° SpeDg2 = 3923in°
. 2 . 3
Composite for LL - AcompLL = 1214in Sic L = 4057 in
-4 3
ICLL = 32507In SthLL = 9881in
. 3
Yhell = 8.71in SpeLL = 3732100
3 3
DiranLl = 62.10in Step, = 11844in SpelL,= 3923in




B.1.3 Calculations of Moments and Shear Forces (B-10 through B-20)

This section of the calculations used the section properties and user inputs to calculate the
maximum moments and shear forces of which the composite section would be subjected.
Moments and shear forces were calculated due to the self weight of the precast section, weight of
the CIP concrete deck, weight of the barrier, and weight of the future wearing surface. In
addition, the live load distribution factors were calculated and used to determine the maximum
live load moments and shear forces. However, since the composite section was designed to
behave continuously for live load, the live load moments and shears were also calculated based
on continuous behavior using the BTBEAM program and then input into this worksheet. These
live load moments and shears were used for the remainder of the calculations. The restraint
moments were calculated by hand using the PCA Method and input into the worksheet at the end
of this section.

Moments and Shears
Dead Loads:

Girder self-weight at release: (end-to-end length of beam is used)

For moment and shear, these are the locations along the girder of interest:

Lawr — L
1. CL Bearing: ¥ = 0.0-Lggs + —o des
1
2. Transfer point of strands: ,5;2 = B0-dgyyr
. Lovr — Ldes
3. Tenth points wr = 0.1 Loes +
Ay des
Lovr — Ldes
5&4 =02 Lgeg+ ——
Lovr— Ldes
"‘,'[55 =03 Lges+
Lovr — Ldes
% =04 Lges+———
4 Midspan of beam: &R? =05 -Lgyr
Lovr— Ldes
"‘,'[56 =06Lgeg+ ————
Lovr — Ldes

P 0.7 Lges +



I—O\"I’ - LUES

¥ =08 Lo+
”&10 des 2
|—O\"I’ - Ldes
ﬁ:-_:&” =09 Lgeg s ——
5. Transfer point of strands: Xy = Lgyr — B0-dgyr
. Lovr— Ldes
6. CL Bearin =10 Lggg+ ———
g P des >
Moment Due to Beam Self-Weight: 1 1
Wy = WA 0704 k 1 6.0 1 0.6 CL Bearing
Wy = - T 2| 240 2 25 Transfer
i=1.13 3| 293 3| 3 0.1L
4| 474 4 57 02t
W Xr 5| 603 5| 82 03L
M = A Lgyr = %
Sy 5 (o) 6| 68.0 6| 108 0.4L
Mgy = k-t X = L
T T70.6 T 13.3 :
Girder self-weight, final : (center to center 8| 680 g 15.9 0.6L
of bearing length is used) 9| 503 9| 184 07L
10| 474 10 21.0 0.8L
11 293 11| 235 0.aL
12| 240 12| 242 Transfer
13| 60 13| 261 CL Bearing

For moment and shear, these are the points of interest:

1. CL Bearing Xf1 =0.0-Lges

2. The critical section for shear is d, from the face of the support. At this point in the
calculations d,, is not known, so a reasonable value must be assumed. Assumed,

equals 75% of the composite height of the section. Thus, from the centerline of bearing,

the critical point for she L
bmg

X = 20.5in
2
3. Tenth points

INPUT actual location of critical
section for shear from later
calculation on page 24:

% = 20.7-in

e
4. Midspan of beam: % = 0.5 Lgee
iy



5. Critical Section Xy = Ldes - IiXTZ::I
6. CL Bearing "ﬁla =1.0-Lges
j=1.13
Kk

Wsgpo= We A Way = 0.?94E

Wswr Xf,
r‘-“swrj = {Ldes - xfj |

1

1 0.0

2 16.3

3| 232

41 413

5 542

6 62.0
Mgyt = k-ft

7 G4.6

8 62.0

9 542

10| 41.3

11| 232

12| 16.3

13 0.0

Deck Weight:

_int = tsload S-Wet + D Nstigad-Wet

k
Wd_int = 0.581 F

Vewr

Wi X 1

Mdeckj = Ldes — xfj:] 0.0

11.9

17.0

30.2

39.7

454
Maeck =

47.2

O =~ | 3| n| k| 3| M| =

454

9( 397

30.2

11 17.0

12 11.9

13 0.0

Ldes
Waw ‘

1
1 10.1
2 838
3 8.1
4 6.1
5 4.1
6 20 K
7 0.0
8 20
9 4.1
10 6.1
11 8.1
12 88
13| 101

{

| s
Wy _ext = | lsload- E

k
W ot = 0.529—

k-t

Waw Lovr
E.D-i
ton
1
1 0.0
2 1.7
3 2.6
4 2.1
] 77
X = G 10.2
7 12.8
8 15.3
9 17.9
10| 204
11| 230
12 238
13| 255

Beam_wt = 10.6ton

CL bearing
d, from support

0.1L
0.2L

0.3L
04L

midspan
0.6L

0.7L
0.8L

09L
d, from support

CL bearing

\. f b A i Y
| Tl

+ Widthgh | + D Netigag + | Widthgh — —2 - E'hstload +1-in |:|-Wc;
J \ RN J

wy = if{beam = "interior" . Wy int. Wa ext)

Vdeckj =

Wd-|

\

Laes

i |

Vdeck =

1
1 7.4
2| 64
3| 59
4| 44
5 30
G 1.5 K
7| 00
8 1.5
9( 30
10 44
11| 59
12| 64
13| 74




Diaphragm Weight:  Pyann int = if(Ngia > 1. Pdiapn. 0.5 Pgiapn) Pdgiaph_ext ‘= If(Neia > 1.0.5-Pgiaph. 0.25 Pgiaph)

Pdianp, = ifl beam = "interior" . Pgiaph_int. Pdiaph_ext)

Mdiaphj = if|::‘fj < Xdiaph- F’diaph.')‘fj . F’diaph')‘fj - Pdiapn'[:?‘fj - xdiaph:I_- Ydiaph : = if{:xfj < Xgiaph - Pdiaph - U-K:}
1 1
1 0.0 1 0.0
2| oo 2| 00
3| oo 3| 00
4 0.0 4 0.0
5| oo 5| 00
Mdiaph = 1 00 n Vdiaph = o] 001
T 0.0 7 0.0
8 0.0 g 0.0
9 0.0 9 0.0
10 00 10| 0.0
11| 00 11| 0.0
12| 00 12| 0.0
13| 00 13| 0.0

Wearing Course Weight(Composite Dead Load):

Widthgsg
Wiye = bye———————Wet Wiye = 0.000—
Ng it
Yue Xf ) \ [ Laes )
chj = | Laes — Xf],: V'-'-'cj = |Wiye '._\ - xfj,'.
] 1
1 0.0 L 0.0
2 0.0 2 0.0
3 0.0 3 0.0
4 0.0 4 0.0
5 0.0 > 0.0
6 0.0
8 0.0 i 0.0
9 0.0 5 0.0
10| 0.0 10 0o
11| 0.0 i oo
12| 0.0 12| 00
13| 0.0 i 0o




Barrier Weight (Composite Dead Load): n:=1_4

[0-396 | Z Wharrier
Wi 0 < Perbeam: Wi, = 0.0865 X
barrier = | - : b= p=0. -
S o839 | 1 Nqg f
019 )
Wiy X \
B P " ( Lees |
MIJC{THEI’]. = (Ldes— xfj } Vbarn’erj = ‘-"*'!)'| - )‘fj |
-\ J \ /!
1 1
1 0.0 1 11
2] 18 —9.50 2| 10 122
3 2.5 —2.74 3 0.9 1.00
4 4.5 -253 4 07 0498
5| 59 -0.21 5| 04 0.73
6 6.8 6 0z
Mbarrier = k-t 144 Ybarrier = K 043
7 ro 243 7| 0o 0.24
a8 6.8 8 0z
MHBHJ'RE =| 276 |-kt VDHIII'BF: 0.00 |-
9 a9 9 04
243 0.24
10 4.5 10 0.7
11| 25 144 11| 09 049
12] 18 “Le 12| 1.0 S
13| 00 -2.53 13] 11 0.98
-274 1.00
-550 122
Future Wearing Surface(Composite Dead Load):
K Width gt Wrws k
Wrys = 0.02— Per Beam: wf;=—gg wp=0.113—
2 N ft
ft a
Wf- X5 L A
i \ des
M = ——Lgpe— % | Vipe = w-‘ —X%
Twsj 5 | des f] fwsj f 2 fj,-|
! 593 !
1] oo T 1] 14
2| 23 =k 2] 13
3| 33 -2.72 3| 12
4 59 -0.23 4 09
5 77 1.55 5 06
b6 89 6 0.3
Meys = k-t e Viws = K
7| 92 208 |kt 7| 00 _
8 89 3 62 8 0.3
9 77 9 06
1.55
10 5.9 10| 09
-0.23
11 33 11 12
12| 23 —212 12| 1.3
13| 0.0 -2.94 13 14
-593

1.32
1.08
1.06
0.79
0.53
0.26

0.00 |-

0.26
053
0.79
1.06
1.08
1.32




Live Load Moments (HL-93):

Determine Live Load Distribution Factors:

o 5 Echeamf
Longitudinal stiffness parameter - (4.6.2.2.1-1) Mg = ————— Mg = 1.1594
Ecdeck
_ 1518 ) ) ( 2 4 4
eg=h-yy+ hﬁ,prc,p+T g = 9.58In Kg = npgll+Aeg” Kg = 8.8202x 10" in

Skew correction factor for moment, interior and exterior beams -

; , 025 05 2
| [ 5 1\ A =T38in
ci=1if|6 <30.0,025 X . | c4 = 0.000000
12 Ldes t k] ', Ldes;
PR
15
skewm, ;= 1 - cq-tan(if(& > 80,60 -deg, &-deg)) skewp, = 1.000
Skew correction factor for shear, interior and exterior beams -
, 0.3
( Ldes k]
12 s
skeWsh = 1+020 —— | -tan{6-deg) skewsn = 1.000
by
LLDF for moment, interior beams -
One lane loaded -
f oo 04 |{ s 03 Kg \0.1]
gil'it moment = SKeWm- 006+ ——| -
- 1.1 V141t) | lges) | Laes 3
[ 12.0—tg,
\ 12 4
Two or more lanes loaded -
p 0.1]
p V08 g 302 Kq yUH
- = Skewqy | 0.075 + | - J— int +=(0.535 0660)
,ﬂmuwag 2 m 951t ‘k Ldes,J Lee ; int_momen
L 12.0—— 1ty | ONE  Two=
12 J o LANE LANES
DFpy_int = if[rgint_mcnment1 ; > Qirﬂ_moment1 2-.Qint_momem1 1=9int_mcnment‘1 2\)
LLDF for shear, interior beams -
4' 4 H II H 4 n L[] T II H 4 " "oom II\I\
Kg = 8.8202x 10" in Check_Kyg = if| Kg < 10000-in”,"NG" ., if| K, > 7000000-in","NG","OK" |
One lane loaded - Check_Kg = "OK"
{ g Y
; = skeWgn-| 0.36 + —— |
gml_shealn1 K sh \ 251
Two or more lanes loaded -
| s ‘s \12{1
i = skewgp 02 + ——— | ——| i = (0.600 0671
,.ﬂmmeaa[:2 sh | 121t L3511 Dint_shear = ( )
ONE  TWo+
LANE LANES

DFgn int = 1T 0 > g; .G; .gj '
sh_int I.\ant_shear ’ 9|nt_shear1’2.ant_shear1’1 ant_sheartz’

1.



LLDF for moment, exterior beams -

One lane loaded - Lever rule, w/ multiple presence factor -

[s—(2fi-de) s-(Bft-do)]]
= skew..| 1.2-] 0.5 + — {1
gext_moment1 1 m i 3 3

S-(2ft-de)
e momenty 4 =11 3 < 81— de.SkeWp| 1.2/ 0.5 s -Gext_moment,

Two or more lanes loaded

d
e:=077+ e =0.852
A
=e-g
Sﬁ&m@m&% 2 g|nt_m0ment1 2 Dext_moment = (0.474 0.562)
ONE  TWO+
LANE LANES

> Qext_moment

DFm_ext == |f' Gexi_moment ’ 2\

5 Jext_moment . Qext_moment

1.1 1. 1.

LLDF for shear, exterior beams -

One lane loaded - Lever rule, w/ multiple presence factor -

[ S—(2ft-dg) S-(8f-dg)
= skewgy 1.2-[0.5- — +
Qe){l_shear.1 1 sh S s

[ [s-(2nt-q)T]]
,am ; =1if S < 8-t — dg.skewgy,| 1.2. 0.5- T .,gesthear“ ;

Twao or more lanes loaded -

de
e =06+ e =0.6744
o 10t
= e-gj
Aeit.ashaaty 5 = © dint_shear; Jext_shear = (0.474 0.452)
ONE  TWO+
LANE LANES

DF =iff > . . '
sh_ext |\gext_shear 1 Qext_shear 12° Qext_shear1 ’ .Qe){l_shear.1 }23)

1, . .

DF, = if( beam = "interior” . DF , jnt. Dy g DF, = 0.660

DF, := if(beam = "interior' . DF g, int. DFsh_ext) DF, = 0671

Modified Moment and Shear Distribution Factors:
Input the appropriate distribution factors based on slab-span behavior.

DF'..’J = 0.507 DF. = 0.507



(LRFD 3.6.1.2)
Maximum Moments Due to Design Truck or Design Tandem and Design Lane:
Due to the Design Truck:
A closed-form solution for the maximum moment at any point along a simply-supported beam due
to the LRFD design truck is given below.
| =Lges (Purely to condense the expression)

AR
1-K-%5 ]
]

<

| L
M. =i % = —,
truckj | fj 3

) . Tk . T
{721 =725 - B72-) :T-[-?z-,fxf_ %472 L -336.ftx — 11271 |
\ I / Lol ] | 4

.

Due to the Design Tandem: Due to the Design Lane:
1'|<'xf]. ) . Wiane Xf, ) i
andemj = -_::\50-L - 50-ij - 1000-1) anej = T-{\L -]
1 1 1
1 0.0 1 0.0 1 0.0
2 70.3 2 737 2 13.1
3 98.0 3 104.8 3 18.7
4 159.4 4 184.0 4 33.3
] 184.0 5 237.8 5 437
Mgy = |21 %42 i Meanger = |21 2550 jeq Mne =L 1292 cn
7 179.0 7 268.8 7 52.0
8 127.0 8 246.0 8 499
9 384 9 197.8 2 437
10 -87.0 10 124.0 101 33.3
11| -2492 11 248 11 18.7
12| -309.5 12 -12.8 12] 131
13| -4480 13| -100.0 13 0.0
Live Load Shears:
v 2
1k , . 1k, . Wiane-( L= )
Vtruckj = T-.:\?Q-L - '.-’2-xf]_ - 6?2-11':, Vtandemj = T-LSD-L - 50-fo_ - 100-ft3| Vlanei = oL
1 1 1
1 456 1 46.1 1 8.2
2 40.8 2 427 2 71
3 38.4 3 41.1 3 6.6
4 31.2 4 36.1 4 5.2
5 24.0 g 31.1 5 4.0
Viruck = ° 18 k Vtandem = ° 261 k Viane = ° 25 k
7 9.6 7 21.1 7 2.0
8 2.4 8 16.1 8 1.3
g -4.8 2] 11.1 1 0.7
10| -12.0 10 6.1 10] 0.3
11| -19.2 11 1.1 11 0.1
12| -215 12| -0.5 12] 0.0
13| -264 13| -39 13] 00




Modified live load moments and shears

Based on continuous beam behavior (Loads taken from BETBEAM run).
These moments will replace the simply-supported moments calculated
on the previous page.

B-18




Maximum Service Live Load Moments and Shears (HL-93):

The dynamic load allowance {DLA) is applied to the truck or tandem portion only:

r'\"'l:.posj = iT[' Mtrut.k.pos]. > M:andem.posj’M:ruck.pﬂsj : Mtandem.posj\} \‘"’tj = iTI:' Vtrucl-cj > V:andemj ; Vtruckj-vtandemj‘}
g A \ A

r'\"'|LL.|305]. = DFm'-_Mlane.nosj +(1+ D'—A}'Mt.posJ V|_|_j = DFV'-_VIanej +(1+ DLﬁ-)'\’tJ

ipd A
M:.negj = |T|._ Mtrut.k.neg]. < M:andem.negj . M:ruck.negj : Mtandem.negj |

MLL.negj = DFm'I:MIane.negj +{1+ DLA)'Mt.negj:I

1 1 1
1 209 1 -119.3 1 36.9
2 36.3 2 -T1T 2 331
3 379 3 -69.5 3 329
4 73.5 4 -96.5 4| 287
] 112.3 3 -47.8 5 243
MLL pos = B 135.3 it MLL neg = 6 -39.4 kit Vi = 6 19.8 "
7 140.7 7 -30.9 7 194
8 135.3 8 -39.4 8 19.8
9 1123 9 -47.8 91 243
10 73.5 10 -56.5 10| 287
11 37.9 11 -69.5 11 329
12 36.3 12 AN 121 331
13 209 13 -119.3 13 37.1




Restraint Moment from Hand Calculations:

Fositve restraint moments were calculated Negative restraint moments were calculated
20 years after the continuity pour was made, 100 days after the continuity pour was made,
assuming assuming that the beams were 28 assuming that the beams were 90 days old
days old when the continuity pour was made. when the continuity pour was made.




B.1.4 Strength and Service Limit Checks (B-22 through B-39)

This section of the calculations used the moments that had been calculated previously to
calculate the stresses in the top and bottom of the precast section due to the self weight of the
precast section, weight of the deck, weight of the barriers, weight of the future wearing surface,
live loads, and restraint moments. In addition, prestress losses due to shrinkage, creep, and steel
relaxation were calculated and then used to calculate the stresses in the top and bottom of the
precast section due to the prestressing force. The calculated stresses were used to check the
service limit states; maximum tensile stresses in the bottom of the precast section, and maximum
compressive stresses in the top of the precast section. The stresses due to restraint moments
were not considered during the service compression checks because it was felt that there was
enough reserve capacity to say that each check was okay by inspection.

The remainder of this section used the user inputs and section properties to calculate the
design flexural capacity of the composite section. This capacity was compared to the maximum
factored moment that would be applied to the section to ensure that the section had adequate
flexural strength. An additional check was performed to ensure that there was enough steel
reinforcement within the section to guard against abrupt flexural failure immediately after
cracking.



Strand Pattern Design

Lovwr — Ldes
Dep_Pt:=Dep_Frac- Lgge + —

oL 0 0o o o o o o o o Qo

(0.0
0.0
0.0

(0.0 f
0.0
EPat_h =00 |in
0.0
{00}
0.0
4.0
20/

EPat_n =

End Pattern

No_Strands = ZEF’at_n J=1_last(EPat_n}

z (EPat_n;-EPat_h)

Yend = Yend = 3.00In

No_Strands

J=1.13

i

X
) i ‘ \
Yeg. =T ¥ = Dep_Pt,Yeng — —‘-[y = Ymid) - Ymi
t:gJ r] end Dep_Pt) ' end mid, - ¥Ymid

4

1

1 3.00

al 3.00

3 3.00

4 3.00

5 3.00

6 3.000 .
Yeg = in

7 3.00

g 3.00

9 3.00

10| 3.00

11| 3.00

12| 3.00

13| 3.00

Flexural Stresses Due to Loads:

Dep_Pt= 0.5831ft

MPat_n =

(distance measured from end of beam)

oo oo O o o o o o o o o

(0.0
0.0
0.0
0.0
0.0

MPat_h=10.0 |in

0.0

0.0

0.0

4.0

\2.0/

Mid Pattern

Z (MPat_n;-MPat_hy;)

Ymid =

i = 3.00in
No_strands Ymid

ECCJ' =Yp- chj

1
1 242
2 242
3 242
4 242
5 242
ect = 6| 242 in
7 242
8 242
9 242
10| 242
11| 242
12| 242
13| 242

Note: Since for a simple-span structural system of this type, it is unlikely that compression at the fop of the deck at
a given section would exceed its allowable value, calculation of those stresses will be omitted for simplicity. Only
the stresses at the bottom and top of the precast beam itself will be computed. Sign convention Is + compression

nd -tension.



Beam Self-Weight at Release:

Msir j

Tswrt, =

Beam Self-Weight at Final:

M
swi i

fons =
s,

Diaphragm Weight:

Mdiaphj

Tdiapht =
] t

TS Wt =

Tawt =

fdiapnt =

51.5

204.7

2498

404.0

5141

580.2

psi

602.2

| ~| o o] | w | =

580.2

w

5141

—
(=]

404.0

-
-

2498

-
ma

2047

-
w

51.5

0.0

138.9

198.2

3924

462.6

528.7

550.7

O ~N| @ | k] W M| =

528.7

3=

462.6

—_
=

3524

—
==

198.2

-
]

138.9

=
e

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

@~ @] | ) M =

0.0

0.0

0.0

0.0

0.0

0.0

psi

psi

fdiaam:j =-

IIw‘"S'J\"I'.

