GEORGIA DOT RESEARCH PROJECT 21-04

Final Report

PRAGMATIC PRECAST/PRESTRESSED
GIRDER ACCEPTANCE CRITERIA

GD&

Georgia Department of Transportation

Office of Performance-based Management and Research
600 West Peachtree Street NW | Atlanta, GA 30308

July 2025




TECHNICAL REPORT DOCUMENTATION PAGE

1. Report No.: 2. Government Accession No.: [3. Recipient's Catalog No.:
FHWA-GA-25-2104 N/A N/A
4. Title and Subtitle: 5. Report Date:
Pragmatic Precast/Prestressed Girder Acceptance Criteria July 2025
6. Performing Organization Code:
N/A
7. Author(s): 8. Performing Organization Report No.:
Lauren Stewart (PI), Ph.D., P.E.; 21-04
Lawrence Kahn (coPI), Ph.D.;
Karl F. Meyer, Ph.D., P.E.;
Giovanni Loreto, Ph.D.; and
Ana K. Contreras, EIT
9. Performing Organization Name and Address: 10. Work Unit No.:
Georgia Institute of Technology N/A
Office of Sponsored Programs 11. Contract or Grant No.:
505 Tenth Street, NW PI# 00181720
Atlanta, Georgia 30332-0420
(404) 894-4819
12. Sponsoring Agency Name and Address: 13. Type of Report and Period Covered:
Georgia Department of Transportation (SPR) Final; March 2022 — July 2025
Office of Performance-based -
Management and Research 14. Sponsoring Agency Code:
600 West Peachtree St. NW N/A
Atlanta, GA 30308

15. Supplementary Notes:
Prepared in cooperation with the U.S. Department of Transportation, Federal Highway Administration.

16. Abstract:

This research addresses the lack of specific, quantitative guidelines within the Georgia Department of
Transportation’s (GDOT) Standard Operating Procedure 3 (SOP-3) for evaluating nonconforming
precast/prestressed concrete girders. SOP-3 currently provides general recommendations but does not offer
objective criteria for acceptance, repair, or rejection decisions, leading to inconsistent practices and project
delays. To improve decision-making and repair strategies, this study developed and validated a tiered acceptance
system tailored to GDOT’s materials and construction practices. The research involved a synthesis of national
guidelines, interviews with GDOT personnel and industry stakeholders, and full-scale experimental testing of
BT-54 girders with simulated nonconformance issues. Results showed that top flange repairs consistently
exceeded original girder strength, and bottom flange repairs were generally effective except in bearing zones,
where retensioning methods failed due to poor strand-concrete bonding. Reinforced repair surfaces demonstrated
strong adhesion and structural performance, reaching at least 95 percent of nominal moment capacity and

90 percent of nominal shear capacity. Recommendations include simplifying top flange repair procedures,
reconsidering the use of epoxy bonding agents, and adopting stainless steel anchorage materials for bottom
flange repairs. The study also suggests revisions to SOP-3 to include standardized repair procedures and calls for

future research on the long-term durability of repairs under service-like loading conditions.
17. Keywords: 18. Distribution Statement:
Precast, Prestressed, Nonconformance, Repair No Restriction
19. Security Classification (of this 20. Security Classification (of this 21. No. of Pages: |[22. Price:
report): page):
Unclassified Unclassified 352 Free

Form DOT 1700.7 (8-72) Reproduction of completed page authorized




GDOT Research Project 21-04
Final Report
PRAGMATIC PRECAST/PRESTRESSED GIRDER ACCEPTANCE CRITERIA

By
Lauren K. Stewart, Ph.D., P.E.
Professor, Georgia Institute of Technology

Lawrence Kahn, Ph.D., P.E.
Professor Emeritus, Georgia Institute of Technology

Karl F. Meyer, Ph.D., P.E.
Professor of the Practice, Georgia Institute of Technology

Giovanni Loreto, Ph.D.
Associate Professor, Kennesaw State University

Ana Karina Contreras
Graduate Research Assistant, Georgia Institute of Technology

Georgia Tech Research Corporation

Contract with
Georgia Department of Transportation

In cooperation with
U.S. Department of Transportation, Federal Highway Administration

July 2025

The contents of this report reflect the views of the authors, who are responsible for
the facts and accuracy of the data presented herein. The contents do not necessarily
reflect the official views or policies of the Georgia Department of Transportation or
the Federal Highway Administration. This report does not constitute a standard,
specification, or regulation.

i



SI* (MODERN METRIC) CONVERSION FACTORS

APPROXIMATE CONVERSIONS TO SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
in inches 25.4 millimeters mm
ft feet 0.305 meters m
yd yards 0.914 meters m
mi miles 1.61 kilometers km
AREA
in? square inches 645.2 square millimeters mm?
ft? square feet 0.093 square meters m?
yd? square yard 0.836 square meters m?
ac acres 0.405 hectares ha
mi? square miles 2.59 square kilometers km?
VOLUME
fl oz fluid ounces 29.57 milliliters mL
gal gallons 3.785 liters L
ft® cubic feet 0.028 cubic meters m®
yd® cubic yards 0.765 cubic meters m®
NOTE: volumes greater than 1000 L shall be shown in m®
MASS
0z ounces 28.35 grams g
Ib pounds 0.454 kilograms kg
T short tons (2000 Ib) 0.907 megagrams (or "metric ton") Mg (or "t")
TEMPERATURE (exact degrees)
°F Fahrenheit 5 (F-32)/9 Celsius C
or (F-32)/1.8
ILLUMINATION
fc foot-candles 10.76 lux Ix
fl foot-Lamberts 3.426 candela/m? cd/m?
FORCE and PRESSURE or STRESS
Ibf poundforce 4.45 newtons N
Ibf/in? poundforce per square inch 6.89 kilopascals kPa
APPROXIMATE CONVERSIONS FROM SI UNITS
Symbol When You Know Multiply By To Find Symbol
LENGTH
mm millimeters 0.039 inches in
m meters 3.28 feet ft
m meters 1.09 yards yd
km kilometers 0.621 miles mi
AREA
mm? square millimeters 0.0016 square inches in?
m? square meters 10.764 square feet ft?
m? square meters 1.195 square yards yd?
ha hectares 2.47 acres ac
km? square kilometers 0.386 square miles mi®
VOLUME
mL milliliters 0.034 fluid ounces fl oz
L liters 0.264 gallons gal
m® cubic meters 35.314 cubic feet ft*
m® cubic meters 1.307 cubic yards yd®
MASS
g grams 0.035 ounces oz
kg kilograms 2.202 pounds Ib
Mg (or "t") megagrams (or "metric ton") 1.103 short tons (2000 Ib) T
TEMPERATURE (exact degrees)
“C Celsius 1.8C+32 Fahrenheit °F
ILLUMINATION
Ix lux 0.0929 foot-candles fc
cd/m? candela/m’ 0.2919 foot-Lamberts fl
FORCE and PRESSURE or STRESS
N newtons 0.225 poundforce Ibf
kPa kilopascals 0.145 poundforce per square inch Ibf/in®

* Sl is the symbol for the International System of Units. Appropriate rounding should be made to comply with Section 4 of ASTM E380.
(Revised March 2003)
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EXECUTIVE SUMMARY

The Georgia Department of Transportation (GDOT) currently relies on Standard Operating
Procedure 3 (SOP-3) for the quality control and assurance of precast/prestressed concrete
girders. Although SOP-3 addresses general issues such as longitudinal cracking, shrinkage,
and alkali—silica reaction, it lacks specific, quantitative criteria for determining whether a
girder should be accepted, accepted with repairs, or rejected. This absence of clear
guidelines often leads to inconsistent decision-making, disputes between owners and

fabricators, and delays in project delivery.

To address these challenges, the research team developed and validated a tiered acceptance
system tailored to GDOT’s practices and materials. The study involved a comprehensive
review of national guidelines and unpublished research, interviews with GDOT personnel
and industry stakeholders, and full-scale experimental testing of BT-54 girders with
simulated nonconformance issues. The primary goal was to classify girders into three
categories—accept without repair, accept with repair, or reject—based on structural

performance and service life implications.

Experimental results demonstrated that top flange repairs performed exceptionally well,
often exceeding the strength of the original flanges. Bottom flange repairs were generally
effective, except in bearing zones where retensioning methods failed due to inadequate
bonding between strands and concrete. All reinforced repair surfaces, regardless of epoxy
coating, sustained loads equal to or greater than 95 percent of nominal moment capacity or

90 percent of nominal shear capacity.



Based on these findings, several recommendations are made. For top flange repairs, it is
advised to post-install straight reinforcing bars and bend them after epoxy anchoring,
simplifying the process. However, the use of epoxy bonding agents should be reconsidered,
as they were difficult to apply and did not improve bond strength in testing. For bottom
flange repairs, open-top access for concrete placement is preferred, and stainless-steel
anchors and wire are recommended for better performance. Self-consolidating concrete
(SCC) proved effective and is recommended for future use, whereas repair mortar was

found unsuitable for large or bottom-facing repairs.

The study also provided a draft preliminary guide to use in place of, or as a revision to,
SOP-3 that included standardized repair procedures for common nonconformance issues
based on the strength tests that were conducted in this research. Future research should
investigate the long-term durability of these repairs under cyclic and fatigue loading to

better simulate service conditions and ensure lasting performance.



CHAPTER 1. INTRODUCTION

MOTIVATION

Publications by the Precast/Prestressed Concrete Institute (PCI)," as well as several
departments of transportations (DOTs) across the country, provide guidelines with the
primary objective of establishing a user’s manual for the acceptance, repair, or rejection of
precast/prestressed concrete girders with many types of cracking. (See references 2, 3, 4,
and 5.) However, these guidelines are not specific to the practices and materials used in
Georgia. Currently, the Georgia Department of Transportation (GDOT) uses Standard
Operating Procedure 3 (SOP-3): Quality Control and Quality Assurance of
Precast/Prestressed Concrete Members and Structural Precast Concrete Members,
developed in 2014. In general, most of the SOP-3 document focuses on problems
associated with longitudinal cracking, shrinkage, temperature, and alkali—silica reaction.
SOP-3 is general and does not provide predetermined limits or an objective decision-

making tool to determine if a girder can be accepted, accepted with repairs, or rejected.

Because GDOT lacks pragmatic decision-making guidelines for precast/prestressed
concrete girders, decisions often lead to owner—fabricator disputes, increased time delays,
and acceptance of structural elements that are less than ideal. As a response, the main
objective of this research is to recommend a tiered acceptance system with specific limits
that can be used by GDOT and industry to determine the appropriate path for girders with
the most relevant nonconformance issues. To do this, the project focuses on the

investigation and quantification of common nonconformance issues in girders typically



encountered in GDOT projects and their effect on service life and ultimate strength of

members.

RELEVANT LITERATURE

Several documents address quality and nonconformance for both cosmetic and
noncosmetic girder issues. (See references 1, 2, 3, 4, 5, 6, and 7, and footnote 1). In 2006,
the PCI published the Manual for the Evaluation and Repair of Precast, Prestressed
Concrete Bridge Products'V’ (MNL-137), which aimed to achieve a greater degree of
uniformity among owners, engineers, and precast producers. The first edition of the PCI
MNL-137 in 2006 has been the standard. The manual has troubleshooting and repair
procedures depending on the location, orientation, and size of the nonconformance issue.
Specifically, the nonconformance issues addressed in the PCI MNL-137 regarding beams
include transverse cracks originating at the top of beams, vertical and diagonal cracks at
the bottom of beams, vertical through cracks in beams, horizontal end cracks in webs and
flanges, bottom flange cracks at beam ends, corner spalls or corner crack, partially cracked
top flanges, random honeycombing and voids, random top flange cracks, short projected
strand or rebar, and missing projected strand or rebar. The damaged prestressed members
fall into three categories: (1) products that can be accepted without repair, (2) products that
can be accepted with repair, and (3) products that must be rejected. In a later publication,

guidelines for the resolution of nonconformance were also addressed.”

Several DOTs across the country have published similar guidelines with the primary

objective of establishing a user’s manual for the acceptance, repair, or rejection of

!'Smith, J. (2020, September). Personal interview.



precast/prestressed concrete girders with many types of cracking. (See References 2, 3, 4,
and 5) These manuals are, primarily, the result of experience gained in the inspection of
precast/prestressed concrete products and include practices and procedures found to
produce satisfactory results. Currently, Georgia uses SOP-3 developed in 2014.¢) In
general, most of the SOP-3 document focuses on problems associated with longitudinal
cracking, shrinkage, temperature, and alkali—silica reaction. Further, SOP-3 provides a
general statement requiring submittal for approval of the damage and recommended repair
to the inspector. However, it does not provide guidelines or predetermined quantitative
limits for the inspector to determine objectively the acceptance, repair, or rejection of

damaged girders.

GDOT has funded previous related research by the principal investigators (PIs) of this
study. A multi-phase prior effort focused on developing finite element and cohesive zone
models that were able to predict the response of precast/prestressed girders that were
repaired by epoxy deposition. The researchers in that study designed and implemented
experiments to test epoxy-repaired concrete beams.® Additionally, the PIs published a
GDOT research report for a project that produced a draft SOP for introducing penalty and

other contracting mechanisms for inadequate concrete cover that reduced service life.

Various research programs, including those of the co-Pls, have used full-scale testing to
investigate the behavior of precast beams. Full-scale testing of concrete girders has also
been performed in other laboratories to measure flexural and shear capacity of concrete
beams.%!1:12) Multiple researchers performed large-scale testing to assess shear behavior

of prestressed concrete girders, loading with a single concentrated load to failure,!%!!12



and performed large-scale flexural testing of double-tee bridge beams conducting four-

point bending tests on the girders until failure.!®)

RESEARCH OBJECTIVES

This research combined academic literature as well as unpublished research, computational
and design models, GDOT personnel and repair contractor interviews, and experimental
investigations. From those sources, the research team recommends a tiered acceptance
system with specific limits for use by GDOT and industry to determine the appropriate
path for girders with the most relevant nonconformance issues. Specifically, the goal of
this research was to provide a guideline to classify commonly nonconforming girders into

three categories: accept without repairs, accept with repairs, and reject.
The objectives of this multi-university collaborative research were as follows:

* Objective 1. To collect and quantify the types and occurrences of girder
nonconformance in GDOT precast/prestressed bridge projects via interviews with

GDOT, contractors, and fabricators.

* Objective 2. To thoroughly review and synthesize quality requirements from other
state agencies as well as a wealth of unpublished research, utilizing the PIs’

networks within organizations.

* Objective 3. To utilize computational and design models, combined with full-scale
experimental investigations to determine tiered acceptance thresholds for the most
common nonconformance issues. This objective was facilitated through industry

cooperation, with fabricators providing nonconforming specimens for testing.



Objective 4. To assess which nonconformance issues are associated with possible
service life reduction, making contracting recommendations for appropriate

contracting structures (e.g., penalties) for nonconforming elements.

Objective 5. To summarize research findings in a pragmatic form by providing
recommendations and a clear roadmap for a tiered acceptance system via a draft

GDOT quality manual for precast/prestressed girders.

ORGANIZATION OF REPORT

Including this introductory chapter, this report is organized into 10 chapters, which

describe the work as follows:

Chapter 2 describes the design and construction of four full-scale BT-54 girder

specimens that were cast to include simulated typical nonconformance issues.

Chapter 3 details the repair techniques that were used to repair the simulated
nonconformance issues. Specifically, the chapter includes general repair
procedures, top flange repair procedures with serviceability validation experiments,
and five bottom flange repair procedures (including retensioning) with small-scale

validation tests.

Chapter 4 describes the full-scale experimental setups for tests that were developed

to isolate flexure, shear, and bond behaviors.

Chapter 5, chapter 6, chapter 7, and chapter 8 present the test results for each of the

four girders individually.



* Chapter 9 synthesizes the individual test data to provide a general discussion on the

findings.

* Finally, chapter 10 summarizes the research project by including conclusions,

recommendations, and draft guidelines.

A draft preliminary guide to use in place of, or as a revision to, SOP-3 that includes
standardized repair procedures for common nonconformance issues based on the strength

tests that were conducted in this research is provided in appendix K.

TEST NOMENCLATURE AND MATRIX

This research consists of four girder specimens (numbered 1 through 4) that are tested
multiple times in either shear or flexure to characterize various repairs that were placed
within the girder. The test number is formed by #.#.A, where the first number is the girder
number, the second number is the test number that was performed on that girder, and the
letter A is either “S” for a shear experiment or “F” for a flexure experiment. Within each
test, specific repair(s) are considered. Those are numbered as ##BCC, where the first
number is the girder number; the second number is the repair number within the girder (see
chapter 2); and the first letter, B, indicates whether the repair is on the “L” for left or “R”
for right side of the girder. The final two or three letters, CC, indicate the portion of the
structure being repaired: “BZ” for bearing zone, “TF” for top flange, “BF” for bottom

flange, and “TFE” for top flange end.

For example, 1.4F repair 1.3RTF would indicate that the fourth test of Girder 1 was a

flexure test and repair 3 on the right-hand top flange is being considered.



Due to the complexity of this nomenclature, the test matrix is provided in table 1 for

reference throughout the report.

Table 1. Test matrix.

Test Girder . . . Repair
Number | Number Behavior Repair(s) Considered Notation
1.1.S 1 Shear Left Bearing Zone 1.1LBZ
1.2.F 1 Flexure Left Top Flange 1.2LTF
1.3.F 1 Flexure Left Top Flange 1.2LTF
Left Top Flange 1.3LTF
L4F ! Flexure Right Top Flange 1.3RTF
Right Top Flange 2.1RTF
2.1.5 2 Shear Left Top Flange 2.1LTF
2.2.8 2 Shear Left Top Flange 2.2LTF
23.F 2 Flexure Left Top Flange 2.3LTF
Right Bottom Flange 3.1RBF
315 3 Shear Left Bottom Flange 3.1LBF
3.2.8 3 Shear Right Bottom Flange 3.2RBF
Right Bottom Flange 3.3RBF
33F 3 Flexure Left Bottom Flange 3.3LBF
Left Bearing Zone 4.1LBZ
Right Top Flange 4.1RTF
415 4 Shear Left Top Flange 4.1LTF
Left Top Flange 4.4LTF
Right Bearing Zone 4.2RBZ
Right Top Flange 4.2RTF
4.2.5 4 Shear Right Top Flange End 4.2RTFE
Left Top Flange 4.2LTF
43.F 4 Flexure Left Top Flange 43LTF




CHAPTER 2. FULL-SCALE SPECIMEN DESIGN

This chapter describes the design and construction of the four BT-54 girders that were used

to simulate typical nonconformities.

NONCONFORMING GIRDER DESIGN

Based on a review of PCI MNL-137 and interviews with concrete industry professionals,
the girders’ nonconformity locations were determined to replicate the most common types
of damage or construction errors encountered. Table 2 provides an overview of the
nonconformance issues designed into the four BT-54 girders and how many times they

occurred during the project. In total, 23 nonconformities were constructed into the girders.

Table 2. Overview of nonconformance issues designed into the four girders.

Number of
Nonconformance Issue
Occurrences
Top flange damage at girder ends (<2 ft) 1

Top flange damage at girder ends (>2 ft) 1
Top flange damage NOT at girder ends (<2 ft) 3
Top flange damage NOT at girder ends (>2 ft) 9
3
5
1

Bulb damage in bearing zone (strands exposed)

Bulb damage NOT in bearing zone (strands exposed)
Bulb damage NOT in bearing zone (strands NOT exposed)

Determining the location of the nonconformities required estimating the potential extent of
the damage resulting from the load applied during the experiment. In general, the
experiments were designed to have three individual load tests per girder: one at each of the
two beam ends (shear) and one at the midspan (flexure). Table 3 provides the nomenclature

used to communicate the location of the repair within the girder designs. Figure 1 though

10



figure 4 depict the nonconformity locations of each girder, with a summary for each of the

four beams in table 4 through table 7.

Table 3. Nomenclature for location within beam.

Location in Beam Abbreviation
Right bearing zone RBZ
Left bearing zone LBZ
Right bottom flange RBF
Left bottom flange LBF
Right top flange RTF
Left top flange LTF
Right top flange end RTFE

At the girder ends, nonconformities were planned in or near the bearing area or on the top
flange, but generally not in both regions concurrently. In two bearing areas, strand
retensioning was required before the repair could be made. In addition, top flange
nonconformities were planned at varying distances from the point of bearing to examine
the impact of shear. A similar protocol was followed such that nonconformities were placed
at the midspan in either the bulb or the top flange but generally not in both. In some cases,
nonconformities were placed on both sides of the girder to examine potential stability

issues. Pictures of each nonconformity are found in appendix A.
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1 '2LTF Left Face 1 'SLTF
1.1LBZ
S o o A — T T A —
1.3RTF
PLAN VIEW
Figure 1. Schematic. Girder 1 nonconformity locations.
Table 4. Summary of Girder 1 nonconformities.
Repair Label Location and Size Research Intent
Investigate influence of repair in transfer and bearing regions. Typically,
L1LBZ Left bearing zone (north end); heavy reinforcement/congested area prone to honeycombing. In
) 16 in. long, 10 in. deep, 5 in. tall addition, investigate ability to retension end exposed prestressing
strands after transfer. Repair depth exceeds MNL-137 limit.
Left top flange (north end): Investigate damage due to transportca'tlon and handling, tie dowps on
. . .| truck, or removal of formwork. Ability to compare flange repair
1.2LTF 121.5 in. long, 16 in. deep, 5.75 in. .. . .
all strength to original flange capacity. Length exceeds current maximum
repair length in MNL-137.
1.3RTF Flght top flange (soyth end); 75 in. Investigate damage due to transportation and handling, tie downs on
ong, 16 in. deep, 6 in. tall o .
: truck, or removal of formwork. Ability to compare two flange repair
Left top flange (south end); 74 in. . . .
1.3LTF . : strengths. Length exceeds current maximum repair length in MNL-137.
long, 16 in. deep, 5.75 in. tall
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2.1RTF/ 2.3RTF./ Right Face

PLAN VIEW

Figure 2. Schematic. Girder 2 nonconformity locations.

Table 5. Summary of Girder 2 nonconformities.

Repair Label Location and Size

Research Intent

Right top flange (north end); 53 in. long,
2.IRTF 16 in. deep, 5.75 in. tall

Left top flange (north end); 51 in. long,
21LTF 16 in. deep, 5.75 in. tall

Investigate damage due to transportation and handling, tie downs
on truck, or removal of formwork. Ability to compare two flange

repair strengths. Length exceeds current maximum repair length in
MNL-137.

Left top flange edge (south end); 126 in.

22LTF long, 16 in. deep, 5.5 in. tall

Investigate damage on end of top flange due to transportation and
handling, tie downs on truck, or removal of formwork. Length
exceeds any current maximum repair length specified.

Right top flange (midspan); 41 in. long,
2.3RTF 16 in. deep, 5.625 in. tall

Investigate repair at location of maximum tensile stress on top
flange. Length is within repair length limits of MNL-137.
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3.1RBF 3.3RBF Fiont Foce
PLAN VIEW
Figure 3. Schematic. Girder 3 nonconformity locations.
Table 6. Summary of Girder 3 nonconformities.
Repair Label Location and Size Research Intent
Right bottom flange (north end) two
3.1RBF bottom row strands exposed; 56 in. Investigate influence of commonly observed bottom flange area
long, 5 in. deep, 9 in. tall due to transportation and handling. Ability to compare different
Left bottom flange (north end) two anchor methods in identical repairs. Length and depth match
3.1LBF bottom row strands exposed; 56 in. current MNL-137 repair length limit.
long, 5 in. deep, 9 in. tall
Right bottom flange (north end) two Investigate performance of repair in development region after
3.2RBF top row strands exposed; 54 in. long, transfer of prestress. Length matches current MNL-137 repair
11 in. deep, 6.5 in. tall length limit, but depth exceeds limit.
Right bottom flange (midspan) two
3.3RBF bottom row strands exposed; 50 in. Investigate influence of repair at location of maximum tensile stress
long, 5 in. deep, 5 in. tall on bottom flange. Ability to compare different anchor methods in
Right bottom flange (midspan) two identical repairs. Length and depth match current MNL-137 repair
3.3LBF bottom row strands exposed; 50 in. length limit.
long, 5 in. deep, 7 in. tall
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Figure 4. Schematic. Girder 4 nonconformity locations.

Table 7. Summary of Girder 4 nonconformities.

Repair Label Location and Size Research Intent
. e Investigate ability to retension end exposed prestressing strands
4.1LBZ Ifg f; liasag:eizzn; 1(1111(321}11 end); 25 in. long, after transfer and the repair’s influence on transfer length.
T T Repair depth exceeds MNL-137 limit.
4.1RTF 11{61%1: t(;)epe;]a; %es (ilr1101;t£lend), 45 in. long, Investigate asymmetrical length damage on top flange due to
Left t.op ﬂa’ng.e (nor'th end): 72 in. long transportation and handling, tie downs on truck, or removal of
4.1LTF . . ’ ' ’ formwork. Both repair lengths exceed current MNL-137.
16 in. deep, 5.5 in. tall
42RBZ Right bearing zone (south end); 26 in. long, | Investigate performance of bottom flange repairs made after
) 7 in. deep, 4.5 in. tall transfer of prestress. Repair depth exceeds MNL-137 limit.
42RTF Right top flange (south end); 14.5 in. long, | Investigate top flange ability to support deck load during
) 16 in. deep, 5.5 in. tall placement. Length is within MNL-137 limit.
4IRTFE Right top flange end (south end); 26 in. Investigate influence of top flange repair located directly above
) long, 16 in. deep, 5.5 in. tall bottom flange repair. Length is within MNL-137 limit.
42LTF Left top flange (south end); 15.5 in. long, Investigate top flange ability to support deck load during

16 in. deep, 5.375 in. tall

placement. Length is within MNL-137 limit.
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Table 7. Summary of Girder 4 nonconformities (continued).