Tawrh, = —
]

Mg,
S/ .w].

Tawh, =

Mdiaphj

Sh

fSWT!) =

Towt =

Tdiapht =

-44 .8

-177.8

-216.9

-320.9

4465

-202.9

-523.0

== I I = I - T (R

-202.9

=]

-446 5

—
(=]

-320.9

11

-216.9

12

-177.8

13

448

0.0

-120.7

-172.2

-306.1

-401.8

-459.1

-478.3

o | | | & W M| =

-459.1

1s]

-401.8

—
[=]

-306.1

—
-

-1722

12

-120.7

=
()

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

W) @ = d| | ] )=

0.0

[=]

0.0

-
=

0.0

b3

0.0

(%]

0.0

psi

psi

psi



Deck Weight:

"-"'-:k-x:ki

Tdeckt =
] t

Wearing Course Weight:

MWC-

fct = 1
wet, =
I Siewbe2
Barriers:

M barrie I'i

Tharriert, = ———

} Stebbez

faeckt =

fW'CT =

0.0

101.7

1451

257.9

338.5

386.8

402.9

psi

D =@ | | af paf =

386.8

w

338.5

—
[=]

2579

11

1451

12

101.7

13

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

W @ @] & e K=

0.0

—
==}

0.0

ey
=

0.0

-
%]

0.0

-
%]

0.0

-5.6

-2.8

-2.6

-0.2

15

25

Tharriert =

28

o = @] & W] K=

25

1.5

10

-0.2

11

-286

12

-2.8

13

-29.6

psi

psi

fha rn'er!)i =

Mdeck,

Tdeckb, = —
] Sy

M IJ:irrierj

SheDC2

Taeckn =

T'-'u'Cb =

0.0

-88.2

-126.0

-224.0

-294.0

-336.0

-350.0

-336.0

W] @ =~ @ | | e M=

-294.0

(=]

-2240

-
-

-126.0

b3

-88.3

(=]

0.0

0.0

0.0

0.0

0.0

0.0

0.0

psi
0.0

O @] =] M =

0.0

0.0

0.0

0.0

0.0

0.0

16.8

84

7.7

0.6

-4.4

-7.4 -
psi

fhamierh =

-6.4

| =@ & | k| =

-74

w0

-1.4

iy
=

0.6

-
sy

7.7

-
M

8.4

-
(]

16.8

psi



1 1
1 -6.0 1 18.1
2 -3.0 2 9.0
3 -28 3 8.3
Future Wearing Surface: 4| -02 4 0.7
5 16 5 4.7
Mf.r.'sj 61 27 ) Mf""sj 6| -80 .
fiwst = Tt = psi frwsh. = — fiwsh = psi
I StenL 7 3.0 ] SpeLL 7 9.1
8 27 8 -80
9 16 9 4.7
10| -02 10 0.7
11| -28 1" 8.3
12| -30 12 9.0
13| -60 13| 181
Live Load | (for Service Limit State 1):
1 1
1 212 1 365
2 36.8 2 2194
3 354 3 2127
4 745 4 172.9
" a 113.8 M 5 146.3
fLL itpos, = - fLi_itpos = o 7O s Tl _hneg = - - fLL_Ibneg = o 12041 s
ST S - 7] 1425 T SheLL - 7| 945
8 137.0 g 120.4
9 1137 9 146.3
10 74.5 101 1729
11 354 11 2127
12 36.8 12| 2194
13 212 13 365
Live Load Il {for Service Limit State l):
1 1
1 -51.1 1 -96.7
2 -88.9 2 -58.1
[0.8-My poc) 3 927 . . 3| 564
L Iboos. = B 4| 1799 (08 ML neq) 4| 458
- i Shell TLL _litneg, =
8 -274.8 I StebLL H] -388
6 -331.0 . 6 -31.9 )
fLL_lib.pos = psi fLL_nitneg = — psi
7 -344 2 T -25.0
8 -331.0 8 -319
9 2747 9 -38.8
10| -1799 10| -458
11 927 11| -56.4
12 -89 12| -581
13 -51.1 13| -96.7




Restraint Moments:

Stress at bottom of beam due to + RM:

Mrm.posj
frm_bpos. = —

I SpeLL

Trm_b.pos =

Q| =~| @ | &= )| p|=

o

-
[=]

=
=

=
M2

=y
(%]

o|lo|lo|lo|lojlo|lo|lolo|lo|lo|lo|lo

psi

Stress at top of beam due to - RM:

frm_t neg i =

me.negj

StepLL

Tm_tneg =

1

1 -362.7153
2 -362.7153
3 -362.7153
4 -362.7153
5 -362.7153
6 -362.7153
7 -362.7153
8 -362.7153
9 -362.7153
10| -362.7133
11| -362.7153
12| -362.7153
13| -3B2.7153

psi



Check Initial Prestress Force:
Pjack = Pull-fy-No_Strands- Agtrang Pjack = 496k Max_Pjack := 2000-k

Check_Max_Pijacy = If( Pjac < Max_Pjgeg. "OK" ."NG" | Check_Max_Pjze = "OK”

- [ .'"dr_CQend — dr_cmig | |
Phdtotal -= (Pull-fpu-No_Draped-Astrand,I-sm atan, ? Phdtotal = 0.0k
\ ep_

Max_Phgiotal == 25K Max_Phgsingle = 6-K

Chk_Ma){_Phdmta| = Iﬂ Phdtotal = MaX_Phdtota|: "OK" ,"Use mult. holddowns"} Chk_MaX_Phdtotal = "OK"

Phdtotal )
= Max_Phdsingle . "OK" ., "Use mult. holddowns"

A

Chk_Max_Ppgsingle = if| ————
N9~ "\ No_Draped

Chk_Max_Pprgsingle = "OK"
Prestress Losses at Release:

Relaxation:  {;; = Pull-fy, fpj = 202 5ksi fpy = 0.9y foy = 243.0ksi Assume: t:=18-hr
i t
logl —| . \
whry Dj 1 )
ATDF'J =—— | —-055 tDJ ATDR1 = 1800.5 psi (LRFD 59544b—2)
400 |t
'Y /
Elastic Shortening: (LRFD 5852 3a)
( 05) 48
Ecit=| 1265-f;+ 1000 — -ksi Eg = 3683.5 ksi
in J

. - . 2
[No_Strands-Asu-and-[_fpj - ﬁfpm}-[l +(ecey) -Aﬂ - ecq-Mswr?-A

. (Alternative Equation C5.9.5.2 3a-1
AlpEs = 1 AlE, from LRFD C5.9 5 2 3a)
[ND_Strands-ASmnd-[l +(ecey) -AII +
p
AfpEg = 5.6966 Ksi
fj == Tpj — Afpes — AfpRr1 fi = 195.00 ksi
Pi := No_Strands- Agtrang f P = 477.4k
Seqp - 7| 3
cap = - j
Vb = Ymid Segp = 34631n
-’.] ecc:,‘ Mser
fegp = Pi-‘ — - fogp = 736.25 psi
\ A Scgp) Scp
Total Prestress Losses at Release:
AfpTR = Afpes + AfpR1 AfpTr = 7.5ksi



Stresses Due to Prestress at Release:

fper = Tpj — AfpEs — AfpR4
Pre = Tper NO_Strands- Agiang

j=1.13

Vo
| 1

| 60-dgy

ece;
Sy

I

1
Toary, == if| X < 60-Oggr, P -‘—+
psri, h st rekA

J i

5

X
|
60-dsyr |

A

f = if| ¥ < 60-detr. Pra-
psrtj f str- Fre A

(1 ecg ‘ ‘
5t )\

1

3176
1361.1
1361.1
1361.1
1361.
1361.
1361.
1361.
1361.
1361.1
1361.1
1361.1
13 3176

fpsrb = psi

W oo | @ | | R =

-
(=]

=y
=

sy
ha

Check Stresses at Release:

Top of girder (tension):

T =1 + 1
rtJ. psrtj swrtj

Jif] g > Lgyr — 60-dgyr. Pre-
]

|| %;. > Loyr - 60-dgty. Pre| — - ——
1

foer = 195.0ksi

Pre = 477.4K

/ w Lowr— % |
1 Ece ‘ ovr—
Eo'dstr J

VA S,

Haary

"’ 1 ecq ‘

[ Lowr = X¢ ) \
1 ecp) | o Xy (1 ecg)if

FEI\A St ) K

\A St )| 60dgr )

1
-41.0
-175.6
-179.6
-179.6
-175.6
-175.6
-175.6
-175.6
-175.6
-175.6
-175.6
-179.6
13 -141.0

psi

fosit =

W | =~ 3 ) e L R =

—
[==]

—
=

—
[}8]

(LRFD Table 5.9.4.1.2-1)

Tallow_rt = ~0.24-\[ T ks
fa||0w_|-t = -509.1psi

Status_ServiceL St = if| T 2 fatow_t."OK" "NG”

A
|

4



1
1 10.6
2 291
3 742
4 2284
_ 5| 3385
MNote: Normally Mn/DOT assumes that there is no - BT
bonded reinforcement in the precompressed fri= i
tensile zone and limits the initial tension stress 7| 4267
1o 0.2 ksi. However, 0.2 ksi seems too 8| 4045
conservative for this section, so tension 9| 3385
reinforcement will be designed in the the top of B 2764
the section so that the higher allowable tension i
stress can be used. 11 74.2
12 291
13 106

Bottom of girder (comprassion):
frp =T + T
rbj psrbj swmj

Status_ServiceLSrgj = if{ 1y < fajiow_rc. "OK"."NG" |
L | - A

1
1 272.8
2 1183.4
3 11442
4 1010.3
5 914.6
= 6 857.2 psl
7 838.1
8 857.2
9 914.6
10| 1010.3
11| 11442
12| 11834
13 2728

Final Prestress Losses:

Shrinkage:
Afpsr = (17.0 - 0.150-H) ksi ApsR = 6.05Kks]
Creep:
lepc2
Se cpim ———2 S¢ gg = 5693in°
- YbeDC2 — Ymid -
. Mdeck? = I"*"c!iaph;,, Mbanier? - ch? + Mfm?
QTCCID = +

Segp Se_cg

AfpcR = 12.0-Tegp - 7.0-Afgp

AfpcR = 7.60ksi

oK

"OK"

"OK"

"OK"

"OK"

psi Status_ServiceLSrt = oK

"OK"

"OK"

W oo =~ @ | | o] k| =

oK

—
(=]

"OK"

—

"OK"

—
[3%]

"OK"

—
o

oK

(LRFD 5.9.4.1

—

fallow _rc = 06T

fallow_rc = 2700.0 psi

e
S
—
S
S
—
=
—
9| ok
10] "OK"
1] "OK"
12 "OK"
13] "OK"

Status_Servicel Src =

o | @ | ] M=

(LRFD 5.9.5.4.2-1)

Mgy — 175.7 psi

(LRFD 5.9.5.4.3-1)



Steel Relaxation:
For stress-relieved strands:

Afpra = 20.0-ksi - 0.4-Afpgs — 0.2-( Afpsg + Afpcr)

(LRFD 5.9.5.4.4c-1)

For low-relaxation strands, take 30% of the above value:

Afpgz= 0.3 20.0:-ksi - 0.4.afpgs - 0.2:(AfpgR + Apcr) |

Total Prestress Loss:
.ﬁfp‘r = ﬂprS + ‘M-DSR_ ﬂprR + .ﬁprz

ATDT
" Pully

Check effective stress after losses:

Tpe == PUll-Tyy — AfeT fpe = 178.7ksi

fallow = 0.80-Tpy, Tallow = 194.4 ksi

Status_ServiceLSsf = if{ fye < fyjou. "OK" . "NG"

Stresses Due to Prestress:

Pt = foe NO_Strands-Agyzng P; - 4373k

."J Limg
‘\ + Xf.
2 fJ . Lbrng
| ] 0 X%+
LA Sy )| 60dg ) i

(1 ecg

< 60-dgy

L brng |

- L — ¥ —
(1 eccj\ ovr fj

(A sy )l 60Oy

(1 ecc
LA Sp

otherwise

J

Afprg = 44971 psi

Afpr = 23 Bksi

%loss = 11.78

(LRFD Table 5.9.3-1)

Status_ServiceLSsf = "OK"

1
1 291.0
2| 11514
3| 12470
4| 12470
5| 1247.0
foes - 6| 12470 psi
7| 12470
- 60-dgyr 8| 12470
9| 12470
10| 1247.0
11| 1247.0
12[ 11514
13| 2910




1
.- . 1 375
_ \ Lbmg x| 2| -1485
|1 eccj 2 ] Lbm .
fost = |Prl— - —— [ —— | i %+ —2 < 60.dgr 3| -1609
I | A St | 60-dgy | 4 1609
. . Lirng 1 5| -160.9
P ‘ L | if Lomg Layr — 60-d Tost = °| 109 psi
T ._;_ St 80 dar I xfj + 5~ towr = B0 Cstr p 7| 1609
y \ 8 -160.9
(1 ecc)
Pf" ; - S— otherwise 5 -160.9
' L/ 10| -160.9
1 -160.9
12| -148.5
13 -37.5
Check Service Limit States:
Service lll Limit State (Tensile Stresses in Bottom of Beam): Tallow #t = _0_19.ﬁ.‘|' ksi
flllb.posj = fnsbj + fswbj + 1=diaphl::-j + fdecl-(bj + fwcl:lj + fbam‘erbj + ffws!)j + frm_b.p-osj + fLL_lII!).DEIS].
Status_ServicelSft1) = if|"f||||3_903j > fallow & "OK","NG" (LRFD Table 5.9.4.2 2-1)
\ - J
TG"OW_ﬂ = —0.484 ksi
1 1
1 2748 1 "OR"
2 8709 2 "OK"
3 8722 3 "OK"
4 538.3 4 "OK"
5 267.3 5 "OR"
6 105.4 6 "OK"
fillb.pos = psi Status_ServiceLSft1 =
7 57.0 7 "OK"
8 105.4 8| "OK"
9 2674 9 "OR"
10| 5383 10| "OR"
1 872.2 11 "OR"
12| 8709 121 "OK"
13| 2748 13| "OR"




Service Il Limit State (Tensile Stresses in Top of Beam): Tt = _0.19.\[%\! ksi

rIIIIJ.negj = rpstj + fS'\".".j + fcliapl'n]. + fﬂeck:J. + rWctj + rbam‘er‘.j + ffwstj + rrm_:.negj + TLL_IIIt.negj

Status_ServiceL 12, := (i neg 2 falow_1."OK" . "NG") (LRFD Table 5.9.4.2.2.1)

fallow_ft = —0.484 ksi

1 1
1 -508.5 1 NG
2| -3346 2| "OK"
3 -241.9 3| "OK"
4 40.5 5% over at beam ends 4 "OK"
5 2417 Say OK 5 "OK"
6 3651 B oK
flllb.neg = psi Status_Servicel Sfi2 =
7 410.8 7 oK
8 3651 8 oK
9 2417 9| "OK"
10 405 10| "OK"
11| -2419 11 "ok
12| -3346 12| "oK"
13| -508.5 13| "NG"

Stresses due to restraint moments were not considered in service compression checks. There is
enought reserve capacity to say that each check is OK by inspection.

Service | (Compressive Stresses in Top of Beam):

1) Compressive Stress Due fo Permanent Loads:

fldtj = fpstj + fsv.':j + fcliaphtj + fdecl-c:j + fwu::j + fhan’iertj + ffwstj fallow_fcd =0.451; (LRFD Table 5.9.4.2.1-1)

Status_Servicel Sfcd; = if( fmtj £ Talow_fed- "OK" . "NG" :] Tatlow_fea = 2925.0 psi
1 1

1 -49.1 1 "OK"
2 86.3 2 "OK"
3 1771 3| "OKR"
4 4490 41 "OK"
H] 6432 3| "OK"

fat = 6| 7097 psi Status_ServicelSfed = 6| oK
T 7986 T "OK"
8 759.7 8| "OK"
9 6432 9| "OK"
10| 4450 100 "OK"
11 1771 11 "OK"
12 86.3 12 "OK"
13 -49.1 13| "OK"




2) Compressive Stress Due to Full Dead Load + Live Load (Top of Beam):
fllt.posj = fpstj + fsv.l‘tj + fl:liaphtj + fdeck:j + fwctj + fbam'er.j + ffwstj + 1=LL_It.c-osJ. fallow_fcl =06

Status_Servicel Sfcl; = if|"f||:.posj < fallow_fcl, "OK" . "NG" ) (LRFD Table 5942 1-1)

faliow_fel = 3900.0 psi

1 1

1 -280 1| "OK"
2 123.1 2| "OK"
3| 2155 3| "OK"
4| 5235 4| "OK"
5| 7570 5| "OK"
fllt.pos = 6 8968 psi Status_Servicel Sfcl = 6| oK
7| 9411 7| "OK"
8| 8968 8| "OK"
9| 757.0 9| "OK"
10| 5235 10| "OK"
11| 2155 11| “"OK"
12| 1231 12| “"OK"
13| -279 13| "OK"

2) Compressive Stress Due to Full Dead Load + Live Load (Bottom of Beam):

f||t.negj = fpsbj + fswhj + fdia:-hhj + Tdeck!)j + fwcbj + T!:arrier!)j + ffwsbj + fLL_lb_negj Jalwie,= 06T
AR ISNIELILE = T fitneg; < Taiow_fel. "OK” 'NG") (LRFD Table £.9.4.2.1-1)
fallow_fcl = 3900.0 psi
: 1
1 6909 - -
2 11792 > -
3 11776 . —
4 891.2 - —
5 6884 = —
B 556.8 - —
ftneg = psi Status_ServiceLSfcl =

7 4957 o
3 5568 - -
9 6884 - —
10 891.2 5o
11 11776 o
12 11792 S o
13 6909 o




3) Compressive Stress (Top of Beam) Due to Live Load + 0.5(Effective Prestress + Dead Load):

fcfcn:.posj =0.5( Tnsnj + fsmj + Tdiaph:] + fdecktj + Twctj + T!)arriert]. + ffwstj | + TLL_It.posj Tallow_ciait = 0-40-T¢
Status_ServiceLSfefd); = if( fcmmosj = Tallow_cfair. "OK" . "NG" | (LRFD Table 5.9.4.2.1-1)

Tallow_cfait = 2600.0 psi

1 1
1 -3.4 1 oK
2] 800 > oK
3| 1269 3| "ox
4 2990 4 oK
i 435.4 5 oK™
6| 5169 5 o

fefdit pos = psi Status_Servicel Sfcfdl =

7] 5418 7T "or"
8| 5169 5 "ox
9| 4354 5T ok
10[ 299.0 0] ok
11 1269 T oK
12] 80,0 2] "ox"
13 34 3] oK

3) Compressive Stress (Bottom of Beam) Due to Live Load + 0.5{Effective Prestress + Dead Load):

Tefditneg; = 0-5-|"fasb]. * Towb, * Taiaphi, + fdeckb, + fuch, * Tharrierb, + ffws!);} * TLL_ib.neg, Jallowsiit = 0-40-Tc
Status Servicel Sfcfdl = |f| chdlt.neg. = rCl"DW cfdit "OK", "NG""'_ (LRFD Table 59’421—'}
\ i -
Tallow_cfit = 2600.0 psi
1 1

1 5279 1 QK"

2 699.3 2 "OK"

3 695.1 3| QK"

4| 5320 4| "OK"

5| 4173 5 "oK*

6 338.6 6| "OK"

Tefditneg = psi Status_Servicel Sfcfdl =

7| 2951 71 "ok

8 3386 8| "ok

9| 4173 g "OK"

10| 5320 10| "OK"

11 6931 11| "QK"

12| 699.3 12| "OK"

13| 528.0 13| "OK"




Check Strength Limit State: (LRFD 5.7.3.2) 1
1 223
Restraint moment considered for strength check. 2 91.7
3 110.0
MU.DOSJ = 1.25-{ Msmj + Mdiaphj + Mdeckj + Mbamerj + Mw.;]_ + MfWSJ.\:l +1.75 MLL.DDSJ- + |\-"|m1_pgsj 4 2176
’ 5| 3176
Mapos <2272 e
7 3931
8 T2
9 3176
_ o 10| 2176
| ) ) ) for — 4000-(psi) | m 110.0
B4 = If| ft < 4000 (psi). 0.85.if| fot = 8000-(psi). 0.65.0.85 - | ————— 0.05| :
L 1000-(psi) 12 917
13 223
pq=085
Aps = No_Strands- Agyang Age = 2.450n° b = bgr L
fpe = 178.7Ksi 0.5-Tpy = 135.0ksi
Status_fpg = if( fpe = 0.5-fpy. "OK" . "NG" Status_fpe = "OK" (LRFD 5.7.3.1.1)
( oy .
ky=2]104-—2 ky=028  (LRFD57.3.1.1-2)
\ fpu i
hp=tg
- : Pos Tou LRFD 5.7.3.1.1-4
dpj =hN+1 +Ngiprop —Yt.gj L= . ( 1.3.1.1-4)
0.85f B 1-b + Ky Apg——r
dp.
]
1 1
1 15.0 1 3.0
2 15.0 2 30
3 15.0 3 30
4 15.0 4 3.0
5 15.0 5 30
dp |8 15.0 (in) co = 3.0 in
7 15.0 7 30
8 15.0 8 30
9 15.0 9 30
10( 15.0 10( 30
11 15.0 1| 3.0
121 150 12| 3.0
13 15.0 13| 3.0




if ¢ is > slab thickness, then T-section behavior

Aps Toy— 0.85-B1-Tet (b - bwj‘]- ht

by = if{ cj < hr.b.by) G- - (LRFD 5.7.3.1.1-3)
08511y + k1'A|Js'ﬂ
i dp.
i
1 1
1 720 1 30
2 72.0 21 30
3 720 3 30
4 720 4 3.0
a 720 5 3.0
6 72.0 6 3.0 .
Dy = in C= in
7 72.0 7 3.0
8| 720 8| 30
9 720 9 3.0
10( 720 10| 3.0
11| 72.0 11| 3.0
12| 720 121 30
13| 72.0 13| 3.0
g + = 9.0in check that c < ts + tf
i CJ N
Tps. =Tou| 1 - K4 —‘ aj = P1-G
[ dp.
i/
1 1
1 2549 1 25
2 254.9 2| 25
3 254.9 3| 25
4 2549 4 25
0| 2049 5] 25 (LRFD 5.7.3.1.1-1)
& 2549 ) 6 25 .
Tps = ksi a-= in
7 254.9 T 25
8 254.9 8| 25
9 2549 9 25
10( 2549 101 2.5
11 2549 11| 25
12| 2549 12] 25
13| 2549 131 25
i 2 A _ 1 )
Ly = 16| fps, — —Tpe |-dsirksi Lg = 108.6in (LRFD 5.11.4
L I and FHWA)
Lt = 60-dsr Lt=30.0in



Lovr— Ldes

dist; .= x - Vo )
! fj+ dfj:= | 1.0 if {dist > Lg) v distj < Loy — Lg)
dist; 1,
—L 2 it dis <Ly
L 1:pu
fpe dist-Li( Tl L .
———-‘ 1—— | if (L= distj) & (dist; = Lyg)
fou La-Lt | fou ) '
Leyr — dist; T, )
S 2 it disty > Loy - Lg)
Ly fou
foe Loy — dist; l' —Lt | foe ) i
——7-‘ 1-— otherwise
f|Ju Lg-Lt fou
[ &) ) \ ER
My, = 0f;-Aps-Tos | dp —— | + 0.851-(b = by, }-By- nf-‘ — (LRFD 5.7.32.2-1)
j o2 \ i/ \2 2
1 1 1
1 7.0 1 1.000 1 7137
2 277 2 1.000 2 7137
3 Te 3 1.000 3 T13.7
4 68.2 4 1.000 4 T13.7
5 98.8 a 1.000 5 7137
dist = 6 1254 in df = 6 1.000 (fraction strands are developed) Mp = 6| TM37 k-t
T 160.0 T 1.000 7 T13.7
8 190.6 g 1.000 8 T13.7
9 2212 9 1.000 9 7137
10| 2518 10 1.000 1M 7137
11| 2824 11 1.000 11 T13.7
12| 2923 12 1.000 12| 7137
13| 3130 13 1.000 13| 7137
OMn = 0¢Mn - My o= My, Status_StrengthLs; = if{ My pos < My ."OK" ."NG")
i i J
1 1 1
1 T13.7 1 223 1 "OK"
2 T13.7 2 91.7 2 "OK"
& 7137 &) 1100 3 "OK"
4 T13.7 4 2176 41 "OK"
5 T13.7 i 3176 5 "OK"
M, = i 7T k-ft My pos = e 32 k-ft Status_StrengthLS = i 0
T T13.7 7 3931 T "OK'
8 T13.7 8 3772 g "OK"
Sl T13.7 g 3176 9 "OK"
10 7137 10| 2176 10 "OK"
11 T13.7 11 1100 11| "OK"
12| 7137 12 91.7 12| "OK"
13| 7137 13 223 13| "OK"




Maximum Steel Check: (LRFD 5.7.3.3.1-1)

€ dy =— limit_c_dp, := 0.42 Status_MaxSt; == if{c_dp < 0.42,"0OK","NG™
I dp, LT /
J
1 1
1 0.1999 1] oK
2 0.1999 2| oK
3 0.1999 2| oK
4| 0.1999 4 ::DK::
5| 0.1999 > ”OK”
c_dy = 6| 0.1999 Status_MaxStl = ? HEE”
7| 0.1999
8| 0.1999 8| oK
9 0.1999 ° ::DK::
10( 0.1999 10] oK
11 0.1999 1] oK
12 0.1999 12 ::DK::
13| 0.1999 18] oK
Minimum Steel Check: (LRFD 5.7.33.2)
Compute Cracking Moment at Midspan: fr=—024 fc.\/'ﬁ fr=-6119psi
Afy = Tlll!).D-CISJ. ol AM; 1= Afj-Spey Mcrj = MS‘M]. * r""'diaph]. * Mdeckj + er.] + rVI'barrierj + Mfwsj + r\"'|LL.|305=J. +AM;
1 1 1 1
1 886.7 1 289.9 1 359.2 1 296
2 1482.8 2| 4848 2 652.3 2 122.0
3 1484.1 3| 4852 3 669.7 3 146.4
4 1150.2 4 376.0 4 624.8 4| 2894
] 879.2 8| 2874 5 596.0 5| 4225
Af = 6 717.3 FAM = 6| 2345 it 1.2 Mg = 6| 5786 it 133 My pos = 6| &01.7 kit
T 668.9 7| 2187 7| &722 7| 5228
8 717.3 8| 2345 8| 5786 §| s0.7
9 879.3 9| 2874 9| 596.0 9| 4224
101 1130.2 10| 376.0 10| 624.8 10| 2894
11 1484.1 11| 4852 11| 669.7 11| 1464
12| 1482.8 12| 4848 12| 6523 121 1220
13 886.7 13| 2899 13| 359.2 13 296




Mq_imit, = 1f(1.2-Mer < 1.33 My pos. 1.2-Mer 1 -33-l'-1u_nosj"]

Mr_lienit =

296

122.0

146.4

2894

4225

501.7

5228

L= (N e Y = S T S

501.7

4224

10

2894

1h

146.4

12

122.0

13

296

k-ft

M, r

7137

7137

T13.7

7137

T13.7

7137

k-ft

7137

7137

T13.7

o|w|o| | o o] M=

T13.7

7137

JEE
P3| =

T13.7

(=]

T13.7

Status_MinStij := if( Me s, <

Status_MinStl =

Mrj JOK" [ "NG” "'|

1

"OK"

"OK"

oK™

"OK"

"OK"

"OK"

"OK"

QO | on|n| & o] b =

"OK"

[1=]

"OK"

[=]

"OK"

=
=

"OK"

ha

"OK"

(=]

"OK"




B.1.5 Size and Spacing of Transverse Reinforcement (B-41 through B-65)

This section of the calculations was used to determine the size and spacing of
reinforcement to satisfy reinforcement requirements for anchorage zone, confinement, vertical
shear, and horizontal (i.e., interface) shear. The requirements for anchorage zone were based on
the dimensions of the section and the prestressing force, and the requirements for confinement
reinforcement were based only on the dimensions of the section. The shear forces that had been
calculated previously were used to calculate the maximum vertical shear force that would be
exerted on the composite section. Two iterations were needed to accurately predict the vertical
shear strength provided by the concrete. Once the design shear strength of the concrete was
calculated, it was compared to the vertical shear demand to determine the amount and spacing of
vertical shear reinforcement required. The remainder of this section was used to calculate the
amount and spacing of horizontal shear reinforcement required.

Following the calculations for transverse reinforcement requirements is a section that was
used to calculate the camber and deflections of the composite section. This section is followed
by a final design summary for an interior inverted-T precast section of the center span of
Mn/DOT Bridge No. 13004.



Anchor Zone Reinforcement: (LRFD 5.10.10.1)

Pr:=0.04-Pg Pr=19.1K
Allowable stress in anchorage steel: g = 20-Ksi
Pr .
As_anchor = - As anchor = 1.01n
5
Number of bars which must be placed within h/4 of A
. . s_anchor
the end of the beam {assume #16 bars) : — =3.0in Reqd_bars .= ——
4 - 40310

Reqd_bars = 0.8
Confinement Reinforcement:

(LRFD 5.10.10.2)
Mot less than No. 10M bars at a spacing of not more than G in shall be

placed within 1.5d of the end of the girder. These bars shall be shaped to

enclose the strands.

Vertical Shear Design

At each section the following must be satisfied for shear:

vy < vl . . (LRFD 5.8.2.1-2)
Note: Evaluation has been disabled for these

three equations {as indicated by the small

V=0V n. boxes) to enable them to be shown without first
evaluating their parameters.
Vp = Vet Vet Vp' (LRFD 5.8.3.3-1)
Critical Section for Shear: (LRFD 5.8.3.2)

The critical section for shear near a support in which the reaction force produces compression
in the end of the member is, from the face of support (Fig. 2), the greater of:

a. 0.5d,cot(8), or
b.d,
where,

d, = Effective shear depth.

Note that when g = 26.6°, the second equation governs. Since & is not yet
known, for simplicity, assume that this condition is true.

Compute d,;
d, = Distance between resultants of tensile and compressive forces.
d, =d, -a/2. E E
1 13.7 1 15
Thus, 2| 137 2| 15
3 13.7 3 15
4 13.7 4 15
5 13.7 8 15
dy =up_—ﬂ dy = 61 137) i dp = 61 B in
2 T 13.7 7 15
8 13.7 8 15
9 13.7 9 15
101 137 10| 15
11 13.7 11 19
121 137 12 18
131 137 13 18




But d, need not be taken less than the greater of 0.9d, and 0.72h. Thus,

0.72-hg | = 13.00n

Min_dvj = if[D.B-dpj > 0.T2-thL=0-9-dnJ.-0-?2-thL:j| Ag%} if{dvj < r\.-lin_dvj:Min_d\,j,dvj:]
1 1
1| 135 1| 137
2| 135 2| 137
3| 135 3| 137
4| 135 4| 137
5| 135 5 137
Min_dy = 6] 135 4y (LRFD 5.8.2.7) dy = Sl I
7| 135 7| 137
8| 135 Bl 137
9| 135 9| 137
10| 135 0| 137
11| 135 1| 137
12| 135 12| 137
13| 135 13 137

The ariginal assumption for the critical section for shear was:
%_ =207in
2

Assuming that the distance fram the face of support to the centerline of
bearing is half the bearing pad length, the critical section for shear is:

Lbm
{5‘;2 =dy_+ g xf2 = 20.7in {Note: Compare this to original assumption

2 2 and revise assumption as reguired)

The factored shears are:

Vuj = 1-25'|:'szfj + Vdiaphj + ‘Vdecl-cj + Vbamerj + Vfwsj + Vwcj | + 1-:"5"VLLJ.

1
1 89.6
2| 795 d, from support
3| 776 0L
4 53.3
0.2L
5| 526 0.3L
Vy = 6 29.7 K 0.4L
7] %9 midspan
8 39.7 0.6L
9| 526 0.7L
10| 653 0.8L
11 776 0.9L
12| 795 d, from support
13 901




Compute the vertical component of the prestressing force, Vp: Pr= 4373k o = atan|

Fix this equation if draped
strands are used.

( dist; |
tfract; = if| distj > L1, 1.0, ——
\ Lt J

tfract =

1
1 0.233
2| 0923
3 1.000
4 1.000
5 1.000
6 1.000
7 1.000
8 1.000
S 1.000
10 1.000
11| 1.000
12| 1.000
13| 1.000

Yend — Ymid |
_ o =0deg
Xr
i}

J

) = if:"xfj < Dep_Frac-Ldes,rfractj-Pf-sin(a),D-K“',

Compute maximum permissible shear capacity at a section:

Vn_maxj = ¢'v'|: 0-25'fc'bv'dvj + ij }

/

1
1| 9635
2| 9835
3| 9635
4] 9635
5| 9635
6| 9635
Vnmax = o
8| 9635
9| 9635
10| 9635
11| 9635
12| 9635
13| 9635

(LRFD 5.8.3.3-2)

Status_Vomay, = if( Vy < Vi_ma,.”
S

1

"oK"

"oK"

"OK"

"OK"

oK

Status_Vpmax = oK

"OK"

o ~| @ | k=] o M=

"OK"

[1=]

oK

-
(=]

"oK"

-

"OK"

[y
(]

"OK"

-
[

oK

Vp =

1

0.0

0.0

0.0

0.0

0.0

0.0

0.0

| =l || =] L] M| =

0.0

0.0

10

0.0

11

0.0

12

0.0

13

0.0

OK","NG"




The shear contribution from the concrete, V., is given by:

1
Ve = 0.0316-B[Tcbydy
To obtain p in the above equation, we need & and v/t

First, compute v/fc:

Vuj - C'\."VDJ. vj
i v_fej=—
C'v'bv'dvj fe
1 1
1 151.2 1 0.0233
2 134.2 2 0.0206
3 130.9 3 0.0201
4 110.2 4 0.0169
5 88.7 3 0.0137
Ve 6 66.9 psi v_fc = 6 0.0103
7 454 7 £.9855-10-3
8 66.9 8 0.0103
) 88.7 <) 0.0137
10 1102 10 0.0169
11 1309 11 0.0201
12 1342 12 0.0206
13| 1520 13 0.0234
Compute 6:

Computing & requires an iterative procedure. The basic steps are as follows:
Step 1: Assume an initial value of 8.
Step 2: Compute g, using LRFD 5.8.3.4 2-2.
Step 3:If g, is < 0, then factor g, by F_ (LRFD 5.8.3.4.2-3)
Step 4: Knowing vif'c and g,, look up the new & in LRFD Table 5.8 3.4 2-1.

Step 5: If the new value of 8 is not equal to the previous value of 8, go to Step 2.

(LRFD 5.8.3.3-3)

(LRFD 5.8.3.4.2-1)



1 1 1 1
1 223 1 89.6 1 0.000 1 0.583
2 91.7 2| 795 2 1.727 2 2.500
3 110.0 3| 776 3 2 550 3 3.133
4| 2176 4| 653 4 5100 4 5683
5| 3176 5| 5286 5 7.650 5 8.233
6| 3772 6| 397 6 10.200 6 10.783
My pos = k-t Vy = k Xf = ft ¥ = ft
7| 3931 7| 269 7 12.750 7 13.333
8| 3772 8| 397 & 15.300 8 15.883
9| 3176 9| 5286 9 17.850 9 18.433
10| 2176 10| 65.3 10| 20400 10| 20983
11| 1100 11| 77.6 11| 22950 11| 23.533
12 91.7 12| 79.5 12| 23775 12| 24167
13 223 13| 901 13| 25500 13| 26.083
Trial 1: (o5 4"
Step 1: Input estimated initial value of 8: 259
27.0
_ 325 INPUT INITIAL 6 VALUES
Step 2: Compute £,; using LRFD 5.8.3 4 2-2:
g 36.0 FOR ITERATION IN
[ |
My . : VERTICAL SHEAR DESIGN
—=+ 0.5(Vy = Vi) Got(9) ~ Aps oo il
e = v JB.=|38.0 |-deg
2-Bp-Aps 1 38.0
36.0
325
Mote: Evaluation has been disabled for this CLEL
equation to enable it to be shown without first 259
evaluating its parameters.

\26.4,

Compute T
This can be estimated by using the following equation:

[ |
foe E
: pc Ep

0= Te+ (LRFD C5.8.3.4.2-1)

C

fpe = 178.7ksi

Compute fpc: net stress at c.g. of composite section at final:

Spp=—— Stpc = 2555.81n°
¥phelL — Yo
{ Lowr—Lges |
ij +|— 1
Yt.g_dvj =1f :':rj > xrB-Ymid- Yend — \X—P'I‘Yend - Ymid)
. |

ECCqy == ¥h — Yeog_av



\

fpc ) Pfl‘:l_ eCch‘ . Mayf + Mdiaph + Mgeck fpo SR Ep
A Spe ) Stpe \ Echeamr /
1 1 1
1 3.0 1 24 1 0.178
2| 30 2| 24 2 0.310
3| 30 3| 24 3| 0367
4| 30 4| 24 4 0.514
5] 30 5] 24 5| 0613
Veg_dv = 6 3.0 in eccy = 6 24 in fpc= 6 0.682 ksi fpo—
7| 30 7| 24 7 0.703
g8 30 §| 24 8 0.682
9 3.0 9 24 9 0.619
10( 3.0 10( 24 10| 0.514
11| 30 11| 24 11 0.367
12| 30 12| 24 12| 0.310
13| 3.0 13| 24 13[ 0.178
Compute Aps:
Note that Aps in the eguation used to compute ¢, is the area of the
prestressing steel on the flexural tension side only. 1t is not the total area
of strands. The variable Aps_ﬂ is introduced below to handle this.
z=1.13
EPat_hj — MPat_h;
slope; = —omt Pat_htj 1 == EPat_h;
fat g o= EPat_ny - x; -slope;
heLt . Pat hty 1= EPal_hi—er-slopei
JFat ht 4= EPat_h; - xr4-slopei
FaL iy 5 = EPat_h - X _-slope;
Pat_hti 5= MPat_h
Pat_ht 7:=MPat_hy
(0.000000) (0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.000000 /00 00 DO 00 00 0O 0.0 0O
0.000000 00 00 00 00 00 00 0.0 00
0.000000 00 00 00 00 00 0O 00 0D
0.000000 oo 00 00 00 00 00 00 00
slope = | 0.000000 Pat_ht= 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.000000 |0.0 0.0 0.0 00 00 00 00 00
0.000000 00 00 0O 00 00 0O 00 0D
0.000000 |0.0 00 00 00 00 00 00 00
0.000000 40 40 40 40 40 40 40 40
\.0.000000 .'-\2.0 20 20 20 20 20 20 20

179.9
180.7
181.1
1821
182.8
183.3
183.4
183.3
182.8
1821
181.1
180.7
179.9

Wl =N3> W M| =

-
[=]

==

]

ksi

Pat_hti o = MPat_h;

Pat_ht;

Pat ht':1[] :

Pat _ht; 11:

Pat_hf; 12:

Pat ht':131

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.0
20

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.0
20

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.0
20

.9 = I",-IF'at_hi

= MPat_h,
= MPat_h;
= MPat_h;

~ MPat_h,

0.0}
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.0
20)

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
4.0
20




Noaps f(Pat_n.Pat_h.hc_2.zz) =

Naps_fi, = Noags il EPat_n.Pat_ht hg(.z)

NADs_ﬂ =

My pos.

V.
]

1

1 16
2 16
3 16
4 16
5 16
6 16
7 16
8 16
9 16
10( 16
11 16
12( 16
13| 16

+0.5:(Vy - vpj‘]-cot{e i) - Aps 1 Too

j « last{Pat_n)
N« 0

while Pat_nhy ;- = he_2
’ 2

N« N+ Pat_n
jej-1
break if j=0

Aps_ﬁz =dfz NAps_f?'Astrand

By =

2 Ep'Aps_ﬁj

1
1| 2448
2| 2448
3| 2448
4| 2448
5| 2448
PO 3 X
7| 2448
8| 2448
9| 2448
10| 2448
11| 2448
12| 2448
13| 2448
((0.002)
..‘E;\;T:= m|n. ey
W |
1
7| -0.002389
2| -0.002009
3| -0001942
4| -0001464
5| -0000958
[5] -o.onoses
=171 -0.000831
8| -0000670
5| -0.000958
10| -0.001464
11| -0.001942
12| -0.002009
13| -0.002365

| ‘ (LRFD 5.8.342-2)



Step 3 If &, < 0, use other equation. Thus,

neg; =

My pos.

dy.
]

+ 0_5-{’vuj - vpj‘}-r,ot[a i) - Aps_t Too

2- -::KEcljeamf' Ac+Ep Aps_f‘.j |

(LRFD 5.8.3.4.2-3)

AE;‘;‘j =iffgy < 0.negj.axl“|
A 1/

1 1
1 -0.000064 1 -0.000064
2 -0.000054 2 -0.000054
3 -0.000053 3 -0.000053
4 -0.000040 4 -0.000040
] -0.000026 5 -0.000026
neq = 6 -0.000018 5y = B -0.000018
7 -0.000017 7 -0.000017
8 -0.000018 8 -0.000018
g -0.000026 9 -0.000026
10| -0.000040 10( -0.000040
11| -0.000053 11| -0.000053
12| -0.000054 12| -0.000054
13| -0.000064 13| -0.000064

Step 4: Now, knowing vifc and e,, a new value of 6 can be looked up in LRFD Table
£5.8.3.4.2-1. This procedure has been automated below using a double interpolation procedure.