Repair Label | Location and Size Research Intent
. e Investigate bottom flange repair with no exposed reinforcement
4.3LBF Lefj[ bottom ﬂqnge (midspan); 34-in. long, to anchor to due to poor consolidation of concrete on the
16-in. deep, 2-in. tall .
bottom of the girder.
A3LTF Left top flange (midspan); 55-in. long, Investigate influence of top flange repair located directly above
) 16-in. deep, 5.5-in. tall bottom flange repair. Length exceeds MNL-137 limit.
Investigate damage on end of top flange due to transportation
CAg and handling, tie downs on truck, or removal of formwork. In
4.4LTF Left top flange edge (north end); 26-in, addition, investigate influence of top flange repair located

long, 16-in. deep, 5.5-in. tall

directly above bottom flange repair. Length within MNL-137
limit.
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An 8-in.-thick and 6-ft-wide concrete deck was used on Girders 2, 3, and 4, using the
standard GDOT 3,500 psi deck mix.!"¥ A deck was not placed on Girder 1 to allow
comparison of a repaired flange to one that was undamaged. The deck dimensions were
selected to replicate a standard GDOT concrete deck placed on girders spaced at 6 ft apart.
A deck allowed for testing of the currently accepted top flange repair method, which
requires installation of a “c-bar” fastened into the damaged flange area and extending up
into the deck. Inclusion of a deck yields more typical flexural strain distribution as well as

the opportunity to examine interface shear between the top flange repair and the deck.

NONCONFORMING GIRDER SPECIMEN CONSTRUCTION

The construction of the girder specimens was accomplished at Standard Concrete Products
(SCP) in Atlanta, Georgia, per the schedule shown in table 8. All four BT-54 girders were
constructed concurrently in accordance with current GDOT specifications per the designs
included in appendix B. The girders were each 45.5 ft long and constructed with the GDOT
8,000-psi mix design having designation 8000GA."'> Weather conditions were overcast
and dry with daily temperatures ranging from 80 to 90°F. Concrete cylinders were cast for
each batch of concrete prior to detensioning. Appendix C provides the concrete mixture

proportions and cylinder strength test data.

Table 8. Girder construction schedule.

Date Event
May 10, 2024 | Prestressing strand tensions and ductile reinforcement installed

May 13, 2024 | Block outs installed in girders to create nonconformities

May 14, 2024 | Formwork installed and concrete placed

May 15, 2024 | Formwork removed and strands detensioned

17



Following strand tensioning and ductile reinforcement installation, block outs to simulate
nonconformities were installed using sections of rigid insulation, spray foam insulation,
and thin sheets of Masonite hardboard. Nonconformities on the top flanges were created
following formwork installation. Figure 5 through figure 10 depict examples of block outs
at various locations on the girders prior to placing concrete and following formwork
removal. The process used to create block outs proved very effective and is recommended

for any similar future research efforts.

Lol

Figure 6. Photo. Typical bottom flange block out.
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Figure 7. Photo. Typical top flange block out.

Figure 8. Photo. Typical bottom flange block out
after formwork removal (end view).

Figure 9. Photo. Typical bottom flange block out
after formwork removal (top view).
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Figure 10. Photo. Typical top flange block out after formwork removal.

Following strand detensioning, the girders were transported to the Georgia Tech Structural

Engineering and Materials Laboratory (SEML) on May 17, 2024, as shown in figure 11.

Figure 11. Photo. BT-54 girders in the Georgia Tech SEML.
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CHAPTER 3. FULL-SCALE SPECIMEN REPAIR

This chapter presents the methods that were used to repair the nonconformances that were
constructed into the girders. First, the general girder preparation is discussed, followed by
the top flange repair techniques. As part of the top flange discussion, a serviceability
(deflection) validation test is included. Next, the bottom flange repair is discussed,
including a set of “mini girder” experiments that were used to validate the procedure. After

the top and bottom flange repairs, a section on the epoxy testing is included.

PREPARATION FOR REPAIR

The preparation for girder repair consisted of removal of spray foam insulation from

bottom flange repairs, as well as Masonite and plywood block outs (see figure 12).

Figure 12. Photo. Spray foam block out in girder repair section before cleaning.

The removal of spray foam was facilitated using steel wire brushes attached to a cordless
hammer driver-drill. Spray foam was removed until the concrete surface was visible. Then,
the bottom flange repair surface was chipped with a rotary hammer tool to obtain a 0.25-in.

amplitude surface (see figure 13).
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Figure 13. Photo. Spray foam block out in girder repair section after preparation.

For the top flanges, the block outs were removed at SCP, and the surface of the repair areas

was roughened at 0.25-in. amplitude as well (see figure 14).

Figure 14. Photo. Top flange repair surface preparation.

For surface preparation of the flange repairs, MNL-137 Chapter 4, “Methods of Patching,”
was used.) The concrete replacement method was chosen as the best, most common, and
practical option. The surface of the bottom flange repair areas was cleaned as thoroughly
as possible with the use of steel wire brushes. MNL-137 suggested using a stiff wire brush
to remove debris and then water blasting and/or sandblasting the repair area; however,

water blasting nor sandblasting were viable inside the laboratory space. The repair area
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surface was roughened to a 0.25-in. amplitude to improve the shear friction between the
existing concrete surface and the new concrete surface that was placed as the repair (see

figure 15).

L

Figure 15. Photo. Roughened 0.25-in. amplitude surface.

TOP FLANGE REPAIR METHODS

The main repairs were top flange concrete replacement with epoxy-anchored steel
reinforcement and bottom flange concrete replacement with a combination of post-installed
anchors, epoxy, and/or retensioning of strands. Concrete replacement was chosen as the
method of patching based on it being a standard method of repair in the industry that is the
fastest, easiest, and least complex to carry out successfully. This section will focus on the

top flange repair method.

Several initial steps were necessary to replace the top flange with concrete. As mentioned,
the process required the surface of each repair section to be cleaned and chipped to 0.25-in.
amplitude. Then, post-installed concrete anchors needed to be placed. Formwork that
matched the existing flange shape had to be created as well. Lastly, on the day of casting,

a two-part epoxy bonding agent had to be layered on the repair section. Before casting,
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several concrete trial batches were performed to ensure the concrete replacement would

match the existing girder concrete in strength.

The use of post-installed steel anchors was chosen for the top flange repair because it was
an existing method of repair at SCP. The post-installed steel anchors were #3 reinforcing

c-bars (see figure 16).

4
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Figure 16. Photo. C-bar post-installed steel anchor.

The c-bars were bent using a rebar bender. To install the bars into the girder,
0.5-in.-diameter holes ranging from 3- to 4-in. deep were drilled into the top flange web

section (see figure 17). Where possible, the holes were spaced at approximately 6 in.

Figure 17. Photo. Drilled holes for c-bars.
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To anchor the c-bars into the drilled holes, a two-part epoxy anchor, Unitex Pro-Poxy 300
was used. This two-part epoxy complies with the GDOT-approved epoxy list. The drilled
holes were cleaned using pressurized air with a long tube attachment that was able to reach
the depth of each drilled hole. After it was cleaned once with air, a long, thin nylon brush
was used to loosen any concrete residue in the hole. Once it was brushed, the drilled hole

was cleaned again with the pressurized air attachment.

To install the c-bars, the two-part epoxy was inserted into the hole and filled about halfway.
Then the c-bars were pushed in and held in place by one person, while another person
secured it in its final position with rebar ties (see figure 18 and figure 19). The next step
was to create formwork that matched the existing flange shape (see figure 20). A gap found
between the angled portion of the formwork and where the top flange bevels into the web
was filled using 0.25-in. foam weather stripping. The bottom of the formwork was secured

in place with the use of sandbags to avoid any accidental movement of the formwork.

Figure 18. Photo. Insertion of two-part Unitex Pro-Poxy 300
into cleaned drilled holes.
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Figure 20. Photo. Top flange repair formwork.
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For the top flange repairs, the concrete mix used as the concrete replacement (for patching)
was the same design mix used to cast the BT-54 prestressed concrete girders at SCP. This
was done to match the repair strength to the concrete compressive strength of the girder.
Standard Repair Procedure 6 in the MNL-137 encourages the concrete compressive
strength of the repair to meet or exceed the existing concrete girder design strength.") The
concrete batches were mixed at the SEML using 0.75-in. normal weight crushed stone
aggregate, normal weight natural sand, and the following Sika admixtures:

ViscoCrete-2100, Plastiment XR, AEA-14, and ViscoFlow-2020.

Each batch was 2 ft* and mixed using an Eirich RO8W concrete mixer (see figure 21). The
mix design for the three girders with top flange repairs is provided in appendix D. The mix
design procedure consisted of mixing the coarse and fine aggregate together for 2 min,
adding the cement and mixing for another 1-2 min, and adding the water with admixtures
and mixing for approximately 3—4 min. The mix time after adding the water varied

depending on the desired slump for the mix.

Four concrete trial batches were conducted before casting the top flange repairs to ensure
that the repair concrete mix strength matches the design mix strength of the girder.
Concrete cylinders measuring 4 in. X 8 in. were cast for each trial batch. For the second
trial batch, cylinders were tested at 1, 3, 7, 14, 21, and 28 days to observe the strength
increase behavior of the concrete. For testing all concrete cylinders, ASTM C39 guidelines
were followed.'® The strength data for all concrete cylinder tests can be found in
appendix D. Once the strengths from the trial batches were consistent (around 12,000 psi)
and the top flange sections were ready to be repaired, concrete replacement in the top

flanges was performed.
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Figure 21. Photo. Concrete mixing 2-ft* batches with Eirich mixer.

A bonding agent is recommended in MNL-137 Standard Operating Procedure 6. Therefore,
on casting day before the concrete was poured, a two-part epoxy bonding agent,
Sikadur-32, was coated on the repair surface to help the fresh concrete bond to the existing
concrete. Each repair surface was cleaned with pressurized air before placing the epoxy
coat, ensuring the surface was free of any dust or loose particles. Following the
manufacturer’s instructions for the epoxy was crucial to obtaining the correct bond strength
from the product. Once the layer of epoxy bonding agent was placed on the repair surface,
the concrete needed to be placed almost immediately to ensure the epoxy remained tacky

during casting (see figure 22).

For repairs that were completed with more than one batch, the epoxy was constantly
checked for tackiness before placement. If it was no longer tacky, a new layer of epoxy

was added, as suggested by the manufacturer’s instructions.
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Figure 22. Photo. Placement of Sikadur-32 bonding agent layer.

Girder 2 was repaired first because it only had top flange sections to repair, followed by
Girder 1 and then Girder 4. Girder 4 had the greatest number of top flange repairs. The
sequence of casting top flange repairs was tightly followed because there were two time-
dependent factors: the concrete batch and the epoxy bonding agent. The epoxy bonding
agent was layered immediately before the water was added to the concrete batch; thus, as
the epoxy bonding agent layer coating was completed, the concrete was on its way to the
patch. This was possible for most smaller patches, but it became more difficult for larger
patches because they required more concrete batches and therefore more time. In these

instances, epoxy needed to be reapplied.

While the repairs were being cast, concrete cylinders were being made simultaneously. A

slump test was performed prior to placing each repair, as well. ASTM C143 was also
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followed to test the slump.!'” The measured slump for each concrete batch is provided in

appendix D.

As the concrete was being placed in the repair area, it was vibrated using a 1-in.-diameter
concrete vibrator. After placement, the top of the concrete repair was screeded with a
2-in. X 4-in. wooden plank to smooth the surface. After 30 min to 1 h, the surface of each
concrete repair was roughened to match the 0.25-in. deep lines seen on the top existing

girder surface (see figure 23).

Figure 23. Photo. Concrete repair surface grooves matching girder top flange.

After the grooves were created on the repair surface, damp burlap was placed to cover the
fresh concrete. A layer of polyurethane plastic was placed to cover the burlap. These two
steps ensured the fresh concrete repair cured in moist curing conditions (see figure 24). The

top flange repairs were demolded 48 h after the cast (see figure 25).
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Figure 24. Photo. Concrete curing conditions for top flange repair.
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Figure 25. Photo. Demolding of top flange repair.

Summary of Top Flange Repair Process

The process of each top flange repair is summarized as follows:

1. Clean and chip the concrete surface to 0.25-in. amplitude.
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2. Drill Y-in.-diameter (s-in. larger diameter than the bar size), 4-in.-deep holes (at

least 10 times the bar diameter), spaced at 6 in. apart.
3. Clean the drilled holes with pressurized air and a nylon brush.
4. Install #3 c-bars with two-part Unitex Pro-Poxy 300 as the bonding agent.

Note: Bend the c-bars to ensure a reinforced connection between the deck and the

repair.
5. Construct formwork to match the existing top flange shape.

6. Run concrete trial batches until the concrete compressive strength meets the

existing girder strength.

7. When casting, layer a coat of Sikadur-32 two-part epoxy bonding agent on the

repair surface.
8. Cast the concrete replacement while the bonding agent is still tacky.