Table 1: LRFD Table 5.8.3.4.2-1. Vector C is the column headings (s,), vector R is the row
headings (v/f'c), 6, are the & values, and B, are the B values corresponding to the & values.



a="1.7

Ly

pj = LB{C. &, -1000)
\ ] J

gj = UB|"C.exj-'lUUD",

R

{0.075)

| 0.100
0.125
|0.150
0.175
| 0.200
0.225

10.250

LE(vector, value) ==

(223
18.1
19.9
218
232
24.7
26.1

\27.9

204
204
219
233
247
26.1
273
28.6

G =

(6.32
|2.79
318
| 288
273
[263
253
(2.39

4.75
3.38
299
279
2.66
2.59
245
2.39

B

je=1

LB «1

imax < last(vector)

while value > vector;
Je]+1
LBej—1

break it j> jmax

LB
1 1

1| 2 1] 3
2 2 2 3
3| 2 al 3
4 3 4| 4
5 3 5 4
6| 3 6 4

p= q=
RE 7| 4
8| 3 B 4
9| 3 g 4
0] a3 0] 4
1| 2 B
12] 2 12| 3
13[ 2 13| 3

210
214
228
242
255
26.7
279
291

4.10
3.24
2.94
2.78
2.65
2.52
242
2.33

21.8
225
237
25.0
26.2
27 .4
285
29.7

24.3
24.9
25.9
26.9
28.0
29.0
30.0
30.6

26.6
271
279
28.8
297
30.6
30.8
31.3

30.5
30.8
31.4
32.1
327
328
32.3
328

3.75
3.14
2.87
272
2.60
2.51
240
233

3.24
291
2.74
2.60
2.52
243
2.34
212

294
273
2.62
2.52
2.44
2.37
2.14
1.93

2.59
2.50
242
2.36
2.28
2.14
1.86
1.70

UB(vector, valug) =

Kay = LB(R. V1)

I = UB(R.v_fgj)
Kq

337 364 408 43.9)
340 367 408 431
344 37.0 410 432
349 373 405 42.8
352 36.8 397 422
345 36.1 392 417
340 357 388 414
343 358 386 412)
238 223 195 167
232 218 193 169
226 213 190 167
221 208 182 161
214 196 171 154
194 173 161 147
173 164 1.51 1.39
1.58 1.50 1.38 1.29)
je1

UB « 1

Imax < 1ast{vector)
while value > vector;
J«i+1
UB « |
break It | 2 jmax

uB

W | | D | k| L] R =
| N || | W] M=

w

-
{om]
—
-
[=]

-
—
—
=2
-

Y
(%]
—
[y
o~ ]

—
ol
-
=
7]




J

B =i g =1. E!xlj:Dj:if p; = last(C)

‘lej,las:(Cj:’le.,p._ -

v_fe; - Rk1j ‘|
CP; = if| kq_ = 1;,0, -~
! R -Ry,
I I
1 1
1 20.83 1 20.83
2 20.95 2 2095
3 20.97 3 2097
4 2117 4 2117
5 21.39 5 21.39
. B 21.51 B 21.51
ba = Bp =
7 21.53 7 21.53
8 21.91 8 21.51
9 21.39 9 21.39
101 2117 1m0 2117
11 20597 11 2097
12 2095 12| 2095
13| 2083 13| 20.83

I

gy =1iflg;=1. E'Xk1j,p.*i pj = laSt(C}:exMJ,last[C}’E'xk1j.p. +

£, 1000 - C,

17

LY

c

\-C
| qjﬂl i

(€4-1000-C °
: .

]

]

— Bx,

Bi= 8+ CPJ--['ebJ_ - -aaj‘:I

CP -

1
1 0.000
2| 0.000
3| 0.000
4 | 0.000
5| 0.000
6 | 0.000
7| 0.000
8 | 0.000
9| 0.000
10| 0.000
11| 0.000
12| 0.000
13| 0.000

)
J,DJJJ_

—Bx )
a ™k o,
9 19

1

20.83

20.95

20.97

2117

21.39

21.91

21.53

L==T0 I I = N B T (R (P O

21.91

w

21.39

10

2117

11

20.97

12

20.95

13

20.83

Since the accuracy of the g values in LRFD Table 5.8.3.4.2-1 is only to the the 0.1 degree,
if the locked up value of 6 is not within 0.1 degrees of the value from the previous trial (the
assumed value for the first trial), then ancther iteration should be performed.




Trial 2: Recalculate £, using the new value of 8 calculated in the previous trial:

ML.I.DOS]- ) i MLI.DOS- . }
+0.5(Vy —Vp |-cot| 6;-deg) — Aps & -Too + 0.5V, —Vp |-cot| 8j-deg) - Aps -Too
v N BT =7 ™ dy [ A A : I
] ]
= D80, = 7 \
oy 2 Ep"‘ﬁ‘ps_ftj 2'-:_ Echeamf A¢ + Ep'Aps_ﬂj J
([0.0027)
= min c, =iflg, <0.neg.z, | i = LB(C,z,-1000) i = UB(C.g, -1000)
N Lo ‘ ‘ oy = T B 9i-%x ) i (&% ) el LB )
1 1 1
1 -0.000059 1 2 1 3
2 -0.000050 2 2 2 3
3 -0.000048 3 3 3 4
4 -0.000033 4 3 4 4
5 -0.000020 5 3 5 4
6 -0.000013 6 3 6 4
Ex = p= q=
T -0.000014 T 3 7 4
8 -0.000013 8 3 8 4
9 -0.000020 9 3 9 4
10| -0.000033 10 3 10 4
11 -0.000048 11 3 11 4
12 -0.000050 12 2 12 3
13 -0.000059 13 2 13 3
[ (#-1000-C, ) Tl
) . Iy .
6. =iflq;=1,6% Jf pi = lastiC), 6x .. Bx + -[ B — % |
Ry [ |-<1].=Dj i k1J.,Iast{C.u k1].,|3j Cq. —c, |-. Kﬂj,qj k1j.pj;| I
L ] i Al
[ __sx_-mcm—cp
1 i \
Gy =ift g =1.6%  .iff pj = last(C). &x (- O | -|"ex — X |
ng | IJ. .pj Ij Jast{C) Ij . DJ. | |' Cq. | - Cp. | Ij :qj IJ. ,DJ.J
4 1/ ]

v_fej - ['RMJ_ :I
CP;=iflky =1.0, — 6; =64 +CPj-(8p — 65 )
T TR SRy AT T )

i

]



20.90
21.00
21.04
21.27
21.48
21.
21.58
21.59
2148
21.27
21.04
21.00
20.90

)]
[£=]

oI
o
I

B =

L0u = T Y e N R Y = P I ) Y

—_
(=]

-
==

—
%]

—
(=]

1 20.90
2| 21.00
3| 21.04
4 | 21.27
5| 2148
6| 2159
7| 21.58
8| 2159
9| 21.48
10| 21.27
11| 21.04
12| 21.00
13| 20.90

CP =

1
1 0.000
2| 0.000
3| 0.000
4 ( 0.000
5 ( 0.000
6 ( 0.000
7 0.000
8 ( 0.000
9| 0.000
10( 0.000
11| 0.000
12| 0.000
13| 0.000

With & now known, the correspanding value of B can now be interpclated:

J

|3|Jj = i q = -1\|3:<|i_pjtif pj = 'aSt(C}'Exlj.last{C]-Ex|j,ni +

Bj=Pa +CPj-[Bp - ﬁa.z'l
] ool 1/

L==]
ol
Il

Ba =110y = .1‘Bxk1j-pi'if- P = laSt{C)‘Bxk‘lj-|ast{C]‘-3xk1j~l3- T

2090

21.00

21.04

2127

21.48

21.59

21.58

ol ~| @ || &) | M| =

21.59

w

21.48

[=]

21.27

==
-

21.04

b3

21.00

(%]

2090

[2,-1000-C,
| i j-"ﬁx - Bx
GGy U TR
J .
;"e-,\j--muo—cpj 3 .- ,\ ‘.
Ca; ™ %, (P50
1 1 1

1| 4.21 1] 4.21 1| 4.21
2| 410 2| 410 2| 410
3| 408 3| 408 3| 408
4| 398 4| 398 4| 398
5| 389 5| 3.89 5| 289
6| 384 By = 6| 3.84 B - 6| 384
7| 385 7| 385 7| 385
8| 384 8| 384 8| 384
9| 389 9| 389 5| 389
10| 398 10| 398 10| 2.98
11| 4.08 11| 4.08 11| 4.08
12| 4.10 12| 4.10 12| 4.10
13| 4.21 13| 4.21 13| 4.21




Locationj =

1 "0.0Ldes" 1 1
2 "Critical Section” 1] 209 1] 4.21
3 "0.1Ldes" 2| 210 2 410
2 "0.2Ldes" 3| 210 3| 408
5 '0.3Ldes" 4] 213 4| 398
B 0.dLdes” 5] 215 5| 389
7 :E:Ztg::;““dsmnp o_|8] 216 and 6| 8] 384
B 0 Tlaee 7| 218 7| 385
3 0BLdes" 8| 216 8| 3.84
0 0 9Ldes 9| 215 9| 389
11 "Critical Section” 101 213 10| 3098
12 "1.0Ldes" 1] 210 11| 4.08
13 12 210 12| 4.10
13| 209 13| 4.21
Compute ¥V and V, : J=1.13
Vi, Vi |
ch = 0.031B-Bj-\ﬁ-\fﬁ-bv-dvi (LRFD 5.8.3.3-3) Vs =i D—:— ch —vp_j > 0.¢—VJ - vcj - vpj.u.1 |
1 1 1 1
1| 896 1] 2236 1| 00 1] 01
2| 795 2| 2177 2| 00 2| 01
3| 776 3| 2164 3| oo 3| 01
4| 653 4| 2114 4{ 00 14| 01
5| 526 5| 2064 5| 00 5] 01
Vo = 6| 397] Voo 6| 2040| Vo - 6] 00| Veo 6] 01]
7| 269 7| 2042 7| 00 7| 01
8| 397 8| 2040 3| 00 8| 0.1
9| 526 9| 2064 3| 00 9| 0.1
10| 853 0] 2114 10| oo 10| o1
11| 776 11| 2168 11| 00 1| 01
12| 795 12| 2177 12| 00 12| 01
13| 901 13] 2236 13| 00 13| 01




Regions NOT Requiring Transverse Reinforcement

ReSiStyn = 0.5:0y(V + Vp)

Resisty,i, =

1 1
1 100.6424 1 8§9.6331
2 97.9548 2| 79.5481
3 97.5399 3| T77.6072
4 95.1194 4| 65.3235
5 92.8966 5| 52.6139
6 91.7879 K Vy = 6| 39.6968
7 91.8752 7| 26.9231
8 91.7881 8| 39.6968
9 92.8976 9| 526139
10 95.1194 10] 65.3235
11 97.5404 11 77.5954
12 97.9548 12] 79.5481
13| 100.8042 13| 90.1051

(LRFD 5.8.2.4)



Assuming two vertical legs of No. 16M (#5 bars) stirrups,

Vg
] -2
Ay =——— - 2.0.31in
I fydy-cot{6j-deg] Spag; = e
I V.
I
1 1
1 5.56-104 1 133745
2 5.59-10% 2 13302.0
3 5.60-10-4 i 132756
4 5.67-104 4 13117.0
=] 5.73-10% 5 129743
[ 5.77-104 il'l2 6 129042
Ay = — Spac = in
T 5.76-104 ft 7 12909.7
a 577-104 8 12904 2
9 573104 9 12974 4
10| 567-104 10 13117.0
11 5.60-104 11 132756
12 5.59-10% 12 13302.0
13 5.56-104 13 13373 4
Check minimum transverse reinforcement:
b -2
- by in
Ay_min = 0.0316-[ ¢ ksrr— Ay min = 0.??34?

Y

Check maximum stirrup spacing:

Vepe = 0.125-Tp-by-dy

Max_spag == ir['vuj < vspcj,ir['o_a-uvj < 24-in,D_B-dvj:24-in::..if_::'0.4.dvj < 12-in,0_4.dvj_ 12.in‘:;.‘:;.

Max_spag; -= if[ Max_spagj < s_wmm,I\.-lax_spacj_slawmm]

1 1
1 5353 1 9.6
2 5353 2 9.6
3 5353 3 9.6
4 5353 4 96
5 5353 5 96
Vspe = 6| 95353 k Max_spac = 6| 96 in
7 5353 7 96
8 5353 8 96
9 5353 9 96
10| 5353 10| 96
11 5353 11| 96
12| 5353 12| 9.6
13| 5353 13| 9.6

{max stirrup spacing)

0.62. in2
SAvmin =
W_min

A

(LRFD C5.8.3.3-1)

(LRFD 5.8.2.5-1)

Saymin = 9.61n

(LRFD 5.8.2.7)



fmax_sp_v; =

Max_spag; if f_Spacj > Max_spagj) A |"VUJ_ > Resistminj\',

999in otherwise

Spag if {Spacj < Max_spacj:] ” [' \fuj > Resistminj‘:I

-

h

1

1 999.0

2 999.0

3 999.0

4 999.0
final max stirrup spacing 0| 9990 location from end
based on all criteria ==>  fmax_sp v = 6| 9990 in of beam == %_end =

7 999.0

8 999.0

g 999.0

10| 999.0

11 999.0

12| 999.0

13| 999.0

Check Longitudinal Reinforcement:

LRFD requires that the longitudinal steel be checked at all locations along the girder. This requirement is made to

(LRFD 5.8.3.5)

x_end; = if:l.j = 1_xf1

+

LO\-‘F - LEIES

1
1 0.58
2 250
3 3.13
4 5.68
3 8.23
6 10.78
7 13.33
8 15.688
2 16.43
10| 20.98
11 23.53
12| 2417
13| 26.08

ft

ensure that the longitudinal reinforcement is sufficient to develop the required tension tie which is required for

equilibrium. Equation 5.8.3.5-1 is the general equation, applicable at all sections. However, for the special case

of the inside edge of bearing at simple-end supports, the longitudinal reinforcement must be able to resist a

tensile force of (V /¢ - 0.5V, -V )cot(s). Note that when pretensioned strands are used to develop this force, only

a portion of the full prestress force may be available near the support due to partial transfer. Additionally, only

those strands on the flexural tension side of the member contribute to the tension tie force.

Ly

Lbm ; \
xrj + Tg + ycgj- cot{8;-deg)
TF) = it X+
60-dgyr i
hmg / \
Lowr — xrj + + ycgj-cot{ 8-deg)

60 dsy

1.0 otherwise

mg . \
P ycgj-cotl‘ﬂj-deg_j < 60-dgyy

Lbrng

it Loy — X +——— + Yeg -COt{ 6j-deg) < 60-dgy
] I ' ’

TF =

1
1 0.729
2 1.000
3 1.000
4 1.000
] 1.000
6 1.000
T 1.000
8 1.000
2] 1.000
10 1.000
11| 1.000
12| 1.000
13| 0.729




[Vu

Trans_Fac; == if{ TF; < 1.TFj. 1) F|__Drwj = Trans_Facj-NADS_m-Astmnd-fpe FL_requ. = \CI—VJ— O.S-VSJ - ij .-cot{lej-deg]
1 1 1
1| 0729 1 318.6 1| 2607
2 1.000 2 4373 2 230.1
3 1.000 3 4373 3 2241
4 1.000 4| 4373 4 186.3
5 1.000 5 4373 5 148.4
Trans._Fac— 6 1.000 FL prov = 6 4373 K FL roqd = 6 111.3 K
7 1.000 T 4373 7 78.5
8 1.000 8 4373 8 111.3
9 1.000 9| 4373 9 148.4
10 1.000 10| 437.3 10| 18863
11| 1.000 11| 4373 11| 2240
12 1.000 12| 4373 12| 2301
13| 0.729 13| 3186 13| 2621
X 1
Stalus_\’,j = if( FL_mVJ_ > FL_reqdj,"OK" ,"NG"’} 11T ok
2| "OK"
3| "ok
41 "OK"
5| "ok"
Status_V) = 6| oK
7| "ok
8| "OKk"
9| "ok"
10| "OK"
11| "OK"
12| "OK"
13| "OK"




Interface Shear:

The ability to transfer shear across the interface between the top of the precast beam and
the cast-in-place deck must be checked. This check falls under the interface shear or
shear friction section of LRFD {5.8.4).

Applied Factored Shear: 1

1.5
1.3
1.2
0.9
0.6
0.3
0.0
0.3
0.6
0.9
1.2
1.3
1.5

2
DCZ&DW - Agappca = 372.6in YieDca = 9.31n tspcz = 6.0in

tspcz

VarmDC2 = YieDC2 — Yarmpc2 = 6.31n

33
Qpca2 = AslabDC2 YarmDC2 QOpcz = 2.343334 =10 in

Vu_coms-DCEj = 1-25'Vbarrierj +1 -5'Vwcj Vu_compDC2 =

Wl | ®| ;| & W M| =

—
=]

ey
=

-
k3

=y
(]

LL&FWS -  Aggyy = 373in° Ve = 9310 ty = 6.0in 6E

ty 59.6

YarmLL = YtelL ———— YarmLL = B.31n

9 59.1

51.5

33
QuL = AglabLL-YarmLL Qp = 2.343534 = 10 in 434

35.1

V =15V +1.75:V, W =
u_compLL j fwsj L L]. u_complLL 569

@~ @ | & L] M=

35.1

9| 434

10( 515

11 591

12| 59.6

13| 67.0




Strength Approach:

Vu_cnmpDCZJ + Vu_compLLj

Vuh_s. =
5 dy -by
I

Vuh s =

149

133

132

114

9.6

77

59

77

Wl oo| || ;| & | | =

9.6

—
(=]

114

-
=

132

=y
ha

133

=y
w

15.0

]

Nominal Shear Resistance of the Interface (Capacity):

[ Wl
W= CApy + B AyrTy + F'c_]

Assume normal density concrete

and interface is roughened:

Acy = bp- 1.0t

c = 0.1-ksi
AR

2
Agy = 57610

L=1.00

Vuh_s.
]

by

""nh_reqdj =

po=10%L

Vnh_reqd =

Since there is no permanent net compressive stress pormal to shear plane, P, = 0.

The required amount of horizontal shear steel is thus:

Ayt =
i u-fy

0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1

W || ] W] k| =

—
(=]

-
iy

-
]

-
w

Unh_reqdj'Aw —-CAgy

.2
n

(per ft)

A =i Ay < 0.0, A
ooy = T = T

1
1] 165
2| 148
3| 147
4| 127
5| 107
6| 86| K
7] 65| 2
8| 86
9| 107
0] 127
1] 146
12| 148
13| 166

(LRFD 5.8.4.1-1)
(LRFD 5.8.4.2)



Check Maximum Allowable Shear:

Vih_max = 17(0.2-fer Agy < 0.8-Ag, ksi.0.2-fp-Ag,. 0.8-Ag, ks

Vnh_max = 460.8k Vnh_reqdj = Unh_reqdj'Acv
1
1 66.1
2 591
3 58.6
4 50.9
5| 427
6 34.4
Vnh_reqd = 7 562 k
8 344
9| 427
10| 50.9
11| 586
12| 591
13| 66.6

Check Minimum Steel:

(LRFD 5.8.4.1-2,3)

StatUS_Vuh_maxj = if{,\"rnh_reqdj < Vnh_max- "OK" -"NG"\::.

Status Vi max =

0.05-ksi-by1.0-t 5 _ _
Ayt min = —Y Ayt min = 0.48in {per ft)
¥
Required Honzontal Shear Reinforcement:
Vnh_re-qdj » » . . .
ij = A—w @MT = |T|:. Avfj < A.‘,f_mm_ If'\A"'Wj < 0.1-ksi ,Avrj_ Aﬁ_min;:__Avfj‘]
7 1

] 1147 1 048

5 1026 2 0.48

3 018 3 0.48

I 283 4 0.00

5 740 5 0.00

P I X Ay = j EEE i (per ft)

7 45.4 i

5 597 8 0.00

5 712 9 0.00

10 88,3 10| 0.00

” 1017 11| 048

12| 1026 12| 048

13| 1155 13] 048

TOK"

TOK"

"OK"

TOK"

TOK"

"OK"

TOK"

TOK"

W | D] | &) b=

"OK"

-
=

TOK"

=
=

TOK"

-
k2

TOK"

-
w

TOK"

(LRFD 5.8.4.1-4)



1
1 155
2 15.5
3 155
4 240
5 240
Spacy, = f | A =0V Ay < 0.31in2::|.2.0-ﬂ= -::TJ- Spacyy, = ? Ejg in
| 2031in° | ¢ el
9 240
10| 240
11| 155
121 155
13| 155
Final Stirrup Spacing Based on Vertical and Horizontal Shear:
Max_Spac,,j = if[ fmax_sp_v; = Spachvj.fmax_sp_vj. Spachvj |
1 1
1 155 1 0.58
2 15.5 2 2.50
3 155 3 313
4| 240 4 568
max stirrup : E:E Ecs;i:;t?: end z 13?:
spacing === Max_Spac, = _ in x_end = ; ft
7 240 7 13.33
8 240 8 15.88
9 240 9 16.43
10| 240 10| 20.98
11 15.5 11| 23.53
12 155 12| 2417
13| 155 13| 26.08

Note: Consider Bursting and Confinement Requirements at ends of beam.

Bursting == Reqd _bars=0.38 ﬂ =3.0in (Assumes Double #5 Stirrups)
- 4

Confinement ==  Not less than No. 10M bars at a spacing of not more than & in shall be
placed within 1.5d of the end of the girder. These bars shall be shaped fo
enclose the strands.

Note 2: Use, at most, the maximum required spacing for vertical shear a distance three tenths of the
beam length from its ends (past DL contraflexure point) to account for the effects of negative moment
regions.



Camber and Deflection:

Frestress farce at release
Modulus of elasticity at release
Modulus of elasticity at erection
Eccentricity @ end of beam

Eccentricity @ mid span
Difference &' = eccy - eccy

Moment of inertia, beam anly

Moment of inertia, comp section for DC2
Design length of beam

Distance from end of beam to hold-down point

FCI multiplier for prestress at erection

FCI multiplier for beam weight at erection

Upward camber due to prestress alone

.2
2 e fx
Pre | eCCy-Lges |\ rﬁJ
Apg = -
Egpr! 8 6
at erection,

Aps er = Aps-Cyq

Deflection due to weight of beam alone

4

A 9-Wep Ldes

App = —
m 384.-E|

at erection, Apm_er = Apm-C2

Initial camber Camber = Aps_er+ Bpm_er

initial camber >

Deflection due to dead load

4 [ \ 4
5-wy-Lees 5 Wiwe + Wp)-Ldes

Ags = -
384-Egpeamt ! 384-Ecpeamt lepe2

estimated dead load deflection >

Residual camber

residual camber >

R_Camber = Camber + Aye

Prg = 477.4K

Eqi = 3683.5ksi

E cheamf = 4225.1Ksi
eccqy = 2.4in

eccy =24in
g'=00in
| = 8399 in‘1
.4
lepcz = 325071In
Ldes = 25.500 ft

X = 107833 it
(5

£0
.
w

La2=183

Aps = 0.41n

Aps er = 0.81n

.n'lhm =-0.2in

Apm_er=—0.3in

Camber = 0.3in

Ags =-02in

R_Camber =0.2in



Desigh Summary

Bridge Number:

Bridge_no = "13004"

Description: Description = "Special PS Section for Center Span w/Restraining Moments"
Beam: Section = "MAIN" fo = 6300 psi Ty = 4500 psi
Span: Loyr = 26.667 ft Ldes = 25.500 ft
Bridge: Ng=13 S =6.000 1t Widthgn = 2.410 1t
Strand/Rebar: Strand,, = "0.5in" dgir = 0.510n Pull =075 fy,=270ksi f, = 60ksi
Dep_Frac =0 Dep_Pt=0583ft (distance measured from end of beam)
Approximate Beam Weight: Beam_wt = 10.6ton
Strand Pattern:
(o (0.0 (07 (0.0
i} 0.0 0 00
0 0.0 0 0.0 No_Strands = 16
|0 0.0 0 0.0 Veng = 3.01in
0 0.0 0 0.0 Yonig = 3.0in
EPat n=|0 EPat_h=|0.0 |in MPat n=|0 MPat_h=|0.0 |in
|o 0.0 0 0.0
0 0.0 0 0.0 Afpr = 23.8ksl
|0 0.0 0 0.0 %Loss = 11.78
8 4.0 8 4.0 Ps = 437.3K
\8) 20/ \8) \20
End Pattern Mid Pattern
Design Results
Service Limit State
top bottom
1 1
1 -28.0 1 274.8
2 123.1 2 8709
3| 2155 3 8722
4 523.9 4 5368.3
5 757.0 5 267.3
final: fiit pos = : 23?:? P Taliow_fol = 3900.0 psi Tiib pos = ? 12:2 Taow_ft = —484.4 psi
8 896.8 8 105.4
9 757.0 9 2674
10| 5235 10( 5383
11| 2155 11| &72.2
12| 1231 12| 8709
13| -279 13| 2748




1 1
1| 106 1| 2728
2| 291 2| 11834
3| 742 3| 11442
4| 2284 4| 10103
5| 3385 5| 9146
release: = |01 40451 noi fiow = —5.0912 107 psi = e 8721 nei faiow rc = 2700.0psi
7| 4267 - 7| 8381 -
8| 4046 8| 8572
9| 3385 9| o146
10| 2284 10| 10103
1| 742 11| 11842
12| 291 12| 11834
13| 106 13| 2728
1 1 1 1
1] 223 1] 7137 1| 206 1| 0200
2] o917 2| 7137 2| 1220 2| 0200
3| 1100 3| 7137 3| 1464 3| 0200
4| 2176 4| 7137 4| 2894 4| 0200
Strength Limit State 51 3176 51 7137 5] 4225 5| 0200
Mapoe < 2L 3772 om[B] T7] o g o[B8 07) oy ¢ g _[B] 0200
7| 3931 7| 7137 7] 5228 7| 0200
8| 3772 8| 7137 8| 5017 8| 0200
9| 3176 9| 7137 9| 4224 9| 0200
0] 2176 0] 7137 10| 2894 10| 0200
1| 1100 1| 7137 11| 1464 11| 0200
12 917 12| 7137 12| 1220 12| 0200
13| 223 13| 7137 13| 296 13| 0200
c_dp limit = 0.42
1 1 1 1
1| 896 1| 000 1| 9990 1| o058
2| 795 2| 0.00 2| 9990 2| 250
3| 776 3| 0.00 3| 9990 3| 3.13
4| 653 4| 0.00 4| 9990 4| 568
5| 526 5] 000 5| 999.0 5] 823
Vertical Shear Vy = 6| 397 k A= 6| 000 l fmax_sp_v = 5 999.0 x_end = 6 10.78
7| 269 7| ooo| ft 7| 999.0 7| 1333
8| 397 8| 0.00 8| 9990 8| 1588
9| 526 9| 0.00 5| 9990 9| 1843
10| 653 10| 000 10| 9990 10| 2098
M| 776 11| 0.00 11| 999.0 11| 23.53
12 795 12 000 12| 9990 12| 2417
13 901 13| 000 13| 9990 13| 26.08




1 1
1 6E6.1 1 0.5
2 59.1 2| 05
3 58.6 3| 05
4 50.9 4| 00
5| 427 5| 00
Horizontal Shear Vih_regd = B 3441 Ag= 6] 00
- 7| 262 7| 00
8 344 8| 00
9| 427 9| 00
101 509 100 0.0
11| 588 11| 035
12| 591 12| 0.5
13| 668 13| 0.5
Vih_max = 460.8k
Anchorage Steel Pr=19.1k As_anchor = 0.95in°
Camber and Deflection
initial camber = Camber = 0.34in
estimated dead load deflection > Agg = —0.16in
residual camber > R_Camber = 0.17in

Fortions Copyright @ 1998 Roy L. Eriksson

1
1 15.5
2 15.5
3 15.5
4 240
5 24.0
m2 Spacy, - 6 240
7 240
8 240
9 240
10| 240
11| 135
12| 155
13| 135
E =3.0in
4

0.58

2.50

3.13

5.68

8.23

in x_end =

10.78

13.33

15.88

18.43

20.98

23.53

2417

S =] =] =
S R T e A RS R T

26.08

Reqd bars = 0.8




B.2 Design of Reinfor cement within Negative Moment Region

Sheet No: 1/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

Interior Strip Design

NOTE: Concrete slab will be designad based on a 1-foot strip width.

Custom Units

k = 1000-1b psf = l-E pef = l-E ORIGIN = 1
i’ &
ksi = LDOD-I—L?2 ksf = lDlJ'O-l—b2 kef = 1000-1—1;
in ft ft
General Input
Loyt = 22.0ft  length of outer spans fo = 4ksi concrete strength at 28 days
Lip == 27.0ft length of inner spans f" = 60ksi rebar yield strength
ts = 18.0in structural slab thickness E = 29000ksi rebar modulus of elasticity
Dyg := 0in overlay thickness n=28 steel-concrete modular ratio
b= 12mn design width =09 flexural resistance factor
= 130_£ crack width parameter (severe exposure)
mn
Service Moments (From BTBeam) Fatigue Moments (From BTBeam)
Mpcy = —1.9k-ft Service DL Moment Mfat_max — —230k-ft Max Fatigue Moment
Mrp = —-19.9k fi Service LL Moment Miat_min = 1.32k-ft Min Fatigue Moment
Mpgw = —59.7k-ft Restraining Moment
Reinforcement
Al = 1_991'112 R/F area over piers (#8's @ 4") A'y = 0,79,',12 R/F area in spans (#8's @ 12")
Sp = 4in R/F spacing over piers Sp3 = 12in R/F spacing in spans
Thar = 0.5in R/F radius over piers fhar3 == 0.5in R/F radius in spans
Ay = 1.39in2 R/F area in transition (~#8's @ 6")
Spo = 6in ~RJF spacing in transition
Thar? == 0.5in R/F radius in transition

coverygp = 3.0m  clear cover to top bar



[) Strength Design
1) Flexure

My = 1.25-Mpcr + 1.75-Myp1 + 1.0-Mgayg

d = 15 — coverggp — Tpar

( AGE )
My = Ay, d - :
R T ‘

Statuspp px = if([0My] 2 [y 70K "NO GooD" )

$-M n

PR flexure =
: My

I1) Service Limit Checks
1) Crack Contrel

Mgepqy = L.LO-Mpeo + 1.0Myp7 + 1.0-Mpayg

* Calculate location of crack ignoring compression steel

Sheet No: 2/14
Bridge MNo: 13004
Made By: KRH/JMF
Date: 4/4/2006

M, = —96.900 k-t

d=145001m

My - 129716 k-fi
¢-My = 116 744 k-ft

Statuspp gy = "OK"

PR flexure = 1.205

Mery = —81 500 k-ft

By simply taking moments of the steel and concrete areas about the bottom of the crack, the

following equation is obtained:
Coan 1

b |- ag@-0=0

Transform steel area into concrete area

R 2
A =1990in"
AT = A'gn A'yT = 15.920in"

Solve the guadratic equation:
i 1
AL
.3
m
P
Coefs = [A ‘,T}-—z
in

(b 1

X = if(polymot';((foefs]l < O_pol}-‘roots[(ioef‘:)g-iu,polyroor';[(foefs)1-1.r1:]

x=5016m

(full negative moment reinforcement)

polvroots(Coefs) = |

(% is the depth of uncracked concrete from the bottom of the slab)

(=7.670')
\ 5.016 )



Sheet No: 3/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

* Calculate cracked moment of inertia ignoring compression steel

Icr= + AT(d - %)’ IcR = 1936.760 in?

« Negative Moment Steel Stress
Mgery-(d — x)

gst T = T (With transformed steel area) o5t T=—4.789 lesi

Calculate actual steel stress

Tgt'= Ogt TN Ogt = —38.312ks1

* Negative moment limiting stress 57.34

de = if(covertop + Dys = 2mn, coverpgp + Dys + thar. 210 + Tbar)

de = 250010 (extreme tension fiber to cener of bar)
A
A= [:Q-dc-Sp} - T (Area of concrete with same centroid as
tensile reinforcement around each bar)
A= 1‘3‘.2151'112
Iz z :
fiq = if| 1 < 0.6f. X 064 foa = 35.762 kst
3 3
(dea) (dc-a)
StatuscR = if (| fsa| = |sst| ."OK" ,"NO GOOD" Statuscg = "NO GOOD"
fSEI
PReri= |— PRqr = 0.933
Gt

This check fails because of the restraint moment at the pier. The true magnitude of the this moment is
uncertain, and indications are that this moment is usually overestimated. "Proposed Revisions to the
AASHTO LRFD Bridge Design Specifications on the subject of Precast/Prestressed Concrete Girders
Made Continuous for Live Load," Section C5.14.1.2 7b (see attached) states that:

« " _fhe consequences of negative restraint moments on these bridges are not generally as for positive
moments.”
« " _itis questionable whether negative moments due to differential shrinkage form to the extent

predicted by analysis" (Shrinkage was used in the analysis to obtain the moments that were used
in the above analysis.)

« " _designers should be aware that these [published] methods [for computing restraint moments]
may overestimate the restraint moments - both positive and negative."

For this structure, the effect of negative restraint moments has been accounted for to a reasonable
extent by placing #8's @ 4" over the pier. The crack control check still fails by 9.3%, but based on
guidance from the proposed code and engineering judgement, it is believed that restraint moments
{which control) will not develop to the extent predicted. Therefore, the Crack Control Check is OK.



Sheet No: 4/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

2) Minumum Reinforcement

57332
a) Calculate M,
+ Modulus of Rupture
fr = 024 Poksi fr = 0.480 ksi 54286
+ Gross Moment of Inertia and Cracking Moment
1 4
Ige = F-b-133 I = 5832.000 in4
tg :
Vo= — v = 90001
2
fr-Igr
Mepi= — Mg = 25920 ft k
b) Determine limits
limityyig == ([ 1.2-Mcf| < [1.33:My|, [12M].|1.33-My )
limityin = 31.104 k-fi
c) Moment capacities with steel used (ignoring compression steel)
-y = 116.744 k-ft
Statusyqy = 1f{|¢-Mn| 2 |lmityy | ."OK" ,"NOT OK" ) Statuspmy = "OK"
3) Maximum Reinforcement
a) Determine g,
~ [ fe ksi |
P1:=085-]005] ——4— B1=0.850
\ kst ksi )
b) Check Negative Reinforcement
AIS'f‘r' .
C=—— c=3443m
B1-0.85-fb
e
Statusyay = if| E =042 "OK" ,"NOT OK" Statuspray = "OK"
\
lll) Fatigue Limit Checks 5531

2) Negative Reinforcement

a) Calculate Fmin using .‘g

(Mpc2 + MRM + 2.0-Mgat_min)-¥
Smin = - o = Omin = —1092ksi  5.5.3.1
T

0.095- [ fe-kst = 0.190 kst




Sheet No: 5/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

b) oy, exceeds 0.19 ksi tension so use [ to calculate £,

[\'MDcz + MRM + Mfat_min)-(d — %)

fmin == " if omin < 0-ksi A |Gn:jn‘ > 0.095-, [fo-kst
CR
(Mpc2 + MRy + Mat_min)-(¥) .
otherwise
Igr

fpin = —3.542 ksi

¢) Transform Stress

fmin T = fmin'0 fnin T = —28.336ksi

d) Calculate g, using I,

(Mpc2 + MRM + 2.0-Mge max)y ,
Tmax = ~ . === Omax = —1.448ksi 5531
Gr

0.095-,f-ks1 = 0.190 ks1

&) 0, eXxceeds 0.19 ksi tension so use I, to calculate ' ..

(Mpea + MRM + Mt max)-(d — )

fnax = if opay < 0-ksin |Gmax| > 0.095- [ fkst
Icr
(Mpc2 + MRM + Mat_max) (¥)
otherwise
Ige
fax = —4.107 ksi
f) Transform Stress
fmax T = fmaxn fmax T = —32.859 kst
g) Stress Range
Range = fipaxy T~ fmin T Range = —4.522 ksi

h) Calculate Maximum Allowable Stress Range
fpo= 21ksi — 0.33-f5 T + 8-(0.3)ksi fr=32.751ksi 5532

StatuspAT = ifI: |Range| < |ff| J'OK" ,"NOT OK" } StatusFaAT = "OK"

NOTE: Additional fatigue checks must be made when bars are
terminated.



Sheet No: 6/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

IV) Bar Cutoffs
1) Calculate_Strength Capacity in Negative Moment Regions, Ignore Compression Steel

= Strength Capacity with Negative Moment Steel Over Piers

A,

M= p-Algfy|d- ———— My = 116744 k-0
! Y1 2.085f.b) 2

= Strength Capacity with Negative Moment Steel in Transition Regions

dy == tg — coveriop — Tpar? dy = 14.5001n
( A'gr-fy
gl
Mp = ¢-Alg-fy| dy — ——2— | My = 84.305 k-fi
s 2-0.85-fcb

= Strength Capacity with Negative Moment Steel in Span

d3 := t5 — coveriop — Thar3 d3 = 14.5001n

I Acr-fo

Aty
M= d-A'g3-fy-|d3 - ————
. ST 208580

Mp3 = 49.482 k-

|/
/

2) Calculate Service Capacity in Negative Moment Regions, Ilgnore Compression Steel

+ Service Capacity over Piers (based on service steel stress - 5.7.3.4)

fsa IcR
I\":[SEI".-'_\'I.'-KX = m |T\:]:seﬂhf_,3tx = 76.076 kf[|

= Service Capacity in Transition Region (based on service steel stress - 5.7.3.4)

Calulate I for the section ignoring compression steel (-Moment)

+ Calculate location of crack ignoring compression steel
By simply taking moments of the steel and concrete areas about the bottom of
the crack, the following equation is obtained:

.Ir. 2 \‘I [ ]

x| , .
b- 5 ) A'or(da-=x2):=0

{x I1s the depth of uncracked concrete from the top of the slab)



Sheet No: 7/14
Bridge No: 12004
Made By: KRH/JMF
Date: 4/4/2006

Transform steel area into concrete area

.

A= 1390 (area of negative reinforcement in span)
2

AT =14 Aoy = 1112010

Solve the quadratic equation:

) 1]
-(A'ordy)—
3
n
1 p .
Coefs .= Al — [ —6.193
NN (A1) .2 polyroots( Coefs) =| |
in 4339 )
(b1
L A 2 e’l- m .

Xy = if(pol}-‘roots((ioefa]l <0, pol}-‘roots((ioefs)j-in.pol}-‘mots(Coef&] l-in']

X7 =4339%m

+ Calculate cracked moment of inertia ignoring compression steel

'y
lcra= —5— +Aar(d- x3)
R
Iepy = 1474855
Maximum Negative Service Moment With Steel in Transition Regions
der = if[\-covermp + Dyys = 2m. coverggp + Dy + Thar2. 210 + r‘barz}
der=2.5001n (extreme tension fiber to cener of bar)

; 2 , _
Ay = (2:deSpy) — Trpap) (Area of concrete with same centroid as
tensile reinforcement around each bar)

Ay =29215in

o if — 2 < o.ﬁ-f},z#ﬁo_@f}. 57341
(dea-a0) (dea-an)

2 =31. 1
foa2 = 31.100 ks MeeryMAY = 76.076k fi

- farlero
MeerMAX2 = 7
(dy—=x3)n

MeerMAX2 = 47.025 k-fq




Sheet No: 8/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

= Service Capacity in Spans (based on service steel stress - 5.7.3.4)

Calulate I-p for the section ignoring compression steel (-Moment)

= Calculate location of crack ignoring compression steel

By simply taking moments of the steel and concrete areas about the bottom of

the crack, the following equation is obtained:
|

F,
|

X3~ | . ‘
b-T — A'gar(d3 —x3) =0

(x Is the depth of uncracked concrete from the top of the slab)

Transform steel area into concrete area

7
A3 =079 1" (area of negative reinforcement in span)
2
AT =n-A's3 A'3T = 6.3201n

Solve the quadratic equation:

) L1
_1,-‘31'531"‘13,]'—3

n
1 p \
Coefs = A — {4470
AN (4'537) o2 polvroots(Coefs) =| |
n w3417 )

(b1
L \ 2,'- i |

3= if(pol}-‘roots((ioefs]l < 0. polyroots(Coefs) ,-1n. polyroots{Coefs) l-inJ
x3=3417m

+ Calculate cracked moment of inertia ignoring compression steel

b Ir 3"I
.\Kj 4 v j 2
IRy = —— +A s37-(d3 — x3)

Irps = 935.890 in4
Maximum Negative Service Moment With Steel in Span

dey = if['tovermp + Dyyg < 21n. coverygp + Dyg + fhar3. 210 + Thar3)

de3 = 25001 (extreme tension fiber to cener of bar)



Sheet No: 9/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006

) 2 ) .
Az = (2-doSp3) — 7 tpar3 (Area of concrete with same centroid as
tensile reinforcement around each bar)

Aj = 59215in”

fiq3 = 1f] _z < D.G-fx.-.,#._o_s-fv 5.7.3.4-1
) W3 ) 3
(de3-Asz) (de3-43)
= 74 575 i
fa3 = 24373 kst MeeryMAX = 76.076k ft
f23-IcR3
MserMAXS = 7 MservMAX3 = 21.616 k-
(d3 - x3)-n
Summary of Capacities:
Strength Capacities Service Capacities (Based on Cracking)
M, = 116744 k-ft MeryMAX = 76076 k-ft
Mg = 84.305k-ft MaeryMAX? = 47.025k-fi
M3 = 49482 k-fi MaaryMAX3 = 21.616k-ft

Use the above capacities to draw capacity diagram in Excel.
3) Cut Locations
Cut locations may be governed by one of three criteria:

1) Location where STR-1 moment is equal to moment capacity of steel in span plus greatest of
(L/20, d, or 15*d,) [LRFD 5.11.1.2.1]

2) Location where steel in span is adequate for service requirements

3) Location where cut is at least one development length from peak moment

Moment capacities with minimum steel:

M3 = 49.482 k-t

Calculate required extension past theoretical cut:

L= if[‘ILout 2 Lin. Lout. Lin) L = 27.000 ft

dz = 14,5001



Sheet No: 10/14
Bridge No: 13004
Made By: KRH/(JMF
Date: 4/4/2006

dp2 = 2-Thar2

. L . .
dpy = 1.000 0 16.2001n dy = 14.5001n 15-dpp = 15.0001m

i L :
Cuteyt == max! E:dg, 15-dy2 ! Cuteygt = 16.2001

Use Excel Spreadsheet to determine cut locations based on the above 3 criteria.
4)Service Checks at Critical Cut Locations (Crack Control not checked since used for cutoffs)

a) Negative Reinforcement

 Check Fatigue of Continuing Bars
Moment values at max fatigue range

Mfat_max_cut =23.07k-ft Mfar_min_cut =-843kft

MDL_CLIT = 0.83k-ft

Calculate frn_ir- using Ii at mid span

(MpL cut + 2.0-M i ¥
_ 1 DL_cut fat_nnn_cur} ] £ = —0.297 ksi 55131

I

0.095- f-kst = 0.190 ks1

fmindoesn't exceeds 0.19 ksi tension but conservatively use |-p4 to calculate .