9. Create grooves on the top surface to match the existing girder top surface and cure

the concrete repair in moist curing conditions.

SERVICEABILITY VALIDATION OF TOP FLANGE REPAIRS (TOP FLANGE
DEFLECTION TESTS)

The serviceability of the repair was verified to confirm whether the deflection was
consistent across the repairs under the expected construction loads. A 250-1b point load
and a 50-psf distributed load were used for this testing based on general guidelines from a
GDOT bridge engineer. The point load was recreated with a person’s weight plus a sandbag

(see figure 26). The distributed load was recreated using 40-Ib and 60-1b sandbags (see
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figure 27). Deflections were measured using dial gauges attached to 2-in. X 4-in. posts.
These posts were spaced uniformly across the length of each repair, and the number of
posts varied based on the length of the repair. The posts were secured in place using

sandbags (see figure 28).

Each repair section was tested with the point load and distributed load located directly on
top of the repair and then on the other side of the top flange to check the negative and
positive deflection values of the repair, respectively. Measurements were taken on both
sides of the top flanges (i.e., readings on the flange side that was loaded, and readings on
the flange side that was not loaded). Initial measurements of the dial gauges were taken
pre-load. The 250-1b point load was placed at the center span of the top flange repair area,

at the very edge of the section.

Figure 26. Photo. Point load of 250 b on the top flange.
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Figure 28. Photo. Dial gauge post secured with sandbags.

The deflection data for the top flange repair serviceability test can be found in appendix E.
There were no signs of failure, and the girder patches remained unchanged after these
validity load tests. Based on the results from the serviceability tests, it was concluded that

the repairs act compositely with the existing sections.
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SMALL-SCALE VALIDATION OF BOTTOM FLANGE REPAIRS
(MINI GIRDERS)

Prior to conducting repairs on the full-scale girder specimens, repair methods were tested
on small-scale girder specimens. These small-scale girder specimens reflected the
geometry proportions of the bottom flange of a BT-54 prestressed girder. The small-scale

girder specimens are referred to as “mini girders” throughout this report.

The mini girders were constructed to ensure correct bottom flange repair methods were
implemented on the full-scale girder specimens to practice concrete removal, chip-
hammering, placement repair with self-consolidating concrete (SCC) in areas with
congested reinforcement, and attachment or repair reinforcement into congested areas.
From prior investigation, bottom flange repairs are more difficult due to close spacing of
prestressing strand, dog house bars, and non-prestressed reinforcement along with low
cover. Two mini girders were built with bottom flange voids that mimic the
nonconformances seen in the full-scale girder specimens. Voids were created using rigid

foam block outs (see figure 29).

The dimensions of the mini girders were 4 ft long, 18 in. tall, and 12 in. wide on the bottom.
The web portion was 6 in. thick, like that of a BT-54 girder. Number 4 reinforcing bars
represented the 0.6-in.-diameter prestressing strands. Figure 30 through figure 39 illustrate

the mini-girder construction and repairs.
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Figure 30. Photo. Mini girder construction using the same concrete mix
as used in the full-size BT-54 girders.
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Figure 31. Photo. Mini girder nonconformance representing
conditions comparable to repair 3.1RTF.
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Figure 32. Photo. Chip hammer practice.
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Figure 33. Photo. Practice hammer-drilling pilot holes for concrete anchors
between closely spaced reinforcement.

Figure 34. Photo. Practice installation of concrete anchors with holes in heads.
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Figure 35. Photo. Practice installation of 12-gauge wire fed through
the concrete anchor holes on longitudinal reinforcement.

Figure 36. Photo. A 12-gauge wire installation studied as an alternate to reinforcing
bars originally recommended by MNL-137.
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Figure 38. Photo. Finishing the SCC repair surface with a trowel for Mini Girder 1.
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Figure 39. Photo. Bottom flange repair on Mini Girder 1 using the SCC mix.

Nineteen days after the repair, the mini girder bottom flange repairs were tested by impact
with a 16-1b sledgehammer. Each patch was struck three times, with the sledgehammer
being dropped from different heights. A measuring tape was used to help locate the height
of each sledgehammer drop. Figure 40 shows a sledgehammer drop test on a mini girder
patch with anchors. For all mini girder repairs, minimal surface chipping (see figure 41)

was noted after the height-controlled sledgehammer drops.

After the height-controlled sledgehammer drops were completed, more intense
sledgehammer impacts were conducted on the mini girder patches. During these impacts,
corners of the edge repairs broke off (see figure 42), indicating that the patch did not
dislodge from the mini girder. The corner spalling allowed viewing of the SCC cross-

section and confirmed proper consolidation of the repair concrete.
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Figure 40. Photo. Strength and efficacy test of 12-gauge wire reinforcement and
concrete anchors by striking with a 16-lb sledgehammer.

Figure 41. Photo. Minimal surface chipping after sledgehammer impact. The
sledgehammer did not crack or dislodge the patch.
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Figure 42. Photo. Intense sledgehammering removed corner concrete and
demonstrated good consolidation of concrete around
the reinforcement and 12-gauge wires.

In summary, the two mini girder experiments demonstrated that the forming system,
concrete placement, Tapcon screw anchors, and 12-gauge wire reinforcement performed

well. This repair construction technique was used for the full-scale bottom flange repairs.

BOTTOM FLANGE REPAIR METHODS

The project included five types of bottom flange repairs. Method 1 for bottom flange repair
was where post-installed steel anchors and wire were installed along with epoxy bonding
agent. In Method 2, only epoxy bonding agent was applied, and in Method 3, only post-
installed steel anchors and wire were installed. Method 4 was repairs where neither post-
installed steel anchors nor epoxy were used. Method 5 was repairs in the bearing region of

the girder that required retensioning of strands.
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MNL-137 Standard Repair Procedure 4 states that patches located over traffic must have
reinforcement or additional anchoring devices.” Therefore, additional concrete anchoring
was used for patches that had minimal or no reinforcement. These concrete anchors were

Tapcon screw anchors with 12-gauge galvanized wire.

SCC was used for all the bottom flange repairs. It had a design strength of 8,000 psi, which
matched the specified girder design strength. SCC was chosen as the concrete suited for
the concrete replacement due to the need for a highly flowable, small-aggregate concrete
mix. Batches of 2 ft* were mixed using the Eirich mixer in the SEML. The concrete mix
design varied from the top flange repair mix design because aggregate sizes were required
to be smaller to permit flow between the prestressing strands. Normal-weight natural sand,
#89 crushed stone, and #7 crushed stone were used in the SCC mix. In addition to the
cement, fly ash type C was used as a secondary cementitious material to prevent concrete

bleeding and segregation.

Three trial batches were conducted to test the flowability and compressive strength of the
mix. The mini girders were then repaired with SCC. For every batch of SCC, an inverted
slump cone test was performed to check the spread of the mix (see figure 43). The
procedure in ASTM C1611 was followed for these tests.!'® Concrete cylinders
(4 in. x 8 in.) were cast for each batch of SCC used in the bottom flange repairs. Cylinders
(3 in. x 6 in.) were also cast for one batch to compare the concrete compressive strength
difference given by the two cylinder sizes. Concrete compressive strength data are provided
in appendix F for all SCC batches. GDOT Research Project 2042 on SCC and the
associated thesis were key references for SCC design mixes, sampling procedures, and

other items related to SCC.(?
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Figure 43. Photo. Inverse slump cone test for the SCC mix.

Bottom Flange Repair Method 1: Post-installed Anchors with Epoxy Bonding Agent

After the surfaces of the repair areas were cleaned and chipped, pilot holes were drilled for
the stainless steel Tapcon concrete screw anchors. The Tapcon dimensions were 0.25 in.
diameter x 1.75 in. long. Per the manufacturer installation instructions, 0.1875-in.-diameter
pilot holes were drilled. The holes were drilled with the use of a rotary hammer drill (see

figure 44).

Figure 44. Photo. Drilling pilot holes for stainless steel
Tapcon concrete anchors.
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Pilot holes were drilled in a single row, avoiding reinforcing steel and prestressing strand.
Some holes needed to be drilled about 0.5-in. from the anticipated location, due to the
surface roughness of the repair and the inability for the hammer drill to be exact. After the
pilot holes were drilled, they were cleaned with pressurized air to help the Tapcon not get

stuck. The Tapcon were installed using an impact driver.

At times, it was difficult to install the Tapcon past a 1-in. depth. Some Tapcon would strip
and not anchor correctly; those that did not anchor correctly were removed and replaced
with a new Tapcon. After the Tapcon were installed, the 12-gauge galvanized wire was
installed (see figure 45). This galvanized wire provided anchorage for the new bottom
flange concrete. One end of the wire was coiled three times around the Tapcon, and the
other end of the wire was coiled twice around an interior prestressed strand. This was done
using a pair of pliers and wire cutters. Some areas of the bottom flange repairs had
doghouse bars, and others did not. The use of Tapcon and wire anchors was focused in
areas where there was little to no existing reinforcement. Figure 46 shows a repair case

where the Tapcon and wire anchors were only installed on about half of the repair length.
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Figure 45. Photo. Installing 12-gauge galvanized wire.

Figure 46. Photo. Post-installed steel anchors and wire in a bottom flange repair.

Bottom Flange Repair Method 2: Epoxy Binding Agent Only

For the second bottom flange repair method, repairs with only epoxy bonding agent (i.e.,
no post-installed anchors) were constructed. The repairs with and without anchors were
almost identical. Two 52-in.-long repairs were made using only the epoxy bonding agent

with the concrete replacement (see figure 47 and figure 48).
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Figure 47. Photo. Bottom flange repair 3.1RBF with no post-installed anchors.
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Figure 48. Photo. Bottom flange repair 3.2RBF with no post-installed anchors.

For the bottom flange repairs, especially repair 3.1RBF, implementing the concrete
replacement was difficult because there was no access point from above to pour the
concrete. A takeaway from practicing on the mini-girder repairs was the need for the
formwork to be removed and installed again in a quick turnaround time, particularly in

cases where epoxy bonding agent was applied. Therefore, formwork for each of the bottom
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flange repairs was custom-made for each repair. For Girder 3, epoxy bonding agent was
used on all the repairs. The bonding agent was mixed as the water was added to the concrete
mix. Then, it was layered on the target repair area simultaneous to the performance of the
flow test for each SCC concrete batch. The epoxy bonding agent was applied with a 2-in.
nylon brush, avoiding the reinforcement as much as possible during the application.

Figure 49 shows the two-part epoxy bonding agent application.
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Figure 49. Photo. Coating a bottom flange repair with Sikadur-32 epoxy.
Upon completion of the two-part epoxy bonding agent application, the formwork was
reassembled. Two kinds of concrete pouring holes were included in the formwork: top pour
and chimney. The top pouring hole was where the top of the repair was exposed and
concrete was able to flow into the repair (see figure 50). Another lesson learned from repair
of the mini girders was that confirmation was needed on whether the concrete was filling
the repair void adequately. To permit viewing of the concrete installation, clear

polycarbonate sheets were used for formwork (see figure 50).
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Figure 50. Photo. Placing concrete through the exposed top of a repair
with polycarbonate formwork for viewing.

The second type of pouring hole practiced was the chimney, as suggested by MNL-137
Chapter 4, Section C.!V In this process, SCC was poured into a “chimney.” As the repair
void was filled, an exit/vent hole would allow air to escape, ensuring the concrete filled the
void completely and no air was entrapped. However, this method required more patience
than the top pouring hole because the flow of SCC varied by batch. Thus, steel rods were
used to help the concrete flow through the chimney. Rubber mallets were also used to
vibrate the forms and help the concrete flow easier (see figure 51). The air vent consisted

of 3/is-in. holes drilled through the top surface of the bottom flange (see figure 52).
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Figure 52. Photo. SCC flowing out of the air vent and through the drilled hole,
indicating complete concrete replacement in the repair.

When the concrete was visible through the drilled hole and flowed out of the air vent, it
was confirmed that the repair void was filled. The clear polycarbonate formwork sections

allowed for easy inspection of the fresh concrete repair. Some repairs were able to be
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finished on the top surface after 30 min, but others were not accessible. Because only a
small part of the top surface was exposed, damp burlap was not used to cover these repairs.
Typically, after a day of curing, the formwork was removed from these repairs. Figure 53

shows the process of removing formwork from repair 3.3RBF.

Figure 53. Photo. Demolding of repair 3.3RBF.

It was more difficult to remove the formwork on the repairs with a chimney due to the
leftover concrete that was in the chimney and air vents. Therefore, more force (e.g., use of
hammers) was employed to remove this formwork. Figure 54 shows repair 3.1RBF, a
repair with a chimney pouring hole, after the formwork was removed. The center concrete

bulge was later reduced with a chisel.
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Figure 54. Photo. Repair 3.1RBF with a chimney pouring hole after demolding.