(Mp[ eyt + M ; (d3 - x
o DL_cut far_m.ln_cm) 53 3) fig = 1080 ksi

Icrs

Transform Stress

fmin T,= fminn finin T = —8.640ks1

Calculate f'5, Using lpoecr

Calulate I-p for the section ignoring compression steel (+Moment)
+« Calculate location of crack ignoring compression steel

By simply taking moments of the steel and concrete areas about the top of the
crack, the following equation is obtained:
o [
b'xpns_ 1 (d \ (x I1s the depth of uncracked
P 2"3“5' {dpos — Xpos) = 0 concrete from the top of the slab)

=



A= 0_&331‘112 assume 4-#9 bars for every 6 feet for +Mom R/F
Thar pos = 0-564m
COVerpot = 8.0

Transform steel area info concrete area

R
A, =0833in" (half positive reinforcement)
2
AT = Agn A.T=06.6641m
dpos = s — COVeIpor — Thar pos dpog = 9.4361m

Solve the quadratic equation:

| _‘ AsT-dpos ‘ _B—I
in
Coefs = | | lA.S]'\|- 1 (2584
AR 2 ) .2 polyroats{Coefs) = ‘ |
in | 2.028
|KE"|_L
-_ 2/ 1 J

Xpos = if['polyroot'a{Coefsjl <0 ,pol;-'roors[(i‘oefs),}-m,pol}-'roots{Coefs)l-in'}

Xpos = 2.028 in

» Calculate cracked moment of inertia ignoring compression steel

b- ' xp033f:' 1 , .2
IposCR = 3 + ~AgT(dpos - Xpos)

IposCR = 216218 in®

(MDL eur + l'Ifat_max_u:ur}' (Xpos — COVErtop,]

_ fnax = —1.289 ksi

]posCR

Transform Stress

= fpax D fpax T=-10312ks1

Sheet No: 11/14
Bridge No: 13004
Made By: KRH/JMF
Date: 4/4/2006



Sheet No: 12/14
Bridge No: 13004
Made By: KRH/JMF
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Stress Range
Range = fimin T — fmax T Range = 1.672 ks1

Calculate Maximum Allowable Stress Range

fp= 21ksi — 0.33-fipypn T + 8-(0.3) kst fr=26.251ksi 5532

StatusATen: = if(|Range| < |f."OK" ."NO GOOD" ) StatuspATent = "OK"

This check was very conservative as positive moment cracked section properties were used to
calculate the maximum steel stress. Since the bottom half of the section is prestressed, the

section properties calculated above are probably too conservative. However, the check works
with no problem so do not revise.

¢ Check Minimum Reinforcement

My_cut = —15.79ftk

M u_cut

$hly cut = My_cut My cut = Mp cut = —17.544 £tk

]
a) Determine limits

limiteyy = 1f( [1.2-Meg| < |1.33-My_cur| . |12 Mo . [133- My _cu)

limitey = 23.334 k-ft

b) Check Section

M3 = 49 482k ft

StatuspINeut = i |[Mg3| 2 |limity| . "OK” ,"NO GOOD" ) Statusymyegt = "OK"

¢ Check Maximum Reinforcement

A'Sg-f}.— .
Coqt=—"""" Cont = 1.367m
B1-0.85-f-b
[ cem _ )
StatuspaXcut = if d_ =042 "0K" ,"NO GOOD" StatuspfaXent = "OK"
93

A

The controlling cutoff location is OK so all other cut locations are OK by inspection.



V) Temperature and Shrinkage Steel

Minimum area of reinforcement in each direction to contral
temperature change and shrinkage cracking:

Ag gah = bty Ay glab = 216.0001in"
Ag slab
Ag2 0 11ksi =20
fy
Ag stab 2
Ag slab = 0.11kst Ag glabh = 0.3961n

7 -

g

Equally Distributed on Both Faces:

Ag slab .2
Asslah, = : Ag slab=0.198m

For Transverse T&S steel:
Use #5's at 12" (= 0.31 in2/ft) in span

VI) Distribution Reinforcement

Transverse load distribution steel must be provided on the bottom of the slab:

100+t 1004R )
if <50 %primary out = 21320
LUUI W LOTI.I o

50 otherwise

o - =
“eprimary_out -=

100/ : 10045 _ 0

Yoprimary_in = oprimary in = 19.245
y Lin Lin

[

50 otherwise

Use only the controlling percentage
Yaprimary = if | %eprimary out > %eprimary in- ¥eprimary out. Yeprimary in)

%primary = 21.320

Sheet No: 13/14
Bridge No: 13004

Made By: KRH/JMF

51082

5.14.4.1

Date: 4/4/2006

For this structure, the primary reinforcement consists of prestressing strands. Use the average prestressing
strand area per foot width of the bridge to calculate the required distribution steel. Look at a 6'-0" wide interior

section:

q
Agtrang == 0.153in" Dgtrand == 16 Wiegm = 6 ft
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Astrand Dstrand P

Aps = Aps = 0.408 in”

Wheam

Since the modulus of elasticities for mild reinforcement and prestressing strands are similar, the
above prestressing area will not be transformed.

IMain Reinforcing:

Aps = 0.408in"

L T -
oprimary .
Ag gr = L-Ape, A gr = 0.087 m‘2
- 100 -
#6's @ 12" (A, = 0.44in2/ft) are provided transversely near the bottom of the slab. From the above
calculations, this will be adequate for distribution.

Longitudinal Reinforcement Summary: Transverse Reinforcement Summary:
Over Piers => 1-#8 & 2-#7's per ft. width (4" sp) Top == #5's @ 12"
In Spans => #8's @ 12" Bottom => #6's @ 12"



Appendix C

| nstrumentation and Data Acquisition System Components



C.1 Instrumentation

The instrumentation of this bridge consisted of embedment strain gages and spot-
weldable strain gages. Both of these strain gages use the vibrating wire principle to obtain strain
measurements within the structure. A length of steel wire is tensioned between two end blocks
within the gage which expand and contract with the element (e.g., concrete, steel) altering the
tension in the steel wire. This change in tension is measured as a change in the resonant
frequency of vibration of the wire. Electromagnetic coils that are located close to the wire
provide the excitation and readout of the gage frequency. Portable read-outs or dataloggers used
in conjunction with these gages, provide the necessary voltage pulses to pluck the wire and
convert the measured frequencies so as to display or record the reading directly in microstrain
units.

C.1.1 Geokon® Model VCE-4200 Vibrating Wire Embedment Strain Gage

The Geokon® Model VCE-4200 Vibrating Wire (VW) Strain Gage is designed for long-
term strain measurements in mass concrete, for use in structures such as foundations, piles,
bridges, dams, containment vessels, tunnel liners, etc. This gage has an active gage length of 6
in. and a sensitivity of 1.0 microstrain. The temperature range for this gage is -20° C to 80° C.
Figure C.1 shows a diagram of the Model VCE-4200 Vibrating Wire Embedment Strain Gage
and its components. A photograph of this strain gage tied to reinforcement is provided in Figure
C.2.

C.1.2 Geokon® Model VW-4150 Vibrating Wire Spot-weldable Strain Gage

The VK-4150 VW Spot-weldable Strain Gage is designed for measuring strains on
structural steel members such as bridges, piles, tunnel linings, buildings, etc. This gage consists
of a VW gage element and integral coil assembly and has an active gage length of 2 in. and a
sensitivity of 1.0 microstrain. The temperature range for this gage is -20° C to 80° C. Figure C.3
shows a diagram of the Model VK-4150 Vibrating Wire Spot-weldable Strain Gage and its
components. A photograph of this strain gage installed on steel reinforcement is provided in
Figure C.4.

C.2 Data Acquisition System Components

C.2.1 CR-10X Measurement and Control M odule

The datalogger generally serves as the central processing unit of the data acquisition
system. Programs are downloaded into the CR-10X which enable it to read numerous different
electrical instruments. These programs control the type of measurements to be taken (i.e.,
temperature, vibrating wire strain), the frequency at which measurements are taken, and the
location where the collected data is to be stored (i.e., storage modules). Once a program is
downloaded into the datalogger it will continue to run that program until the datalogger is shut
off or a new program is downloaded in which case the previous program is erased. When the
datalogger is powered on it will run the latest program that was downloaded. All communication
with the datalogger, including the downloading of programs, was done using a computer via an
SC929 to RS-232 interface cable.



The CR-10X datalogger has 12 single-ended or 6 differential channels used to obtain
readings. It also has 8 ports that are used to control the operation of up to 8 AM 16/32 relay
multiplexers. The CR-10X requires 12 V of DC power provided by a PS100 12 V rechargeable
battery. The CR-10X supplies power to each of the peripherals connected to it. A photograph of
a CR-10X Measurement and Control Module is provided in Figure C.5.

C.2.2 AM 16/32 Relay M ultiplexer

The main function of a multiplexer is to increase the capacity of instruments that can be
read by each datalogger allowing the system to monitor an increased number of instruments.
The capacity of the AM 16/32 relay multiplexer depends primarily on the type of instrument to
be read. For the purpose of this project, each multiplexer had the capacity for 16 differential
sensors that require excitation, i.e., 16 VW strain gages, along with the differential thermistor of
each gage. Therefore using three multiplexers for each datalogger increased the capacity of each
datalogger to 48 VW strain gages and the capacity of the entire system to 96 VW strain gages.

The program that was downloaded to the datalogger controlled the data collection from
the multiplexer. The data was read from each channel of the multiplexer sequentially then the
process was repeated for the next multiplexer. The AM 16/32 multiplexer required 12 V of DC
power that was supplied by the datalogger. A photograph of an AM 16/32 relay multiplexer is
provided in Figure C.6.

C.2.3 AVW4 Vibrating Wire Interface

A VW interface is located between the multiplexers and the dataloggers in systems that
include VW sensors. These interfaces convert the strain and temperature measurements obtained
from the VW strain gage to single-ended measurements which can be read by a datalogger. The
AV W4 interface had the capacity to read four VW gages or four multiplexers with VW gages
attached to them.

The AVW4 VW interface required 5 V of power that was supplied by the datalogger. A
photograph of an AVW4 Vibrating Wire Interface is provided in Figure C.7.

C.24 SM16M Storage M odule

All of the data that the dataloggers collect was sent to the SM16M Storage Modules.
Each module could hold up to 8 million low-resolution data values. The use of these modules
allowed for more data storage and easier data retrieval than if the data was stored in the
dataloggers. The storage module would stop storing data in the case that the storage module had
become full and would not over-write old data. A photograph of an SM16M Storage Module is
provided in Figure C.8.

These storage modules required 5 V of DC power that was supplied through the SC12
cable that connected the storage module to the datalogger. All communication with the storage
modules from a computer, including data retrieval, was done using an SC532A to RS-232
interface cable along with LoggerNet software which was downloaded from the Campbell
Scientific, Inc. website (www.campbellscientific.com).



C.2.5PS100 12V DC Power Supply with Charging Regulator and Battery

The PS100 12 V DC Power Supply was used to supply 12 V of DC power to the
dataloggers. These batteries included a charging regulator. Long-term charging power was
supplied by a CSI Model 9591 AC transformer plugged into the permanent AC power source. A
photograph of a PS100 12 V Power Supply is provided in Figure C.9.

C.2.6 PC400 Software

The PC400 datalogger support software program was used to write programs and to
communicate with the dataloggers. One of the main features of this software was the EZSetup
Wizard which was used to setup the dataloggers. In addition, this software simplified the writing
and editing of programs with Short Cut, Edlog, and CRBasic programming tools. The programs
for this project were written using the Edlog tool. When using this tool, the user types in a
command and then fills in the variables (i.e, execution interval, delay, etc.). The programs that
were downloaded into the dataloggers at the beginning of the field testing to collect data are
provided in Appendix E of this report.

The minimum computer requirements for this software were a 300 MHz Pentium II
processor with 64 Mbytes of RAM and a screen resolution of 800x600. The recommended
operating systems were Windows® 98, NT, 2000, or XP.
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Figure C.1 Diagram of VCE-4200 VW Embedment Strain Gage

Figure C.2 Photograph of VCE-4200 VW Embedment Strain Gage tied to uncoated rebar
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Figure C.5 CR-10X M easurement and Control Module
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Figure C.9 PS100 12 V DC Power Supply with Charging Regulator and Battery
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D.1 Mn/DOT Bridge No. 13004 in Center City, MN

September 2, 2005- Friday
Charles Bl |, Catherine French, Carol Shield, Matthew Smith

All 21 precast sections of Stage 1 of the bridge construction were erected in-place during
the morning. The age of the precast sections ranged from 4 to 15 days when they were delivered
to the site. In the afternoon, once the precast sections were in place, 21 VW spot-weldable strain
gages were installed on the transverse hooks of the precast sections. Initially, difficulties were
encountered with properly welding the gages to the transverse hooks. It was determined that
these difficulties could be avoided by grinding a smooth flat surface for the welding pads of the
gages and grinding a groove for the coil between the flat surfaces for the welding pads.

September 6, 2005- Tuesday
Charles Béll 11, Scott Nesvold, Justin Ocel, Carol Shield

The iron workers were at the site to tie and place the reinforcement cages above the
longitudinal joints between adjacent precast sections as well as place the No. 8 bars above the
piers. In addition, the construction workers set up formwork for the CIP concrete railing. VW
spot-weldable strain gages were installed on the reinforcement cage after they were tied together
but prior to setting the cages in place above the longitudinal joints. After all of the gages were
installed on a reinforcement cage, the cage was dropped in place above the joint. The No. 8 bars
were set in place over the piers after the reinforcement cages were placed in the joints on both
the center and east spans. At this point gages were installed on the No. 8 bars. A total of ten
VW spot-weldable strain gages were installed on the longitudinal steel of the reinforcement cage
and the No. 8 bars above the piers on this day. Three gages could not be installed because one of
the reinforcement cages on the east span was not set in place above the joints and therefore the
No. 8 bars within this joint were not yet in place.



September 12, 2005- M onday
Charles Bell I, Paul Bergson, Justin Ocel, Carol Shield, Matthew Smith

The remaining 3 VW spot-weldable strain gages that could not be installed on Tuesday,
September 6, 2005 were installed on the No. 8 bar over the pier. In addition, five VW
embedment strain gages were installed directly above Joint #1 (Figure D.1). The portion of the
conduit that would be in the CIP concrete topping was erected in-place. Cables were run through
the conduit to the multiplexer boxes below the bridge deck. Four VW spot-weldable strain gages
were soldered to the cables within the conduit. Readings were taken and recorded for the gages
that were soldered to the cables on this day using a Geokon® GK-403 read-out box to ensure
they were working properly. The date of installation for each gage and the initial reading
obtained for each gage once the gage was soldered to a cable are provided in Tables D.1 through
D.3. The construction workers set up formwork for the construction joint along the center of the
bridge. Work was cut short due to inclement weather.

September 13, 2005- Tuesday
Charles Bell I, Paul Bergson, Cathy French, Carol Shield

Five VW embedment strain gages were installed in both Joints #2 and #3 (Figure D.1)
directly above the longitudinal joints. All of the gages that had been installed at the midspan of
the center span and the end and midspan of the east span were soldered to the cables that had
previously been run through the conduit. Readings were taken and recorded for the gages
soldered to the cables on this day using a Geokon® GK-403 read-out box to ensure they were
working properly. The construction workers set up the formwork for the deck at the ends of the
bridge.

September 15, 2006- Thursday
Charles Bell, Scott Nesvold, Brian Runzel, Carol Shield

Ten VW embedment strain gages were tied to the bottom of the longitudinal steel above
Joints #1, #2, and #3 (Figure D.1). Eighteen VW spot-weldable strain gages were installed on
the longitudinal deck steel at the midspan of both the center and eastern spans and adjacent to the
pier cap. A number of the longitudinal reinforcing bars had to be untied in order to rotate the
bars after the gages had been installed so that the gages were then located on the underside of the
bar. This was done to protect the gages during casting of the CIP concrete deck. Many of these
gages were soldered to the cables that had previously been run through the conduit. Readings
were taken and recorded for all gages soldered to the cables to date using a Geokon® GK-403
read-out box to ensure they were working properly. The construction workers finished setting up
formwork for the deck and worked on the formwork for the east approach panel. The iron
workers finished placing and tying the deck steel, including the bars that had to be untied, and
started to place and tie reinforcement for the east approach panel.
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September 16, 2005- Friday
Charles Bell 11, Carol Shield, Matthew Smith

One additional VW spot-weldable strain gage was installed on the longitudinal deck
steel. The remaining gages at the instrumented locations above Joints #1, #2, and #3 (Figure
D.1) were soldered to the cables that had previously been run through the conduit. In addition a
number of the gages that were installed near the pier caps had to be soldered to supplementary
cables to reach the multiplexer boxes. The wiring from the remaining gages was run down to the
multiplexer boxes. Readings were taken and recorded for all gages using a Geokon® GK-403
read-out box to ensure they were working properly. The boxes of the conduit that would be
covered with CIP concrete were closed and sealed using duct seal and mastic tape. The iron
workers finished placing and tying the reinforcement for the east approach panel.

September 19, 2005- M onday
Charles Bell |1, Matthew Smith

Readings were taken and recorded for all gages using a Geokon® GK-403 read-out box
to ensure they were working properly. The portions of the reinforcement that had been ground
during installation were painted with epoxy. The areas around the installed gages were painted
pink to bring them to the attention of the concrete workers during the concrete casting process.
The concrete workers poured and finished the concrete deck. Special attention was paid to the
areas surrounding instrumentation to make sure that vibration did not occur too close to the
gages. Readings were taken and recorded for all gages using a Geokon® GK-403 read-out box
after the concrete pour to ensure they were still working properly. All of the gages survived the
concrete pour. The age of the precast sections ranged from 32 to 21 days at the time the CIP
concrete of the deck was poured.

September 21, 2005- Wednesday
Charles Bell I1, Matthew Smith
Readings were taken and recorded using a Geokon® GK-403 read-out box between the
times of 1:30 and 2:30 pm.
September 23-26, 2005
Charles Bell I1, Matthew Smith
Readings were taken and recorded using a Geokon® GK-403 read-out box between the

times of 7:30 and &:30 am.

September 26, 2005- M onday
Charles Bell |1, Matthew Smith
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After readings were taken and recorded using a Geokon® GK-403 read-out box, cables
were run through the conduit from the multiplexer boxes to the cabinet that was used to
temporarily house the dataloggers near the abutment. The multiplexers were mounted on
plywood within the multiplexer boxes. The cables that were attached to the instruments were
stripped and then partially connected to the multiplexers.

September 27, 2005- Tuesday
Charles Bell 11, Matthew Smith

The remaining cables were connected to the multiplexers. The temporary cabinet was set
up and the multiplexer cables were connected to the dataloggers housed in the temporary cabinet.
Programs were downloaded to the dataloggers, but the dataloggers were not working properly.
Work was halted due to darkness.