Bottom Flange Repair Method 3: Post-installed Anchor and Wire Only

The third repair method consisted of only post-installed steel anchors and no epoxy
bonding agent. This type of repair was used only in Girder 4 repair 4.3L. Epoxy bonding
agent did not seem practical to use in this repair due to its large surface area, shallow depth,
and inconvenient location. Placing a layer of epoxy coating and then speedily installing
and securing the formwork would have been difficult because this repair is directly on the
bottom of the girder. No exposed reinforcement was available to anchor the repair concrete,
so post-installed anchors were necessary. MNL-137 suggests anchoring concrete repairs
that are located above traffic to reinforcement.!) However, the location of this repair region
was heavily congested with a full row of prestressed strands on the bottom of the flange.
This left little to no access for large reinforcement bars to be drilled and anchored into the
girder safely without hitting any of the prestressing strands. Instead of the larger bars,
stainless steel Tapcon and 12-gauge galvanized wire were placed in an approximate
6-in. x 4-in. grid. Three rows of eight Tapcon were installed, with at least 1 inch of depth.
The girder was required to be lifted off the ground to install these anchors. Figure 55 shows

the process of installing the Tapcon with an impact driver.
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Figure 55. Photo. Installing stainless steel Tapcon into the congested repair.

Similar to the Method 1 bottom flange repairs, some anchors that did not anchor in tightly
enough were removed and replaced with a new anchor. After all the anchors were secured,
12-gauge galvanized wire was coiled around each Tapcon, forming a grid (see figure 56).

A pair of pliers was helpful in this process.

Figure 56. Photo. Stainless steel Tapcon and galvanized wire grid.
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The concrete replacement for all bottom flange repairs consisted of SCC with a design
strength of 8,000 psi, matching the design strength of the girder. However, for most SCC
batches, like the girder concrete, the concrete compressive strength was tested to be higher
than the design strength. Using SCC for the bottom flange repairs was helpful because most
bottom flange repairs required easy-flowing, small-aggregate concrete. This was due to the
high rebar congestion present in some of the repair areas, as well as the shallow depth of

some of these repairs.

Aside from SCC, a small trial of SikaEmaco 425 Gel Patch mortar was performed on repair
4.3LBF. This quick-setting non-sag concrete repair mortar was mixed according to the
manufacturer’s instructions and placed in small (maximum 2-in.) lifts onto the overhead
repair. The surface of the concrete repair was dampened with a spray bottle to help the
mortar adhere. However, upon placing the mortar, it would slowly detach from the
overhead surface. To mitigate this, thinner 1-in. patty-like lifts were placed. These smaller
lifts needed to be thoroughly molded into the crevices of the overhead surface to prevent
them from detaching and falling. With a workability of only 20—30 min, it was difficult to
fill a decent portion of the repair. Therefore, only a small section of repair 4.3LBF

contained this type of concrete repair mortar (see figure 57).

The remaining void on repair 4.3LBF was filled with SCC. The formwork consisted of two
chimneys to pour concrete into due to the large size of the repair. The one air vent for this
repair was located on the midspan of the repair. The casting procedure was the same as the
previous bottom flange repairs, except no epoxy bonding agent was applied. A rubber
mallet was used to help spread the concrete throughout the void. Figure 58 shows

repair 4.3LBF during the concrete casting.

55



Figure 57. Photo. SikaEmaco 425 Gel Patch non-sag concrete
repair mortar on repair 4.3LBF.
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Figure 58. Photo. Repair 4.3LBF during concrete casting.

Concrete was cast until it was seen exiting the air vent slot. Because only the two chimneys

were exposed, burlap and plastic were not used to cover this repair while curing. Formwork
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was removed the next day. Once again, hammers and extra force were needed to remove
these forms due to the extra concrete held in the chimneys. Figure 59 shows repair 4.3LBF

after demolding.
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Figure 59. Photo. Repair 4.3LBF after demolding.

Bottom Flange Repair Method 4: No Post-installed Anchors or Epoxy

The fourth type of bottom flange repair used no post-installed anchors and no epoxy
bonding agent. This type of repair was implemented in repair areas where heavy congestion
did not allow any installation of anchors or bonding agents, notably the end zones of the
girders and also on strand retensioning repair areas and bearing zone areas, which are

discussed in later sections. Repair 4.2RBZ on Girder 4 is shown in figure 60.

Because repair 4.2RBZ had no access point from above, the chimney method was used to
fill this repair. The formwork was the same as in the previous repairs, but it only had one

chimney and one air vent due to the smaller size of the repair (see figure 61).
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Figure 61. Photo. Formwork with one chimney for repair 4.2RBZ.

After the formwork was placed and the edges were caulked, the SCC was poured. This
repair again demonstrated the usefulness of having the clear polycarbonate formwork to
visually confirm the success of the SCC placement (see figure 62). Pouring continued until
concrete flowed out of the air vent slot. Sandbags were placed to keep the formwork stable

(see figure 63).
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Figure 63. Photo. Sandbags keeping the formwork stable after
SCC replacement of the repair void.

No burlap or plastic sheeting was used to cover the chimney hole. The formwork was
removed the next day with the help of hammers. Figure 64 shows the result of this repair

after demolding.
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Figure 64. Photo. Repair 4.2RBZ after demolding.

Bottom Flange Repair Method 5: Prestressing Strand Retensioning

Nonconformities in the transfer region were simulated in two girders. Figure 65 and
figure 66 show a nonconformity impacting four bottom strands in Girder 1 before and after

repair, respectively.

Figure 65. Photo. A nonconformity in the transfer region of Girder 1 before repair.
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Figure 66. Photo. A nonconformity in the transfer region of Girder 1 after repair.

Figure 67 and figure 68 show a nonconformity impacting two strands on the top of the bulb
in Girder 4 before and after repair, respectively. DEMEC gage points were installed on
both sides of the girder (see figure 66 and figure 68) to measure concrete surface strains
(CSS) at the time of detensioning and at later times. Readings between the two sides were

averaged and smoothed over three readings to produce the plots shown later in this chapter.
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Figure 67. Photo. A nonconformity in the transfer region of Girder 4 before repair.
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Figure 68. Photo. A nonconformity in the transfer region of Girder 4 after repair.

If nonconformity damage in the transfer region were to occur in a precast plant
environment, the repairs would be accomplished prior to detensioning to ensure the strands
remained at their fully tensioned force. Following repair and adequate curing time, the
girders would be detensioned with the hope that the repair would transfer the prestressing

force into the girder.

If damage in the transfer region were to occur after detensioning, the only option for repair
would be to retension the strands using an external method, repair the damage, and then
detension the strands following adequate curing time. The two girders in this study with

transfer region damage were repaired using the latter method.

The dead end of the girder was anchored in place with an abutment bolted to the strong
floor (see figure 69). The girder end was placed as close as possible to the abutment to
reduce the length of strand between the end of the girder and the abutment. This would
help limit stretch in the strands and girder movement on its supports toward the live end.

Strand stretching on the dead end proved to be a challenge when retensioning the strands.
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Strands on the dead end passed through the abutment and were locked in place using strand
chucks. At the time of initial detensioning in the precast plant, some of the strands
“birdcaged” and could not be used further without trimming off the expanded section and
using a splice chuck to connect another section of undamaged strand (see figure 70). The

splice chucks were provided by General Technologies, Incorporated.

Figure 69. Photo. Dead end abutment anchored to the strong floor.

Figure 70. Photo. Splice chucks used to extend strands through the abutment.
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The live end was prepared in a similar manner; splice chucks were used to attach an
additional length of strand such that the strand could be passed through the abutment, a
load cell, strand chuck, center hole jack, and final strand chuck. The load cells were
manufactured to record tension in the strands (see figure 71). The load cells were aluminum
cylinders of 1.75 in. diameter and 3.50 in. length, with a center hole of 0.75 in. diameter.
The Micro-Measurements CEA-13-250UWA-350 strain gauges were applied to the
surface of the cylinders in a full bridge configuration. The load cells were calibrated on a
Satec Systems 67-kip capacity compression testing machine by recording strains at given

loads, plotting a graph, and then determining an equation for the resulting line.

Figure 71. Photo. Load cells.

The individual load cells were connected to a Vishay Measurements SB-10 switch and
balance unit (SBU) such that multiple load cells could be monitored concurrently. The SBU
was then connected to a Vishay Measurements P-3500 strain indicator from which strains
were read and compared to the known calibration curve for each load cell. Figure 72 shows

the setup on the live end of the girder with load cells connected to P-3500 strain indicators.
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Figure 72. Photo. Live end configuration with load cells and a center hole jack.

Strand retensioning using the center hole jack proved to be a challenge. Girder 4 required
retensioning of only two strands. Because it was possible to retension only one strand at a
time, successive strand tensioning resulted in the reduction of tension force in the strand
previously tensioned. As the process continued, moving from one strand to the next, the
girder also seemed to be moving slightly toward the live end as strands on the dead end
tightened before developing adequate tension to stop the girder movement. After several
trial iterations of tensioning individual strands, the researchers also observed that the
chucks closest to the girder were not allowing the strand to move and had become locked
in place. Similar results occurred while retensioning four strands in Girder 1, despite efforts
to better secure the girder in place at the dead end and to prevent the chucks closest to the

live end of the girder from becoming locked.

The results of retensioning the two strands in Girder 4 (see table 9) show a large variation
in the resulting strand tension forces that, on average, were less than the desired strand

tension force of 44 kip initially achieved in the precast plant. Each trial focused on the first
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tensioning strand 1 up to approximately 44 kip using the center hole jack, releasing pressure
in the jack, moving the jack to strand 2, and repeating the process. Trial 1 resulted in an
8.45-kip tension force remaining in strand 1 and a 26.97-kip force remaining in strand 2.
At the conclusion of trial 4, strands 1 and 2 remained tensioned to 17.18 and 41.84 kip,
respectively, resulting in a total retensioning force of 59.02 kip, which was approximately

67.1 percent of the initial tensioning force of 88 kip achieved in the plant.

Table 9. Strand retensioning results for Girder 4.

Strand 1 (kip) Strand 2 (kip)
Strand 1 Re-tensioning 43.17 -
. Strand 1 Pressure Released | 15.52 0.00
Trial 1 .
Strand 2 Re-tensioning - 44.63
Strand 2 Pressure Released | 8.45 26.97
Strand 1 Re-tensioning 45.46 -
. Strand 1 Pressure Released | 27.79 16.55
Trial 2 .
Strand 2 Re-tensioning - 44.97
Strand 2 Pressure Released | 25.95 13.10
Strand 1 Re-tensioning 44.98 -
. Strand 1 Pressure Released | 24.50 14.18
Trial 3 .
Strand 2 Re-tensioning - 46.15
Strand 2 Pressure Released | 23.66 19.54
Strand 1 Re-tensioning - -
Trial 4 Strand 1 Pressurt? Released | - -
Strand 2 Re-tensioning - -
Strand 2 Pressure Released | 17.18 41.84
Final Strand Tension 17.18 41.84
Average Strand Tension 29.51
Total Retensioning Force 59.02
Initial Tensioning Force 88.0
Percent of Initial Tensioning Force 67.1%

— indicates no data available

A similar process was followed when retensioning the four strands in Girder 1 (see

table 10). Retensioning Girder 1 resulted in 40 percent of the initial tension force achieved
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in the plant environment. Retensioning four strands concurrently compounded the

challenges observed in Girder 4 in which only two strands were retensioned.

Table 10. Strand retensioning results for Girder 1.

Strand 1 Strand 2 Strand 3 Strand 4
(kip) (kip) (kip) (kip)
Final Strand 19.76 22.62 14.77 13.30
Average Strand 17.61
Total Retensioning 70.45
Initial Tensioning 176.0
Percent of Initial 40.0%

Comparison of the resulting retensioning forces in Girders 4 and 1 with measured CSS
results showed the impact of lower forces on transfer length. For Girder 4, where the
retensioning force was 67.1 percent of the initial specified tension force achieved in the
plant, the strands gained tension force up to a point approximately 18 in. from the end of
girder, where the force level becomes more consistent (see figure 73). Using the equation
50 - db, the predicted transfer length is 30 in., and the observed strand force transfer over
18 in. based on CSS data is approximately 60 percent of that value.? This result compares
favorably with the strand retensioning force of approximately 67.1 percent. Variations in
CSS data from the time of release through 14 days can be explained in part by temperature

variations at the time readings were taken.

The Girder 1 strands gained tension force up to a point approximately 15 in. from the end
of girder, where the force level dropped off at the edge of the repair (see figure 74). With

the predicted transfer length being 30 in. (again, using 50 - dy), the observed strand force

2 In the equation, dy is the bar diameter.
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transfer over 15 in. based on CSS data is approximately 50 percent of that value. This result
also compares favorably with the strand retensioning force of approximately 40.0 percent.
Variations in CSS data from the time of release through 7 days can be explained in part by

temperature variations at the time readings were taken.
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Figure 73. Graph. CSS transfer length plot for Girder 4, north end (2 strands).
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Figure 74. Graph. CSS transfer length plot for Girder 1, north end (4 strands).
CONCRETE SLANT SHEAR CYLINDER TESTS

To test the efficacy of the Sikadur-32 two-part epoxy bonding agent, slant shear cylinders

were cast. The focus of these slant shear cylinder tests was to determine the strength of the
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bond the fresh SCC mix made to the girder concrete mix. The slant shear cylinders were
cast following ASTM C882.?Y The bottom half of the cylinder was cast with top flange
repair concrete batches because it best matched the strength of the existing girder concrete.
These bottom halves were left to cure at a 30-degree angle on a custom wooden form. To
match the 0.25-in. amplitude of the repair surface, the surface of these bottom half cylinders

was roughened using a #4 piece of rebar (see figure 75).

s A B ‘\ S

Figure 75. Photo. Roughening the surfaces of the bottom half slant shear cylinders,
which were cast at a 30-degree angle.

The bottom halves of these cylinders were left to cure in the fog room until a future SCC
casting. The day before the SCC casting, 10 bottom half cylinders were taken out of the
fog room to allow the surface to dry before applying the Sikadur-32 epoxy coat on half of
these the next day. Before completing the top half of the cylinder with SCC mix, a coat of
Sikadur-32 was brushed on the 30-degree angled surface of five of the slant shear cylinders

(see figure 76).
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Figure 76. Photo. Sikadur-32 coat on angled surface of slant shear cylinders.

Only 5 of the 10 slant shear cylinder bottoms had a Sikadur-32 layer. Thus, results from
slant shear tests with epoxy and without epoxy could be compared to see which performs
best. The bottom half of the cylinder was then placed back into a 3-in. X 6-in. cylinder
mold. After approximately 92 days, the mold was filled with the SCC repair mix to
complete the full cylinder. The slant shear cylinders were left to cure upright on a level
surface upon completion. After 1 day, the 10 specimens were demolded and placed in the
fog room until the SCC reached 28-day strength (see figure 77). The slant shear cylinders

were tested following ASTM (C39.(19

Data from the strength tests are given in table 11 and table 12 for the cases with and without
epoxy, respectively. In the table, A is the minor axis of the elliptical bonding surface, C is
the major axis of the elliptical bonding surface, and Aps is the bond surface area. The results
show that the cylinders with epoxy performed worse than those without epoxy. These

results are addressed further in chapter 10.
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Figure 77. Photo. Demolded

slant shear cylinders.

Table 11. Concrete strength for shear slant cylinders with epoxy.

A C Abs Maximum Strength Average
Name (in.) (in.) (in.2) Load (psi) Stren'gth
(Ib) (psi)
TF-SCC-1E | 3.0370 | 5.4780 13.07 42,084 3,218
TF-SCC-2E | 3.0275 | 5.3560 12.74 39,636 3,112
TF-SCC-3E | 2.9760 | 5.5505 12.97 40,012 3,084 2,859
TF-SCC-4E | 2.9825 | 5.2600 12.32 30,796 2,499
TF-SCC-5E | 3.0175 | 5.4175 12.84 30,581 2,382

Table 12. Concrete strength for shear slant cylinders without epoxy.

Name .A .C fAb; MaI)f(l)?dum Stren.gth SAt‘ll'zflag%lel
(in.) (in.) (in.”) (Ib) (psi) (psi)
TF-SCC-1 3.0000 | 5.6490 13.31 55,364 4,160
TF-SCC-2 3.0005 | 5.5735 13.13 41,350 3,148
TF-SCC-3 2.9920 | 5.0530 11.87 38,810 3,268 3,529
TF-SCC-4 2.9885 | 5.3335 12.52 51,064 4,079
TF-SCC-5 2.9895 | 5.4085 12.70 37,946 2,988
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CHAPTER 4. FULL-SCALE EXPERIMENTAL TEST
SETUP AND EVALUATIONS

As introduced in chapter 1, the four BT-54 girders were constructed, repaired, and tested
in this project to determine the efficacy of the various repair techniques. The behavior of
the different repair methods is affected by the following overall girder behaviors: flexure,
shear, and bond between prestressing strands and the original or repair concrete in the
bearing region. The general girder test setup and loading procedure for different girder

behaviors is described in this chapter.

OVERVIEW

Loading each girder at the midspan was designed to highlight the flexural response,
determine the composite response/interaction between the flange repair and the deck, and
determine if delamination cracking occurred in the bottom flange repairs located at or near
the midspan. Shear behavior was studied by loading girders with concentrated loads
applied at approximately two times their depth from each end. The compression strut
developed from the “shear” loading was designed to displace the bottom flange repairs as
well as investigate the composite action of the flange repairs near the end of each girder.
Bond behavior was most important in girders with repairs made in the bottom flange
bearing zones. The bond behavior was studied by measuring external strains at the level of
the bottom strands to determine changes in the transfer length of the strands and by
measuring strand slip at the exposed ends of those strands. Shear loads close to the ends of
the girders created diagonal struts, which exacerbated the bond stresses near the end of the

girders.
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Some flange repairs were tested separately to determine their flexural and shear ultimate
capacities to determine if the repairs were at least as strong as the original flanges. Such
flange strength is important to assure that the girder has adequate capacities for all
construction loads. These flange strength tests were conducted only on Girder 1 and are

presented in chapter 5.

GENERAL GIRDER TEST PROCEDURES

For each test, a string pot was used to measure deflection of the girder under load. Dial
gauges were mounted in several locations to measure surface strain, as well as any
prestressing strand or repair movement. On Girders 1 and 4, DEMEC gauges were applied
at the level of the bottom layer of prestressing strands to measure the transfer and
development lengths. Qualitative data, such as crack patterns and visual repair movement,

were key components to ensure safe and effective tests.

Each girder was placed into the testing frame via a crane and a roller. A spreader girder
was used to transfer load from the actuator to the girder specimen. The spreader girder was
chosen to conduct three- and four-point testing. Rollers 12 in. long % 2 in. diameter were
placed 4 ft apart to support the spreader girder, with a 12-in. x 24-in. steel plate under each
roller and an elastomeric rubber pad between the steel plate and the girder top surface. An

overall view of the spreader girder is shown in figure 78.

The girder was placed on 20-in.-long x 2.75-in.-diameter rollers with a 12-in. % 24-in. steel
plate between the roller and the girder. The rollers rested on 16-in.-tall x 16-in.-wide X
24-in.-long steel pedestal supports. The girder end boundary conditions are shown in

figure 79.
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Figure 78. Photo. General spreader girder configuration.

Figure 79. Photo. Girder boundary conditions.
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FLEXURAL BEHAVIOR

A collective total of three flexural tests were conducted on the repaired girders. Girders 2,
3, and 4 each had a flexural test because they were the girders that had a deck cast. During
and after all flexural tests, no top flange or bottom flange repair failed or spalled. The
repairs cracked cohesively with the girder for much of the time. On certain bottom flange
repairs, especially the shallow ones, the perimeter of the repair appeared to be detaching
from the girder (see chapter 5, chapter 6, chapter 7, and chapter 8 for Girders 1, 2, 3, and
4, respectively, for details). However, the repair was confirmed to not be detached after the
girder was unloaded. All the flexural tests were terminated when 95 percent of the
calculated ultimate load was reached or once a bulb surface strain of 0.00847 occurred

(90 percent of ultimate stress in the prestressing strands, or 243 ksi).

SHEAR BEHAVIOR

A collective total of seven shear tests were conducted on the repaired girders. Girders 2, 3,
and 4 each had two shear tests, and Girder 1 only had one shear test. No repair failed or
spalled during or after all the shear tests. All the shear tests were stopped when 95 percent
of the calculated ultimate shear capacity was reached or once a slip of 0.01 in. occurred at
the ends of the prestressing strands. Past research commonly used a 0.01-in. slip as the

definition of bond failure.*"

BOND BEHAVIOR

The bond, transfer, and development lengths of prestressing strands in repaired sections
were measured to determine if the repairs would develop transfer of forces from strands to

the surrounding girder concrete, as occurs in nondamaged girders. Lack of bond in strand
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transfer length regions may result in premature failure of the bearing zones and in poor
shear performance of prestressed concrete girders. This bond performance was tested for
Girders 1 and 4 through shear tests where the concentrated loads were placed close to the

repaired end of each girder.

PERFORMANCE OF REPAIRS

Overall, the repairs acted cohesively with each girder and behaved the same or better than
an undamaged girder. Each test was conducted to the safest maximum load, with the goal
of reaching yielding of the prestressing strands and verging on the calculated ultimate load.
No repair showed signs of major failure, such as extreme cracking or spalling, or
dislodgement from the girder. Only repairs in the bearing zone showed poor prestressing

bond performance, as discussed in the following chapters.
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CHAPTER 5. GIRDER 1 TESTS AND RESULTS

This chapter presents the setup, experiment, and test results for the Girder 1 specimen.

Calculations for this girder are given in appendix G.

OVERVIEW

The Girder 1 tests were conducted to ensure proper performance of the one bearing zone
repair and three top flange repairs. Girder 1 consisted of different tests than the other three
girders because there was no deck cast on the girder. The first test of Grider 1 (Test 1.1.S)
was to test the bearing zone repair. The tests following that first test (Tests 1.2.F, 1.3.F,
and 1.4.F) were to directly test the top flange repairs with a different top flange test setup
(see Top Flange Test Setup). The goal was to test the top flange repair itself because of the
difficulty the composite deck created in testing and observing the top flanges during an

overall girder test. A matrix of each of the tests on Girder 1 is given in table 13.

Table 13. Girder 1 test matrix.

Test Name Behavior Repair(s) Considered
Test 1.1.S Shear 1.1LBZ

Test 1.2.F Flexure 1.2LTF

Test 1.3.F Flexure 1.2LTF

Test 1.4.F Flexure 1.3LTF, 1.3RTF

TOP FLANGE TEST SETUP

For the top flange tests (Tests 1.2.F, 1.3.F, and 1.4.F), a new setup was used (see figure 80).
The top flange test setup consisted of two 46-in.-long W5 x 16 steel shapes spanning across
the top flanges with pin and roller supports, which rested on elastomeric bearing pads. The

pins for the pin and roller were 2 in. in diameter, resting on a 1-in. plate and 1-in. bearing
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pads. The two W5 x 16 shapes were spaced 7 in. apart. On top of the two girders was a
16-in.-deep steel blue pedestal girder to transfer the force from the actuator to the girders.

The pin and roller pin supports were centered 3 in. from the edges of the top flange.
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Figure 80. Photo. Top flange test setup.

TEST 1.1.S (REPAIR 1.1LBZ) RESULTS

The first test on Girder 1, Test 1.1.S, was a shear test to examine the performance of the
bearing zone repair 1.1LBZ and the bond of the strands in that zone. The load point location
was 73.5 in. from the center of bearing of the north end of the girder. This distance is
referred to as “x1” in the calculations in appendix G. The girder roller supports were
centered 7 in. from each end. The spreader beam was used in a three-point bending test
configuration, where only one end of the spreader beam was used to transfer the load. The

spreader beam configuration for the first test on Girder 1 is shown in figure 81.
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1-inch-thick steel
" plate atop 1-inch thic

Figure 81. Photo. Test 1.1.S (repair 1.1LBZ) spreader beam configuration.

For each load step, when the load was reached, the pump valves were closed and a brief
pause was taken for safety reasons prior to collecting gauge readings. The first diagonal
shear cracks occurred at 254 kip (see figure 82 and figure 83). The shear crack width
measured 0.00394—-0.00591 in. The strut width was 5 in, and the strut angle was between
34 and 35 degrees. Gauge readings were recorded, and no damage was seen in repair

1.1LBZ.

The load was then increased to 303 kip. The shear crack width increased to
0.00787—-0.00984 in. These cracks extended into the bulb bearing zone. Cracks on the north
end cross-section developed (see figure 84), specifically around the edge of repair 1.1LBZ,
measuring 0.0138 in. wide. A strand slip of 0.001 in. was measured in strands LS1 and LS2

(labeled in figure 84).
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Figure 82. Photo. Test 1.1.S (repair 1.1LBZ) initial shear cracks on the
repaired girder side (left face of girder pictured). The repair zone is
at the bottom right in this figure. Note that the diagonal cracks and

strut orient toward the edge of the bottom flange.

Figure 83. Photo. Test 1.1.S (repair 1.1LBZ) initial shear cracks on the
original, nonrepaired girder side (right face of girder pictured). Note that the
diagonal cracks orient to a location over the center of the end support.
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Repair perimeter crack

Figure 84. Photo. Test 1.1.S (repair 1.1LBZ) north end cross-section cracks.
Note that the crack through label LS2 for the slip dial gauge goes through
and around the prestressing strands adjacent to the web. The repair
is on the bottom left side of this end view.

Girder 1 was loaded to a final load of 450 kip. A strand slip of 0.038 in. was recorded in
strand LS2, which exceeds the 0.01-in. slip limit established in this project as the failure
criterion. This prompted the loading to be terminated. The initial shear crack width was
0.0138-0.0177 in., and the secondary shear crack width was 0.00118-0.0138 in. The repair
perimeter crack on the north end measured 0.0394 in. wide. The bearing zone cracks at

450 kip are shown in figure 85.