September 28, 2005- Wednesday
Charles Bell |1, Matthew Smith

Modifications were made to the programs and connections to get the dataloggers working
properly. The readings obtained from the gages matched the readings taken through the
installation process using the Geokon® GK-403 read-out box. However, eight of the gages did
not record temperature readings.

November 18, 2005- Friday
Charles Bell Il, Matthew Smith

An effort was made to obtain temperature readings from the eight gages that were not
providing temperature readings. Five of the gages were fixed by adjusting the connection at the
multiplexers to ensure that there was not an electrical shortage. Three of the gages still did not
give temperature readings. The following gages were still not giving temperature readings: SJ1-
11-1, SJ2-5T-6, and SJ3-5T-1.
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TableD.1

Installation date and initial readingsfor all gagesinstalled between
September 2 and September 12, 2005

Date of Initial Strain Temp.
Gage # Date Installed Reading Reading (pg) | Reading (°C)
SJ1-5T-1 9/2/2005 9/12/2005 3180 19.9
SJ1-5T-2 9/2/2005 9/12/2005 2810 20.3
SJ1-5T-3 9/2/2005 9/12/2005 2678 20.0
SJ1-5T-4 9/2/2005 9/12/2005 2863 21.4
SJ1-5T-5 9/2/2005 9/13/2005 2420 20.4
SJ1-5T-6 9/2/2005 9/13/2005 2609 21.1
SJ1-5T-7 9/2/2005 9/13/2005 2408 20.7
SJ2-5T-1 9/2/2005 9/13/2005 4060 22.7
SJ2-5T-2 9/2/2005 9/13/2005 3201 22.7
SJ2-5T-3 9/2/2005 9/13/2005 3194 23.0
SJ2-5T-4 9/2/2005 9/13/2005 1453 23.7
SJ2-5T-5 9/2/2005 9/13/2005 2757 23.2
SJ2-5T-6 9/2/2005 9/13/2005 2012 25.5
SJ2-5T-7 9/2/2005 9/13/2005 3320 23.8
SJ3-5T-1 9/2/2005 9/13/2005 1243 23.6
SJ3-5T-2 9/2/2005 9/13/2005 3300 24.5
SJ3-5T-3 9/2/2005 9/13/2005 2992 24.3
SJ3-5T-4 9/2/2005 9/13/2005 3335 24.9
SJ3-5T-5 9/2/2005 9/13/2005 2793 24.6
SJ3-5T-6 9/2/2005 9/13/2005 2998 25.7
SJ3-5T-7 9/2/2005 9/13/2005 2372 25.4
SJ1-51-1 9/6/2005 9/13/2005 1956 24.9
SJ1-52-1 9/6/2005 9/13/2005 3226 25.9
SJ2-51-1 9/6/2005 9/13/2005 1739 314
SJ2-52-1 9/6/2005 9/13/2005 2201 29.3
SJ2-41-1 9/6/2005 9/13/2005 2683 25.4
SJ3-41-1 9/6/2005 9/16/2005 2486 26.0
SJ1-21-1 9/6/2005 9/13/2005 2492 27.3
SJ1-22-1 9/6/2005 9/13/2005 3308 27.5
SJ1-11-1 9/6/2005 9/13/2005 2907 25.6
SJ1-12-1 9/6/2005 9/13/2005 2624 26.8
SJ1-41-1 9/12/2005 9/13/2005 2795 24.9
SJ1-C1-1 9/12/2005 9/13/2005 2491 25.3
SJ1-31-1 9/12/2005 9/13/2005 3294 24.6
CJ1-51-1 9/12/2005 9/13/2005 2652 21.0
CJ1-51-2 9/12/2005 9/13/2005 2776 22.1
CJ1-51-3 9/12/2005 9/13/2005 2881 21.3
CJ1-51-4 9/12/2005 9/13/2005 2889 234
CJ1-51-5 9/12/2005 9/13/2005 2818 22.7




TableD.2 Installation date and initial readingsfor the VW embedment strain gages
installed between September 13 and September 15, 2005

Date of Initial Strain Temp.
Gage # Date Installed Reading Reading (pg) | Reading (°C)
CJ2-51-1 9/13/2005 9/13/2005 2908 22.7
CJ2-51-2 9/13/2005 9/13/2005 2848 24.7
CJ2-51-3 9/13/2005 9/13/2005 2913 25.0
CJ2-51-4 9/13/2005 9/13/2005 2921 27.1
CJ2-51-5 9/13/2005 9/13/2005 2855 25.5
CJ3-51-1 9/13/2005 9/13/2005 2915 24.6
CJ3-51-2 9/13/2005 9/13/2005 2828 25.7
CJ3-51-3 9/13/2005 9/13/2005 2771 25.9
CJ3-51-4 9/13/2005 9/13/2005 2895 26.0
CJ3-51-5 9/13/2005 9/13/2005 2858 25.6
CJ1-53-1 9/15/2005 9/15/2005 2897 22.7
CJ1-53-2 9/15/2005 9/15/2005 2878 23.6
CJ1-53-3 9/15/2005 9/15/2005 2804 23.1
CJ1-53-4 9/15/2005 9/15/2005 2797 23.8
CJ1-53-5 9/15/2005 9/15/2005 2661 23.2
CJ1-53-6 9/15/2005 9/15/2005 2938 23.8
CJ1-53-7 9/15/2005 9/15/2005 2787 23.8
CJ1-53-8 9/15/2005 9/15/2005 2822 23.7
CJ1-53-9 9/15/2005 9/15/2005 2965 24.2
CJ1-53-10 9/15/2005 9/15/2005 2914 24.9
CJ2-53-1 9/15/2005 9/15/2005 2959 27.0
CJ2-53-2 9/15/2005 9/15/2005 2896 26.2
CJ2-53-3 9/15/2005 9/15/2005 2843 25.3
CJ2-53-4 9/15/2005 9/15/2005 2895 26.5
CJ2-53-5 9/15/2005 9/15/2005 2842 25.9
CJ2-53-6 9/15/2005 9/15/2005 2860 26.4
CJ2-53-7 9/15/2005 9/15/2005 2942 26.7
CJ2-53-8 9/15/2005 9/15/2005 2768 26.1
CJ2-53-9 9/15/2005 9/15/2005 2022 26.8
CJ2-53-10 9/15/2005 9/15/2005 2865 26.6
CJ3-53-1 9/15/2005 9/15/2005 2804 26.2
CJ3-53-2 9/15/2005 9/15/2005 2843 26.6
CJ3-53-3 9/15/2005 9/15/2005 2878 25.5
CJ3-53-4 9/15/2005 9/16/2005 2877 25.2
CJ3-53-5 9/15/2005 9/16/2005 2814 25.6
CJ3-53-6 9/15/2005 9/16/2005 2890 25.8
CJ3-53-7 9/15/2005 9/16/2005 2917 25.6
CJ3-53-8 9/15/2005 9/16/2005 2805 25.5
CJ3-53-9 9/15/2005 9/16/2005 2875 26.3
CJ3-53-10 9/15/2005 9/16/2005 2834 23.4
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TableD.3 Installation date and initial readingsfor the VW spot-weldable strain gages
installed between September 15 and September 16, 2005

Date of Initial Strain Temp.
Gage # Date Installed Reading Reading (pg) | Reading (°C)
SJ1-53-2 9/15/2005 9/15/2005 2827 25.8
SJ1-53-1 9/15/2005 9/15/2005 2726 26.2
SJ1-43-2 9/15/2005 9/15/2005 1995 24.9
SJ1-43-1 9/15/2005 9/15/2005 2801 27.8
SJ1-33-2 9/15/2005 9/15/2005 2120 25.6
SJ1-33-1 9/15/2005 9/15/2005 2988 27.5
SJ1-23-1 9/15/2005 9/15/2005 2731 26.0
SJ1-13-1 9/15/2005 9/15/2005 2287 26.6
SJ2-53-1 9/15/2005 9/15/2005 2616 27.6
SJ2-43-1 9/15/2005 9/16/2005 2697 28.6
SJ3-43-1 9/15/2005 9/16/2005 1965 26.4
SW1-43-1 9/15/2005 9/16/2005 3090 29.2
SW1-43-2 9/15/2005 9/16/2005 3083 28.8
SW1-43-3 9/15/2005 9/16/2005 2766 27.7
SW2-43-1 9/15/2005 9/16/2005 2902 27.0
SW2-43-2 9/15/2005 9/16/2005 3057 27.5
SW2-43-3 9/15/2005 9/16/2005 3144 26.6
SJ1-C3-1 9/15/2005 9/16/2005 2691 25.7
SJ1-C3-2 9/16/2005 9/16/2005 2541 28.3
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Appendix E

Datalogger Programs



E.1 Datalogger Programs

A program was downloaded into each CR-10X datalogger to administer the collection of
data. These programs controlled when data was collected, what type of reading was recorded
(i.e, temperature reading, strain reading, etc.), and where this data was stored. The programs that
were initially downloaded into the dataloggers instructed the dataloggers to take strain and
temperature readings from each strain gage every two hours and to store those readings in the
SM16M storage modules.

The programs of the two dataloggers differed slightly because of the number and order of
VW embedment and VW spot-weldable strain gages that were connected to each datalogger.
For instance, the program for Datalogger #1 starts with a loop that reads the gages connected to
Multiplexer #1, which were six VW embedment strain gages followed by ten VW spot-weldable
strain gages. In order to do this an inner loop must run six times to take readings from the six
VW embedment strain gages and after that is complete a second inner loop runs ten times to take
readings from the ten VW spot-weldable strain gages. At this point the program is done taking
readings from Multiplexer #1 and it is the end of that loop. Then a second loop starts that takes
readings from Multiplexer #2, but this multiplexer has a different number of each gage
connected to it and they are in a different order, therefore the inner loops must be modified to
read the correct sequence of gages. The program for Datalogger #1 is annotated below to
explain the loops in more detail.

E.1.1 Datalogger #1

The first command tells the program
how often to take readings. The
;{CR10X}

maximum execution interval is 7200
> seconds.
*Table 1 Program

01: 7200.0 Execution Interval (seconds)

. This starts the loop for Multiplexer #1.
;Multiplexer 1 “Set Port 1 High” tells the datalogger
to open Port 1 which is the where the
I: Do (P86) | reset wire from Multiplexer #1

1:41  Set Port 1 High connects to Datalogger #1.

;Embedment

2: Beginning of Loop (P87)  —|
1: 0000  Delay
2:6 Loop Count

This starts the inner loop for VW
embedment strain gages. The loop
count is set at 6 because there are 6 VW
embedment strain gages connected to
Channels 1 through 6 of Multiplexer #1.

3: Do (P86) Port 2 is where the clock wire from
1: 72 Pulse Port 2 i i
— | Multiplexer #1 is connected to Datalogger #1.
The pulse repeatedly changes the channel on
the multiplexer so as to read each gage.
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; 20ms Pause

W N =T

O NN WP —D

L0 U AW~

O I U AW — ]

Excitation with Delay (P22) —

o1 Ex Channel This command creates a 20 ms
: 10 Delay W/Ex (0.01 sec units) pause. This ensures sufficient
10 Delay After Ex (0.01 sec units) settling time for relay contacts.
: 0000 mV Excitation
This command tells the datalogger to
Excite-Delay (SE) (P4)<\ obtain a voltage reading for
1 Reps temperature from the first gage. It
215 2500 mV Fast Range stores that reading at the input
1 SE Channel location given in “Loc”. The
1 Excite all reps w/Exchan 1 multiplier puts the voltage reading in
1 Delay (0.01 sec units) the correct units to be converted to a
:2500 mV Excitation temperature reading. SE Channel 1 is
:1 - Loc[TMICE_1 ] the channel that the temperature
:.001  Multiplier wires from Multiplexer #1 are
:0.0  Offset connected to Datalogger #1.
Polynomial (P55)
o1 Reps ‘\ This command uses a polynomial to
:1 -—-XLoc[TMICE 1 ] convert the voltage reading obtained
:1 - F(X)Loc[ TMICE 1 ] above to a temperature reading and
:-104.78 CO then stores it back in the input
:378.11 C1 location in “Loc”. CO0-CS5 are the
1 -611.59 C2 constants used in the polynomial.
:544.27 C3
:-240.91 C4
:43.089 C5
Vibrating Wire (SE) (P28) This command tells the data logger to
I Reps “———— | obtain a reading from the VW
b3 SE Channel embedment strain gage. The
1 Excite all reps w/Exchan 1 multiplier is a gage factor that is used
4 Starting Freq. (100 HZ‘ units) to convert this reading to a strain
112 End Freq. (100 Hz units) reading in microstrain units. SE
1250 No. of Cycles . Channel 5 is where the gage wires
150 Rep Delay (0.01 sec units) from Multiplexer #1 are connected to
149 - Loc[MICE_1 ] Datalogger #1.
:3304  Multiplier




10: 0.0 Offset : '
This ends the inner loop for the VW embedment

-] strain gages connected to Multiplexer #1. After
8: End (P95) Datalogger #1 has performed this loop 6 times it
moves on to the next inner loop.

;Spot Weldable

This starts the inner loop for VW

9: Beginning of L P87 :
1: Ogg(l)nmrlljgei)ay 0op (P87) | spot-weldable strain gages. The loop

2:10  Loop Count count is set at 10 because there are 10
VW spot-weldable strain gages
connected to Channels 7 through 16
10: Do (P86) of Multiplexer #1.

1: 72 Pulse Port 2

;20ms Pause

11: Excitation with Delay (P22) <*—___ | This starts the inner loop for

1: 1 Ex Channel VW spot-weldable strain gages.
2:10  Delay W/Ex (0.01 sec units) The loop count is set at 10

3:10 Delay After Ex (0.01 sec units) because there are 10 VW spot-
4: 0000 mV Excitation weldable strain gages connected

to Channels 7 through 16 of
Multiplexer #1. The rest of this
12: Excite-Delay (SE) (P4) loop follows the same pattern as
1: 1 Reps the first inner loop.

2:15 2500 mV Fast Range

3:1 SE Channel

4:1 Excite all reps w/Exchan 1
5:1 Delay (0.01 sec units)

6: 2500 mV Excitation

7:7 --Loc[TMISW 1 ]
8:.001 Multiplier

9:0.0 Offset

13: Polynomial (P55)

I:1 Reps

7 --XLoc[ TMISW 1 ]
:7 --F(X)Loc[ TMISW 1 ]
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5



14: Vibrating Wire (SE) (P28)

1 Reps

:5 SE Channel

01 Excite all reps w/Exchan 1
14 Starting Freq. (100 Hz units)
:35  End Freq. (100 Hz units)
:250  No. of Cycles

:50  Rep Delay (0.01 sec units)

g ggl - Iﬂ/?sh[il\ﬁirs Wi The multiplier was changed
' p | because the gage factor for VW

10:0.0 Offset spot-weldable strain gages is
different from the embedment

15: End (P95) gages.
16: Do (P86) This ends the loop
1: 51 Set Port 1 Low «— | for Multiplexer #1.

:Multipl 2
;Multiplexer This starts the loop for

17: Do (P86) 4  Multiplexer #2.

1:43 Set Port 3 High

;Spot Weldable
This starts the inner loop to

18: Beginning of Loop (P87)4/ read the VW spot-weldable
1: 0000 Delay strain gages connected to
2:7 Loop Count channels 1 through 7 of
Multiplexer #2. The rest of
the program follows the same

19: Do (P86) pattern as the first loop, until
1: 74 Pulse Port 4 the end of the program.
;20ms Pause

20: Excitation with Delay (P22)

I:1 Ex Channel

2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)
4: 0000 mV Excitation

21: Excite-Delay (SE) (P4)



RN

1 Reps

15 2500 mV Fast Range

2 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
:2500 mV Excitation
:17 --Loc[ TM2SW 1 ]
:.001  Multiplier
:0.0  Offset

22: Polynomial (P55)

1
2
3
4
5:
6
7
8
9

1 Reps

217 --XLoc[ TM2SW 1 ]
:17 --F(X) Loc [ TM2SW 1 ]
:-104.78 CO

378.11 Cl1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

23: Vibrating Wire (SE) (P28)

1

2
3
4
5
6
7
8
9

1 Reps

16 SE Channel

1 Excite all reps w/Exchan 1
14 Starting Freq. (100 Hz units)
:35  End Freq. (100 Hz units)
:250  No. of Cycles

:50  Rep Delay (0.01 sec units)
:65 --Loc[M2SW 1 ]

:391  Multiplier

10: 0.0  Offset

24: End (P95)

;Embedment

25: Beginning of Loop (P87)
1: 0000 Delay

2:9

Loop Count

26: Do (P86)



1: 74 Pulse Port 4
;20ms Pause

27: Excitation with Delay (P22)

I:1 Ex Channel

2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)
4: 0000 mV Excitation

28: Excite-Delay (SE) (P4)

1 Reps

015 2500 mV Fast Range

2 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
:2500 mV Excitation

:24 --Loc[ TM2CE 1 |

:.001  Multiplier

:0.0  Offset

29: Polynomial (P55)
I:1 Reps

2:24 --XLoc[TM2CE 1 ]
3:24 --F(X)Loc[ TM2CE 1 ]
4:-104.78 CO

5:378.11 C1

6:-611.59 C2

7:544.27 C3

8:-240.91 C4

9:43.089 C5

30: Vibrating Wire (SE) (P28)

I:1 Reps

2:6 SE Channel

3:1 Excite all reps w/Exchan 1
4:4 Starting Freq. (100 Hz units)
5:12 End Freq. (100 Hz units)

6: 250  No. of Cycles

7:50  Rep Delay (0.01 sec units)
8:72 --Loc[M2CE 1 ]

9:3304 Multiplier



10: 0.0

Offset

31: End (P95)

32: Do (P86)
1:53 S

et Port 3 Low

;Multiplexer 3

33: Do (P86)
1: 45 S

et Port 5 High

;Embedment

34: Beginning of Loop (P87)
1: 0000  Delay
Loop Count

2:6

35: Do (P86)

1

176

Pulse Port 6

;20ms Pause

36: Excitation with Delay (P22)

1
2
3

|
: 10
: 10

Ex Channel
Delay W/Ex (0.01 sec units)
Delay After Ex (0.01 sec units)

4: 0000 mV Excitation

37:

1
2
3
4
5.
6
7
8
9

01
115
:3

01

01
12500
133
:.001
:0.0

Excite-Delay (SE) (P4)

Reps

2500 mV Fast Range

SE Channel

Excite all reps w/Exchan 1

Delay (0.01 sec units)
mV Excitation

--Loc [ TM3CE 1 |

Multiplier

Offset

38: Polynomial (P55)



1 Reps

:33 --XLoc[TM3CE 1 ]
:33 --F(X)Loc[ TM3CE 1 ]
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

39: Vibrating Wire (SE) (P28)
1 Reps
7 SE Channel
1 Excite all reps w/Exchan 1

1
2
3:
4:4 Starting Freq. (100 Hz units)
5:12 End Freq. (100 Hz units)

6: 250  No. of Cycles

7:50  Rep Delay (0.01 sec units)
8:81 --Loc[M3CE 1 ]

9:3304 Multiplier

10: 0.0  Offset

40: End (P95)
;Spot Weldable
41: Beginning of Loop (P87)

1: 0000  Delay
2:10  Loop Count

42: Do (P86)
1: 76 Pulse Port 6
;20ms Pause
43: Excitation with Delay (P22)

1:1 Ex Channel
2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)

4: 0000 mV Excitation

44: Excite-Delay (SE) (P4)



RN

45:

1:

O 001N L B~ W

46:

1:

2
3
4
5
6:
7
8
9

10:

1 Reps

15 2500 mV Fast Range

3 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
2500 mV Excitation

39 --Loc[ TM3SW 1 ]

.001  Multiplier

0.0  Offset

Polynomial (P55)
1 Reps

:39 --XULoc[TM3SW 1 ]
:39 --F(X)Loc[ TM3SW_1 ]
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

Vibrating Wire (SE) (P28)
1 Reps

7 SE Channel

1 Excite all reps w/Exchan 1
14 Starting Freq. (100 Hz units)
35  End Freq. (100 Hz units)
250  No. of Cycles
50  Rep Delay (0.01 sec units)
87 --Loc[M3SW 1 ]
391  Multiplier

0.0 Offset

47: End (P95)

48: Do (P86)

1: 55

49: Batt Voltage (P10)

1: 97

Set Port 5 Low

Loc [ Battery |

PR

This command tells the
program to take a battery
voltage reading.




50: Do (P86) This command tells
1: 10  Set Output Flag High (Flag 0) the datalogger to

prepare to send the
data to be stored.

51: Real Time (P77)*10788 —
1: 110  Day,Hour/Minute (midnight = 0000) This command prepares the

reading to be stored in its final
form with day and time

52: Resolution (P78) information.