An overall crack pattern from this shear test is shown in figure 86 and figure 87. A residual
strength test was done on repair 1.1LBZ. A 16-1b sledgehammer was used to strike the
repair approximately 10 times. The only damage observed was pieces of the repair breaking

away. Figure 88 shows the aftermath of the residual strength test on repair 1.1LBZ.
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Figure 85. Photo. Test 1.1.S (repair 1.1LBZ) bearing cracks on bulb surface and
around perimeter of repair 1.1LBZ at 450 kip (left face of girder pictured).
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Figure 86. Photo. Test 1.1.S (repair 1.1LBZ) overall crack pattern on
repaired girder side at 450 kip (left face of girder pictured).
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Figure 87. Photo. Test 1.1.S (repair 1.1LBZ) overall crack pattern on original,
nonrepaired girder side at 450 kip (right face of girder pictured).
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Figure 88. Photo. Test 1.1.S (repair 1.1LBZ) residual
strength test using a sledgehammer.

83



Slight separation of the repair concrete from the original concrete is evident in the photos
of the repairs at maximum loads and after residual testing (see figure 85 through figure 88),
as cracks formed around the perimeter of the bearing zone repair. It is suspected that bond

slip in strand LS2 was exacerbated due to being at the border of the repair.

The load-deflection plot for Test 1.1.S (repair 1.1LBZ) is shown in figure 89. The girder
was tested past its elastic point (cracking), resulting in a nonlinear deformation after
unloading due to the cracked girder section. The finding of this shear test was that the girder
successfully exceeded 90 percent of the maximum load based on the nominal shear
capacity (the dashed-dotted line in figure 89). Although repair 1.1LBZ had perimeter
cracks, this suggests that the repair did not negatively impact the shear capacity of the
nonconforming girder. The girder still performed well past its service load conditions, as

shown by this test.

600
500

400

Load, kip
w
=)
S

200

100

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Deflection, in

—— Experimental Load-Deflection
95% Maximum Load from Nominal Moment

90% Maximum Load from Nominal Shear

Figure 89. Graph. Test 1.1.S (repair 1.1LBZ) load-deflection plot.
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The moment-curvature plot for Test 1.1.S (repair 1.1LBZ) (see figure 90) shows the
experimental values obtained from this test. Nonlinear behavior is exhibited after the girder

cracked at approximately 1,340 kip-ft.

2500
2000

1500

Moment, kip-ft
)
(=]
o

500

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Average Curvature, rad (x10¢) / in

—— Experimental Moment-Curvature

Figure 90. Graph. Test 1.1.S (repair 1.1LBZ) moment-curvature plot.

The load-strand slip plot for Test 1.1.S (repair 1.1LBZ) (see figure 91) shows the strand
slip measurements, as well as the nominal capacity loads. Strands LS1 and LS2 exceeded
the strand slip limit of 0.01 in. and prompted the termination of loading. This suggests the
girder failed in a bond-slip failure caused by shear cracks in the bearing zone extending
from the compression strut. Multiple shear cracks passed through the bearing zone, as

shown in previous figures.

DEMEC (CSS) measurements were taken at each load interval and plotted. The CSS plot
(see figure 92) shows the strand stress at a load prior to maximum and at maximum load.
From the plot, it is evident that the strands slipped and lost prestress force at maximum

load, as the strand stress at the maximum load dropped below the stress at the load prior to
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maximum. As repair 1.1LBZ detached from the girder, additional strand slip was induced,

resulting in a loss of stress in the strand at maximum load.
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Figure 91. Graph. Test 1.1.S (repair 1.1LBZ) load-strand slip plot.
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Figure 92. Graph. Test 1.1.S (repair 1.1LBZ) CSS plot:
Strand stress vs. distance from girder end.
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TEST 1.2.F (REPAIR 1.2LTF) RESULTS

Using the top flange test setup discussed previously (see Top Flange Test Setup), the
second test on Girder 1, Test 1.2.F, was a direct top flange test on repair 1.2LTF, located
near the edge of the repair closer to the end of the girder. The center of the load point
location was 115 in. from the north end of the girder. The top flange flexure setup is shown

in figure 93.

The repaired flange was denoted as being located on the left face of the girder, and the
original flange was denoted as being located on the right face of the girder. At a load of
15 kip, a new longitudinal flexural crack, near gauge R1 on the right face of the girder,
opened 0.002 in. wide. At a load of 30 kip, 45-degree flexural cracks formed on the right
side of the flange, which was the original nonrepaired side of the girder flange. These
flexural cracks were 0.00984 in. wide, and the longitudinal flexural crack was now 0.0157

in. wide. These cracks can be seen in figure 94 and figure 95.

Roller bearing

S 10 inches long centered
2 inches, from edge of
flange

e s R A e LG T e

Neoprene bearing pad
4 inches wide x 16 inches long

Figure 93. Photo. Test 1.2.F (repair 1.2LTF) top flange test configuration.
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Figure 94. Photo. Test 1.2.F (repair 1.2LTF) top flange flexural cracks on original,
nonrepaired flange at 30 kip (from top side).
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Figure 95. Photo. Test 1.2.F (repair 1.2LTF) top flange flexural cracks on original,
nonrepaired flange at 30 kip(from above ).

The top flanges were loaded to a final load of 31.4 kip. The original top flange was no

longer able to hold a high load; it was deflecting significantly with no increase in loading.
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The overall top flange cracks from Test 1.2.F (repair 1.2LTF) can be seen in figure 96. In
the figure, the black lines illustrate the girder reinforcement installed at the time of
manufacture, the blue lines illustrate the top flange repair post-installed reinforcement, and
the red lines illustrate the crack pattern. From this direct top flange test, it was found that
the capacity of the top flange repair exceeded that of the original girder top flange. The
original top flange was measured to have a maximum flexural crack width of 0.029 in.,
whereas the top flange repair maximum flexural crack width was only 0.0105 in. under the

same loading conditions.

. Original top
. flange cracks

Figure 96. Photo. Test 1.2.F (repair 1.2LTF) overall final top flange
crack pattern at maximum 31.4 Kip.

TEST 1.3.F (REPAIR 1.2LTF) RESULTS

The third test on Girder 1, Test 1.3.F, was another direct top flange test on repair 1.2LTF,
closer to the center of the repair. The load point location was 173.25 in. from the north end

of the girder. The top flange test setup for this test is shown in figure 97.
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During the loading process, after a load is stopped and the valves are shut on the manual
hydraulic pump, the pressure decreases, and the load drops each time. In this test, no cracks
were seen in the 5-, 10-, or 15-kip load increments. After loading to 15 kip, the pressure
dropped the load to 10 kip. Loading was started again to attempt to load the top flanges to
the next interval of 20 kip; however, the original top flange cracked at 13.5 kip while
reloading. The crack width was 0.0197-0.0236 in. The shear-flexural cracks are shown in

figure 98 and figure 99.
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Figure 97. Photo. Test 1.3.F (repair 1.2LTF) top flange configuration.
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Figure 98. Photo. Test 1.3.F (repair 1.2LTF) shear-flexural cracks at 13.5 kip
(right face of girder pictured, south end).

Figure 99. Photo. Test 1.3.F (repair 1.2LTF) shear-flexural cracks at 13.5 kip
(right face of girder pictured, north end).

91



The repair top flange cracked, as well, with a longitudinal flexural -crack
0.00591-0.00787 in. wide. Figure 100 provides a top view of the original flange cracks

and the repair cracks.

The top flange was then loaded to its final load of 16 kip. Once again, the original top
flange was deflecting significantly with no additional load resistance. The overall top
flange cracks from Test 1.3.F (repair 1.2LTF) are shown in figure 101. In the figure, the
black lines illustrate the girder reinforcement, the blue lines illustrate the top flange repair
post-installed reinforcement, and the red lines illustrate the crack pattern. From this test, it
was found that the capacity of the top flange repair exceeded that of the original girder top
flange, which failed at a moment capacity of 17.3 kip-ft. The repaired flange was measured
to have detached only 0.0045 in., whereas the original top flange detached 0.015 in. at the

longitudinal flexural crack interface.

Figure 100. Photo. Test 1.3.F (repair 1.2LTF) shear-flexural cracks at 16 kip.
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TEST 1.4.F (REPAIR 1.3RTF, 1.3LTF) RESULTS

The fourth and final test on Girder 1, Test 1.4.F, was a direct top flange test on repairs
1.3RTF and 1.3LTF at the midspan of the repairs. As discussed in chapter 4, the repairs
were constructed symmetrically on both right and left flanges, and each repair was 6 ft
long. Both the right and left repairs used an epoxy bonding agent. The load point location
was 123.625 in. from the south end of the girder. The top flange test setup for Test 1.4.F

(repair 1.3RTF, 1.3LTF) is shown in figure 102.
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Figure 102. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) test configuration.

At a load of 15 kip, a crack formed on the right girder face flange edge, measuring
0.00394 in. wide (see figure 103). A crack near dial gauge L2 (see figure 104) on the corner

edge of repair 1.3LTF was seen, as well, measuring 0.00787 in. wide.

Top flange edge face crack

Figure 103. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) top flange edge
face crack at 15 Kip (right face of girder pictured).
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Figure 104. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) top flange shear cracks
at 15 kip (left face of girder pictured).

The load was then increased to 20 kip. The previous right-side face crack remained the
same, and the L2 crack increased to 0.00984 in. wide. Cracks near the R4 gauge and near

the L4 gauge were seen, both measuring 0.00394 in. Figure 105 shows the initial L4 crack.

Figure 105. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) top flange shear cracks
at 20 kip (left face of girder pictured).
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The load was then increased to 25 kip. A hairline flexural crack measuring 0.00394 in.
wide formed along the longitudinal edge of repair 1.3LTF. The initial right-side face crack
now measured 0.00591 in. wide. The previous cracks that had formed remained the same.
When the load was increased to 30 kip, no change occurred in the crack widths. However,
when the load was increased to 35 kip, a flexural crack on the longitudinal edge of
repair 1.3RTF was noticed that measured 0.00591 in.. All other cracks remained the same

in width.

The load was then increased to 71 kip. Punching shear cracks formed on both repairs,
appearing to propagate from the top flange test setup supports. These two cracks measured
0.00984 in. wide. The left flexural crack measured 0.0177 in., the right-side face crack now
measured 0.0177 in., and the L2 crack measured 0.0118 in. The other cracks remained the

same in width. The punching shear crack on the left side repair is shown in figure 106.

- Top flange repair |
shear crack
s

Figure 106. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) top flange
shear crack on repair 1.3LTF.
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The top flange repairs were loaded to a final load of 80 kip. Loading was terminated at this
point due to concerns over reaching failure of the W5 x 16 steel shapes that were part of
the top flange test setup. The overall top flange cracks from Test 1.4.F (repair 1.3RTF,
1.3LTF) are shown in figure 107. In the figure, the black lines illustrate the girder
reinforcement, the blue lines illustrate the top flange repair post-installed reinforcement,
and the red lines illustrate the crack pattern. From this test, it was found that the top flange
repairs were able to sustain a 40-kip load, which exceeded the calculated theoretical
capacity of 29.4 kip. The two top flange repairs behaved similarly in response to this high
load. Detachment of the top flange repairs from the original girder was minimal, with a
maximum of 0.022 in. on the longitudinal portion of repair 1.3RTF and a maximum of
0.024 in. on the longitudinal portion of repair 1.3LTF. Due to the top flange repairs being
able to sustain a load higher than the theoretical capacity, they exceeded their demand and

performed successfully with the girder.

Sk

Figure 107. Photo. Test 1.4.F (repair 1.3RTF, 1.3LTF) overall top flange
cracks at 80 kip.
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CHAPTER 6. GIRDER 2 TESTS AND RESULTS

This chapter presents the setup, experiment, and test results from the Girder 2 test

specimen. Calculations for this girder are given in appendix H.

OVERVIEW

A total of three tests were conducted on Girder 2, including a shear test at each end and a
flexural test near midspan. The two shear tests were designed to mimic a two-axle
American Association of State Highway and Transportation Officials (AASHTO) HS-93
truck load having two concentrated point loads,®® represented by the spreader beam in a
four-point bending test configuration. The flexural test was designed to maximize the
tensile stress in repair 2.3RTF and observe the repair performance under this load. A matrix

of each of the tests on Girder 2 is given in table 14.

Table 14. Girder 2 test matrix.

Test Name Behavior Repair(s) Considered
Test 2.1.S Shear 2.1RTF, 2.1LTF
Test 2.2.S Shear 2.2LTF
Test 2.3.F Flexure 2.3LTF

TEST 2.1.S (REPAIR 2.1RTF, 2.1LTF) RESULTS

The first test on Girder 2, Test 2.1.S, was one of the two shear tests and was designed to
test the performance of top flange repairs 2.1RTF and 2.1LTF under a two-axle AASHTO
HS-93 truck load.®? The load point location was 92 in. from the center of bearing of the
north end of the girder. This distance is referred to as “x;” in the calculations in appendix H

(a/d = 1.51). The girder supports were centered 7 in. from each end. A spreader beam was
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used in a four-point bending test configuration, where the “point” loads were spaced 4 ft

apart to match the AASHTO HS-93 truck load wheel spacing (see figure 108).
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Figure 108. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) spreader beam with
two rollers spaced 4 ft apart and 51 in. long.