I:1 High Resolution

53: Sample (P70)*1767
1:97  Reps
2:1 Loc [ TMICE 1 ]

54: Serial Out (P96) This command tells the
1: 71  Storage Module «—— | datalogger to send the
readings to the storage
module.

*Table 2 Program
02: 0.0000 Execution Interval (seconds)

*Table 3 Subroutines

End Program

-Input Locations-

ITMICE 1 522
2TMICE 2 910
3TMICE 3 910
4TMICE 4 910
STMICE 5 910
6 TMICE 6 910
7TMISW 1 922
8TMISW 2 910
9TMISW 3 910



10 TMISW 4
11 TMISW 5
12 TMISW 6
13 TMISW 7
14 TMISW 8
15 TMISW 9

16 TMISW 10 910

17 TM2SW 1
18 TM2SW 2
19 TM2SW 3
20 TM2SW 4
21 TM2SW 5
22 TM2SW 6
23 TM2SW 7
24 TM2CE_1
25 TM2CE 2
26 TM2CE 3
27 TM2CE 4
28 TM2CE 5
29 TM2CE 6
30 TM2CE 7
31 TM2CE 8
32 TM2CE 9
33 TM3CE _1
34 TM3CE 2
35 TM3CE 3
36 TM3CE 4
37 TM3CE 5
38 TM3CE 6
39 TM3SW 1
40 TM3SW 2
41 TM3SW 3
42 TM3SW 4
43 TM3SW 5
44 TM3SW 6
45 TM3SW 7
46 TM3SW 8
47 TM3SW 9

910
910
910
910
910
910

922
910
910
910
910
910
910
922
910
910
910
910
910
910
910
910
922
910
910
910
910
910
922
910
910
910
910
910
910
910
910

48 TM3CE_10 910

49 MICE 1
50 MICE 2
51 MICE 3
52 MICE 4
53 MICE_5
54 MICE 6
55 MISW _1

911
910
910
910
910
910
911



56 MISW 2
57 MISW 3
58 MISW 4
59 MISW 5
60 MISW_6
61 MISW 7
62 MISW 8
63 MISW 9
64 MISW 10
65 M2SW 1
66 M2SW 2
67 M2SW 3
68 M2SW 4
69 M2SW 5
70 M2SW _6
71 M2SW _7
72 M2CE_1
73 M2CE 2
74 M2CE_3
75 M2CE_4
76 M2CE 5
77 M2CE_6
78 M2CE 7
79 M2CE_8
80 M2CE 9
81 M3CE_1
82 M3CE 2
83 M3CE_3
84 M3CE_4
85 M3CE_5
86 M3CE_6
87 M3SW_1
88 M3SW 2
89 M3SW 3
90 M3SW _4
91 M3SW 5
92 M3SW _6
93 M3SW_7
94 M3SW _8
95 M3SW 9

96 M3SW_10 1710

910
910
910
910
910
910
910
910
910
911
910
910
910
910
910
910
911
910
910
910
910
910
910
910
910
911
910
910
910
910
910
911
910
910
910
910
910
910
910
910

97 Battery 101
-Program Security-

0000
0000
0000



-Mode 4-

-Final Storage Area 2-
0

-CR10X ID-

0

-CR10X Power Up-

3

-CR10X Compile Setting-
3

-CR10X RS-232 Setting-
-1

-DLD File Labels-

0

-Final Storage Labels-
0,Day RTM,10788
0,Hour Minute RTM
I,TMICE 1~1,1767
I,TMICE 2~2
I,TMICE 3~3
1,TMICE 4~4
I,TMICE 5~5
I,TMICE 6~6
IL,TMISW_1~7
I,TMISW 2~8
I,TM1ISW 3~9
1,TMISW_4~10
I,TMISW 5~11
1,TMISW_6~12
1,TMISW_7~13
1,TM1ISW_8~14
I,TMISW_9~15
1,TM1ISW _10~16
1,TM2SW_1~17
1,TM2SW_2~18
1,TM2SW _3~19
1,TM2SW_4~20
1,TM2SW_5~21
1,TM2SW_6~22
1,TM2SW_7~23
1,TM2CE_1~24
1,TM2CE_2~25
1,TM2CE 3~26
1,TM2CE_4~27
1,TM2CE 5~28
1,TM2CE 6~29
1,TM2CE 7~30



1,TM2CE_8~31
1,TM2CE_9~32
1,TM3CE_1~33
1,TM3CE_2~34
1,TM3CE_3~35
1,TM3CE_4~36
1,TM3CE_5~37
1,TM3CE_6~38
1,TM3SW_1~39
1,TM3SW_2~40
1,TM3SW 3~41
1,TM3SW_4~42
1,TM3SW_5~43
1,TM3SW_6~44
1,TM3SW_7~45
1,TM3SW_8~46
1,TM3SW_9~47

1,TM3CE_10~48

1,MICE_1~49
1,MICE_2~50
1,MICE 3~51
1,MICE_4~52
1,MICE 5~53
1,MICE_6~54
1,MISW_1~55
1,MISW 2~56
1,MISW 3~57
1,MISW 4~58
1,MISW 5~59
1,MISW_6~60
1,MISW_7~61
1,MISW 8~62
1,MISW 9~63
1,MISW_10~64
1,M2SW_1~65
1,M2SW _2~66
1,M2SW _3~67
1,M2SW_4~68
1,M2SW_5~69
1,M2SW_6~70
1,M2SW_7~71
1,M2CE_1~72
1,M2CE_2~73
1,M2CE_3~74
1,M2CE_4~75
1,M2CE_5~76



ILM2CE 6~77
ILM2CE 7~78
ILM2CE 8~79
1,M2CE 9~80
I,M3CE 1~81
I,M3CE 2~82
ILM3CE _3~83
1,M3CE 4~84
ILM3CE_5~85
ILM3CE 6~86
1,LM3SW_1~87
1,M3SW_2~88
1,LM3SW_3~89
1,LM3SW_4~90
1LM3SW_5~91
1,LM3SW_6~92
1,M3SW_7~93
1,LM3SW_8~94
1,M3SW_9-~95
1,LM3SW_10~96
1,Battery~97

E.1.2 Datalogger #2

:{CR10X}

*Table 1 Program
01: 7200  Execution Interval (seconds)

;Multiplexer 4
1: Do (P86)
1: 41 Set Port 1 High
;Spot Weldable
2: Beginning of Loop (P87)

1: 0000 Delay
2:7 Loop Count

3: Do (P86)
1: 72 Pulse Port 2



;20ms Pause

“ AW —F

A

O 001N DN B~ WK —

Excitation with Delay (P22)

1 Ex Channel

: 10 Delay W/Ex (0.01 sec units)
: 10 Delay After Ex (0.01 sec units)
: 0000 mV Excitation

Excite-Delay (SE) (P4)
1 Reps

015 2500 mV Fast Range

1 SE Channel
1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)

:2500 mV Excitation

1 --Loc[ TM4SW_1 ]
:.001  Multiplier

:0.0  Offset

Polynomial (P55)

1 Reps

1 - XLoc[TM4SW 1 ]
1 - F(X)Loc[ TM4SW_1 ]
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

: Vibrating Wire (SE) (P28)
I:1 Reps

2:5 SE Channel

3:1 Excite all reps w/Exchan 1

4: 14 Starting Freq. (100 Hz units)
3:
6
7
8
9

35  End Freq. (100 Hz units)

:250  No. of Cycles

:50  Rep Delay (0.01 sec units)
:49 --Loc[M4SW 1 ]

:391  Multiplier

10: 0.0  Offset



8: End (P95)

;Embedment

9: Beginning of Loop (P87)
1: 0000 Delay

2:9

Loop Count

10: Do (P86)

1

172 Pulse Port 2

; 20ms Pause

11: Excitation with Delay (P22)

1
2
3
4

01 Ex Channel

: 10 Delay W/Ex (0.01 sec units)

: 10 Delay After Ex (0.01 sec units)
: 0000 mV Excitation

12: Excite-Delay (SE) (P4)

1
2

wXRDLEW

01 Reps

015 2500 mV Fast Range

1 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
:2500 mV Excitation

8 -—-Loc[TMA4CE 1 ]

:.001  Multiplier

:0.0  Offset

13: Polynomial (P55)

1

1 Reps

:8 -—-XLoc[TM4CE 1 ]
:8 --F(X)Loc[ TM4CE 1 |
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5



14: Vibrating Wire (SE) (P28)

1:1 Reps

2:5 SE Channel

3:1 Excite all reps w/Exchan 1
4:4 Starting Freq. (100 Hz units)
5:12 End Freq. (100 Hz units)
6: 250  No. of Cycles

7:50  Rep Delay (0.01 sec units)
8:56 --Loc[M4CE 1 ]
9:3304 Multiplier

10: 0.0  Offset

15: End (P95)

16: Do (P86)
1: 51 Set Port 1 Low

;Multiplexer 5

17: Do (P86)
1:43 Set Port 3 High

;Embedment

18: Beginning of Loop (P87)
1: 0000  Delay
2:6 Loop Count

19: Do (P86)
1: 74 Pulse Port 4

;20ms Pause

20: Excitation with Delay (P22)

I:1 Ex Channel

2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)
4: 0000 mV Excitation

21: Excite-Delay (SE) (P4)
I:1 Reps
2:15 2500 mV Fast Range



22:
1 Reps

:17 --XLoc[ TMS5CE 1 ]
:17 --F(X) Loc [ TMSCE 1 ]
:-104.78 CO

1
2
3
4
5:
6
7
8
9

23:

1
2
3
4:
5:
6
7
8
9

10:

2 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
2500 mV Excitation

17 --Loc[ TMSCE 1 ]

.001  Multiplier

0.0  Offset

Polynomial (P55)

378.11 C1

:-611.59 C2
:544.27 C3
:-240.91 C4
:43.089 C5

Vibrating Wire (SE) (P28)
Reps

1
16 SE Channel
1

Excite all reps w/Exchan 1

4 Starting Freq. (100 Hz units)

12 End Freq. (100 Hz units)
250  No. of Cycles

50  Rep Delay (0.01 sec units)
65 --Loc[MS5SCE 1 ]

3304 Multiplier

0.0 Offset

24: End (P95)

;Spot Weldable

25: Beginning of Loop (P87)
1: 0000 Delay

2:10

26:

1:

Loop Count

Do (P86)
74 Pulse Port 4



;20ms Pause

27: Excitation with Delay (P22)

1
2
3
4

1 Ex Channel
: 10 Delay W/Ex (0.01 sec units)

: 10 Delay After Ex (0.01 sec units)

0000 mV Excitation

28: Excite-Delay (SE) (P4)

1
2
3
4
5.
6
7
8
9

1 Reps

015 2500 mV Fast Range

02 SE Channel

1 Excite all reps w/Exchan 1
1 Delay (0.01 sec units)
:2500 mV Excitation

:23  --Loc[ TM5SW 1 ]
:.001  Multiplier

:0.0  Offset

29: Polynomial (P55)

1
2
3
4
5:
6
7
8
9

1 Reps

023 --XLoc [ TM5SW 1 ]
:23 - F(X) Loc [ TM5SW 1 ]
:-104.78 CO

378.11 Cl1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

30: Vibrating Wire (SE) (P28)

1

2
3
4
5
6
7
8
9

1 Reps
6 SE Channel
1 Excite all reps w/Exchan 1

14 Starting Freq. (100 Hz units)
:35  End Freq. (100 Hz units)
:250  No. of Cycles

:50  Rep Delay (0.01 sec units)
:71 --Loc[M5SW 1 ]

:391  Multiplier

10: 0.0  Offset



31: End (P95)

32: Do (P86)
1: 53 Set Port 3 Low

;Multiplexer 6

33: Do (P86)
1: 45 Set Port 5 High

;Spot Weldable

34: Beginning of Loop (P87)
1: 0000 Delay
2:7 Loop Count

35: Do (P86)
1: 76 Pulse Port 6

;20ms Pause

36: Excitation with Delay (P22)

I:1 Ex Channel

2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)
4: 0000 mV Excitation

37: Excite-Delay (SE) (P4)

I:1 Reps

2:15 2500 mV Fast Range

3:3 SE Channel

4:1 Excite all reps w/Exchan 1
5:1 Delay (0.01 sec units)

6: 2500 mV Excitation

7:33 --Loc[ TM6SW 1 ]
8:.001 Multiplier

9:0.0 Offset

38: Polynomial (P55)

I:1 Reps

2:33 --XLoc[ TM6SW 1 ]
3:33 --F(X)Loc [ TM6SW 1 ]



:-104.78 CO
:378.11 C1
:-611.59 C2
:544.27 C3
:-240.91 C4
:43.089 C5

O 0 3O\ L

39: Vibrating Wire (SE) (P28)

I:1 Reps

2:7 SE Channel

3:1 Excite all reps w/Exchan 1
4: 14 Starting Freq. (100 Hz units)
5:35  End Freq. (100 Hz units)
6: 250  No. of Cycles

7:50  Rep Delay (0.01 sec units)
8:81 --Loc[ M6SW 1 |

9:391  Multiplier

10: 0.0  Offset

40: End (P95)
;Embedment

41: Beginning of Loop (P87)
1: 0000  Delay
2:9 Loop Count

42: Do (P86)
1: 76 Pulse Port 6

;20ms Pause

43: Excitation with Delay (P22)

I:1 Ex Channel

2:10  Delay W/Ex (0.01 sec units)

3: 10  Delay After Ex (0.01 sec units)
4: 0000 mV Excitation

44: Excite-Delay (SE) (P4)

1: 1 Reps

2:15 2500 mV Fast Range
3:3 SE Channel



4:1 Excite all reps w/Exchan 1
5:1 Delay (0.01 sec units)
6: 2500 mV Excitation

7:40 --Loc[ TM6CE 1 ]
8:.001 Multiplier
9:0.0 Offset

45: Polynomial (P55)

I:1 Reps

:40 --XLoc[TM6CE 1 ]
:40 --F(X) Loc[ TM6CE 1 ]
:-104.78 CO

:378.11 C1

:-611.59 C2

:544.27 C3

:-240.91 C4

:43.089 C5

O 00 1O\ L B W

46: Vibrating Wire (SE) (P28)
I:1 Reps

2:7 SE Channel

3:1 Excite all reps w/Exchan 1

4:4 Starting Freq. (100 Hz units)

5:12 End Freq. (100 Hz units)

6: 250  No. of Cycles

7:50  Rep Delay (0.01 sec units)
8:88 --Loc[ M6CE 1 ]

9:3304 Multiplier

10: 0.0  Offset

47: End (P95)
48: Do (P86)
1: 55 Set Port 5 Low

49: Batt Voltage (P10)
1: 97  Loc[ Battery ]

50: Do (P86)
1: 10 Set Output Flag High (Flag 0)



51: Real Time (P77)"10788
1: 110  Day,Hour/Minute (midnight = 0000)

52: Resolution (P78)
I:1 High Resolution

53: Sample (P70)*1767
1:97  Reps
2:1 Loc [ TM4SW 1 ]

54: Serial Out (P96)
1: 71 Storage Module

*Table 2 Program
02: 0.0000 Execution Interval (seconds)

*Table 3 Subroutines

End Program

-Input Locations-

1 TM4SW 1 122
2TM4SW 2 110
3TM4SW 3 110
4TM4SW 4 110
5TM4SW 5 110
6TM4SW 6 110
7TM4SW 7 110
8TM4CE 1 122

9TM4CE 2 110

I0TM4CE 3 110
I1TTM4CE 4 110
I12TM4CE 5 110
I3TM4CE 6 110
14TM4CE 7 110



15TM4CE 8 110
16 TM4CE 9 110
17TM5CE 1 122
18 TM5CE 2 110
19 TM5CE 3 110
20 TM5CE 4 110
21TM5CE 5 110
22 TM5CE 6 110
23 TM5SW 1 122
24 TM5SW 2 110
25 TM5SW 3 110
26 TM5SW 4 110
27 TM5SW 5 110
28 TM5SW 6 110
29 TM5SW 7 110
30 TM5SW 8 110
31 TM5SW 9 110
32 TM5SW 10 000
33 TM6SW 1 122
34 TM6SW 2 110
35 TM6SW 3 110
36 TM6SW 4 110
37 TM6SW 5 110
38 TM6SW 6 110
39 TH6SW 7 100
40 TM6CE 1 122
41 TM6CE 2 110
42 TM6CE 3 110
43 TM6CE 4 110
44 TM6CE 5 110
45 TM6CE 6 110
46 TM6CE 7 110
47 TM6CE 8 110
48 TM6CE 9 110
49M4ASW 1 111
S50M4SW 2 110
5IM4SW 3 110
52M4SW 4 110
53M4SW 5 110
54M4SW 6 110
55M4SW 7 000
56 M4CE 1 111
5TMA4CE 2 110
58 M4CE 3 110
S59MA4CE 4 110
60 M4CE 5 110



61 M4CE 6
62 M4CE_7
63 M4CE_8
64 M4CE_9
65 M5CE 1
66 M5CE 2
67 M5CE 3
68 M5CE_4
69 M5CE 5
70 M5CE_6
71 M5SW_1
72 M5SW 2
73 M5SW 3
74 M5SW_4
75 M5SW_5
76 M5SW_6
77 M5SW _7
78 M5SW_8
79 M5SW_9
80 M5SW_10
81 M6SW 1
82 M6SW 2
83 M6SW 3
84 M6SW 4
85 M6SW 5
86 M6SW 6
87 M6SW 7
88 M6CE_1
89 M6CE 2
90 M6CE_3
91 M6CE_4
92 M6CE_5
93 M6CE_6
94 M6CE_7
95 M6CE_8
96 M6CE_9

110
110
110
110
111
110
110
110
110
110
111
110
110
110
110
110
110
110
110
000
111
110
110
110
110
110
000
101
110
110
110
110
110
110
110
110

97 Battery 101
-Program Security-

0000
0000
0000
-Mode 4-

-Final Storage Area 2-

0
-CR10X ID-
0



-CR10X Power Up-
3

-CR10X Compile Setting-
3

-CR10X RS-232 Setting-
-1

-DLD File Labels-

0

-Final Storage Labels-
0,Day RTM,10788
0,Hour Minute RTM
1,TM4SW_1~1,1767
1,TM4SW_2~2
1,TM4SW_3~3
1,TM4SW_4~4
1,TM4SW_5~5
1,TM4SW_6~6
1,TM4SW_7~7
1,TM4CE 1~8
1,TM4CE 2~9
1,TM4CE 3~10
1,TM4CE 4~11
1,TM4CE_5~12
1,TM4CE 6~13
1,TM4CE_7~14
1,TM4CE_8~15
1,TM4CE 9~16
1,TMSCE 1~17
1,TMSCE 2~18
1,TM5CE 3~19
1,TMSCE 4~20
1,TMSCE 5~21
1,TMS5CE_6~22
1,TM5SW_1~23
1,TM5SW_2~24
1,TMS5SW_3~25
1,TM5SW_4~26
1,TMS5SW_5~27
1,TMS5SW_6~28
1,TMS5SW_7~29
1,TMS5SW_8~30
1,TM5SW_9~31
1,TM5SW_10~32
1,TM6SW_1~33
1,TM6SW_2~34
1,TM6SW_3~35



1,TM6SW _4~36
1,TM6SW_5~37
1,TM6SW_6~38
1,TH6SW_7~39
1,TM6CE_1~40
1,TM6CE_2~41
1,TM6CE_3~42
1,TM6CE_4~43
1,TM6CE_5~44
1,TM6CE_6~45
1,TM6CE_7~46
1,TM6CE_8~47
1,TM6CE_9~48
1,M4SW_1~49
1,M4SW_2~50
1,M4SW _3~51
1,M4SW_4~52
1,M4SW_5~53
1,M4SW_6~54
1,M4SW _7~55
1,M4CE_1~56
1,M4CE_2~57
1,M4CE_3~58
1,M4CE_4~59
1,M4CE_5~60
1,M4CE_6~61
1,M4CE_7~62
1,M4CE_8~63
1,M4CE_9~64
1,M5CE_1~65
1,M5CE_2~66
1,M5CE_3~67
1,M5CE_4~68
1,M5CE_5~69
1,M5CE_6~70
1,M5SW_1~71
1,M5SW 2~72
1,M5SW 3~73
1,M5SW _4~74
1,M5SW_5~75
1,M5SW_6~76
1,M5SW_7~77
1,M5SW_8~78
1,M5SW_9~79
1,M5SW_10~80
1,M6SW_1~81



1,LM6SW_2~82
1,M6SW_3~83
1,LM6SW_4~84
1,LM6SW_5~85
1,LM6SW_6~86
1,LM6SW_7~87
ILM6CE_1~88
1LM6CE 2~89
1,LM6CE_3~90
1,M6CE 4~91
ILM6CE 5~92
ILM6CE_6~93
ILM6CE_7~94
1,LM6CE_8~95
1,LM6CE _9~96
1,Battery~97
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