The load was applied in steps. When either the desired load was reached or a significant
crack developed, the pump valves were closed and a brief pause was taken prior to
collecting gauge readings. Cracking was first heard and observed at a load of 280 kip. The
crack angle was between 35 and 36 degrees from the horizontal. The strut configuration
matches that discussed in the commentary for AASHTO Section 5.6.3 Strut-and-Tie
Method.®® The apparent width of the compression strut narrowed as the strut approached
the bulb. Gauge readings were recorded, and no damage was seen in repairs 2.1RTF or
2.1LTF, nor in any other top flange repairs on the girder. Shear cracks are shown in

figure 109 and figure 110, and end cracking in figure 111.
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Top flange repair
2.1RTF

Figure 109. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) shear cracks to the left of
repair 2.1RTF (right face of girder pictured).

. 4 Sy ; North end, |
Top flange repair v N . SRRt left face

2.1LTF

Figure 110. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) shear cracks to the right of
repair 2.1LTF (left face of girder pictured).
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Figure 111. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) north end cross-section
cracks extending past center of bearing, prompting strand slip failure.

Loading continued to the maximum load of 424 kip. The shear crack width now measured
0.0177 in. Strand slip measured 0.017 in., which was past the slip failure threshold of
0.01 in. Loading was stopped at this point due to strand slip failure and to not prematurely
fail the girder before the other tests were conducted. The final shear crack pattern is shown
in figure 112 and figure 113. No separation of the repair concrete from the original concrete
occurred in any repair. No signs of cracking, debonding, interface shear, or failure in top

flange repairs 2.1RTF and 2.1LTF were observed.

101



Figure 112. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) final shear cracks not
spreading to top flange repair 2.3RTF at 424 kip (right face of girder pictured).

§ North end,
left face

Figure 113. Photo. Test 2.1.S (repair 2.1RTF, 2.1LTF) final shear cracks not
spreading to top flange repair 2.3LTF at 424 kip (left face of girder pictured).
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As seen in the load-deflection plot for Test 2.1.S (repair 2.1RTF, 2.1LTF) (see figure 114),
the girder was tested past its elastic point (cracking), resulting in a nonlinear deformation
after unloading due to the cracked girder section. The finding of this shear test was that the
girder sustained a load within 89 percent of the maximum load based on the nominal shear
capacity (the dashed-dotted line in figure 114). This suggests that top flange repairs 2.1RTF
and 2.1LTF did not negatively impact the shear capacity of the nonconforming girder. The

girder performed well past its service load conditions.
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Figure 114. Graph. Test 2.1.S (repair 2.1RTF, 2.1LTF) load-deflection plot.

The moment-curvature plot for Test 2.1.S (repair 2.1RTF, 2.1LTF) (see figure 115) shows
the experimental values obtained from this test. Nonlinear behavior is exhibited after the

girder cracked at approximately 1,495 kip-ft.
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Figure 115. Graph. Test 2.1.S (repair 2.1RTF, 2.1LTF) moment-curvature plot.
The load-strand slip plot for Test 2.1.S (repair 2.1RTF, 2.1LTF) (see figure 116) shows the
strand slip measurements, as well as the nominal capacity loads. At a load of 430 kip,
strands LS well exceeded the strand slip limit of 0.01 in., which coincides with a load close
to 90 percent of the maximum load from nominal shear (the dotted-dashed line in
figure 116). This suggests the girder failed due to bond-slip caused by shear cracks through

the bearing zone caused by the compression strut. Shear cracks did not spread into the

longest top flange repair 2.2LTF.
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Figure 116. Graph. Test 2.1.S (repair 2.1RTF, 2.1LTF) load-strand slip plot.

TEST 2.2.S (REPAIR 2.2LTF) RESULTS

The second test on Girder 2, Test 2.2.S, was designed to test the performance of top flange
repair 2.2LTF under a two-axle AASHTO HS-93 truck load.?? The load point location
was 92 in. from the center of bearing of the south end of the girder. This distance is referred
to as “x2” in the appendix H calculations (a/d = 1.51). The girder supports and spreader

beam configuration matched the Test 2.1.S (repair 2.1RTF, 2.1LTF) in four-point bending.

As the girder was loaded in steps, the first shear cracks were seen and heard at a load of
281 kip (see figure 117 and figure 118), along with end zone cracking (see figure 119). The
shear crack width measured 0.00591 in. The strut width was 10-10.5 in. The strut angle
was between 29 and 33 degrees. Gauge readings were taken, and no damage was seen in

repair 2.2LTF or any other top flange repairs.
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Figure 118. Photo. Test 2.2.S (repair 2.2LTF) shear cracks on repaired face,
not extending into top flange repair 2.2LTF (left face of girder pictured).
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Figure 119. Photo. Test 2.2.S (repair 2.2LTF) south end cross-section
crack at 281 Kip.

The girder was loaded to a maximum load 0f 431 kip. More shear cracks formed, measuring
0.00591-0.00787 in. wide. The first shear crack width now measured 0.0157 in., and the
slip in the strand measured 0.013 in. in dial gauge LS3. The south end crack width increased
to 0.0256 in. The bearing crack width now measured 0.0256 in., and a new bearing crack
formed, measuring 0.00787 in. wide (see figure 120). The load was stopped at this point
due to strand slip failure and to not prematurely fail the girder before the last test could be

conducted. There were no signs of failure in top flange repair 2.2LTF.
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Figure 120. Photo. Test 2.2.S (repair 2.2LTF) south end cross-section
vertical cracks at 431 kip.

The final shear crack pattern of Test 2.2.S (repair 2.2LTF) is shown in figure 121 and
figure 122. As these overall figures of the repairs at maximum loads show, no separation
of the repair concrete from the original concrete occurred in any repair. Diagonal shear
cracks were directed at the repair zone; yet, the authors observed no diagonal cracking at
the edges of the BT-54 flange or in the cast-in-place deck. No signs of cracking, debonding,

interface shear, or failure in top flange repair 2.2LTF were observed.

108



| South end,
| right face

Figure 121. Photo. Test 2.2.S (repair 2.2LTF) final shear cracks on nonrepaired,
original face at 424 kip (right face of girder pictured).

" South end,
left face
~Q\

Figure 122. Photo. Test 2.2.S (repair 2.2LTF) final shear cracks on repaired face at
424 kip. The longest top flange repair length is 126 in. (left face of girder pictured).
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The load-deflection plot for Test 2.2.S (repair 2.2LTF) is shown in figure 123. The girder
behaved in a similar manner to the first shear test on this girder. The finding of this shear
test was that the girder successfully exceeded 90 percent of the maximum load based on
the nominal shear capacity (the dashed-dotted line in figure 123). This suggests that repair
2.2LTF did not negatively impact the shear capacity of the nonconforming girder. Girder 2
had the longest top flange repair and still performed well past its service load conditions,

as shown by this test.
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Figure 123. Graph. Test 2.2.S (repair 2.2LTF) load-deflection plot.

The moment-curvature plot for Test 2.2.S (repair 2.2LTF) (see figure 124) shows the
experimental values obtained from this test. Nonlinear behavior is exhibited after the girder

cracked at approximately 1,500 kip-ft.
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Figure 124. Graph. Test 2.2.S (repair 2.2LTF) moment-curvature plot.

The load-strand slip plot for Test 2.2.S (repair 2.2LTF) (see figure 125) shows the strand
slip measurements, as well as the nominal capacity loads. At a load of 500 kip, strands
LS2, LS3, and RS3 exceeded the strand slip limit of 0.01 in., which coincides with a load
just past 90 percent of the maximum load from nominal shear (the dotted-dashed line in
figure 125). This suggests the girder failed as a result of bond-slip caused by shear cracks

through the bearing zone caused by the compression strut. Shear cracks did not spread into

the longest top flange repair 2.2LTF.
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Figure 125. Graph. Test 2.2.S (repair 2.2LTF) load-strand slip plot.

TEST 2.3.F (REPAIR 2.3LTF) RESULTS

The last test on Girder 2, Test 2.3.F, was a flexural, moment capacity test at midspan. This
test was designed to observe the performance of top flange repair 2.3LTF by centering the
load point over the repair and maximizing the tensile stress experienced by it. The load
point location was 263 in. from the center of bearing of the south end of the girder.
Theoretical calculations for Girder 2 can be found in appendix H. The girder supports were
placed 7 in. from each end. The spreader beam was used in a four-point bending test
configuration test (see figure 126). Dial gauges were placed on the bottom flange at the
level of the bottom strands and 4 in. below the top of the deck to measure top and bottom

strain to enable calculation of girder curvature.
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Figure 126. Photo. Test 2.3.F (repair 2.3LTF) spreader beam four-point
bending configuration near midspan, simulating a two-axle truck load
to create maximum tensile stress in the top flange.

Flexural cracking in the bottom flange occurred at 245 kip, and Figure 127 shows the
cracking at 264 kip. At a load of 335 kip, a new shear crack patterned around the tie-down
transport holes, near the south end of the girder where the second test took place.
Figure 128 and figure 129 show this shear crack pattern that occurred during the midspan

loading of Girder 2.

The load was then increased to its final load of 341 kip. After that load, the initial flexural
cracks measured 0.0315 in. on the right face of the girder and 0.0591 in. on the left face of
the girder. Further, the initial shear-flexural cracks measured 0.0295 in. on both faces of
the bulb. The final flexural and shear-flexural crack patterns are shown in figure 130 and

figure 131.
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Figure 127. Photo. Test 2.3.F (repair 2.3LTF) flex
(right face of girder pictured).
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Figure 128. Pho
transport holes toward the midspan of the girder at a 335-kip flexural load,
nonrepaired, original face (right face of girder pictured).

to. Test 2.3.F (repair 2.3LTF) shear cracks through tie-down
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Figure 129. Photo. Test 2.3.F (repair 2.3LTF) shear cracks through tie-down holes

toward the midspan of the girder at a 335-kip flexural load, repaired face with
longest top flange repair of 126 in. (left face of girder pictured).

midspan, A midspan,
right face = : 3 right face

Figure 130. Photo. Test 2.3.F (repair 2.3LTF) final flexural and shear-flexural
cracks on repaired face at 341 kip. Cracks did not extend into top flange
repair 2.3RTF (right face of girder pictured).
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Figure 131. Photo. Test 2.3.F (repair 2.3LTF) final flexural and shear-flexural
cracks on nonrepaired, original face at 341 kip (left face of girder pictured).

As the overall figures of the repairs at maximum loads show, no separation of the repair
concrete from the original concrete occurred in any repair (see figure 130 and figure 131).
Cracking was arrested in the repair zone due to the longitudinal prestressing strands, the
non-prestressed #3 reinforcement (c-bars), and the restraint provided by the cast-in-place

concrete deck.

The load-deflection plot for Test 2.3.F (repair 2.3LTF) (see figure 132) shows that the
girder was tested well past its elastic point (cracking), resulting in a nonlinear deformation
after unloading due to the cracked girder section. The finding of this flexural test was that
the girder successfully exceeded 90 percent of the maximum load based on the nominal
flexural capacity (the dashed line in figure 132). The girder performed well past its service

load conditions, as shown by this test.
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Figure 132. Graph. Test 2.3.F (repair 2.3LTF) load-deflection plot.
The moment-curvature plot for Test 2.3.F (repair 2.3LTF) (see figure 133) shows the
experimental values obtained from this test. Nonlinear behavior is exhibited after the girder
cracked at approximately 2,470 kip-ft. Based on this plot, the repaired girder exceeded
95 percent of the nominal moment capacity. This suggests that top flange repair 2.3LTF

did not negatively impact the capacity of the nonconforming girder.

117



4000

3500

3000

2500

Moment, kip-ft
)
o
(]
o

1500
1000

500

0 1 2 3 4 5 6 7
Average Curvature, rad (x10) / in

Experimental Moment-Curvature = = =95% Nominal Moment

Figure 133. Graph. Test 2.3.F (repair 2.3LTF) moment-curvature plot.
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CHAPTER 7. GIRDER 3 TESTS AND RESULTS

This chapter presents the setup, experiment, and test results from the Girder 3 test

specimen. Calculations for this girder are given in appendix 1.

OVERVIEW

Tests on Girder 3 concentrated on bottom flange repairs located 8.5 ft from the north end,
5.25 ft from the south end, and at midspan. In total, three tests were conducted on Girder 3,

as summarized in table 15.

Table 15. Girder 3 test matrix.

Test Name Behavior Repair(s) Considered

Test 3.1.S Shear 3.1RBF, 3.1LBF

Test 3.2.S Shear 3.2RBF

Test 3.3.F Flexure 3.3RBF, 3.3LBF
TEST SETUP

As discussed in chapter 2, some bottom flange repairs were just on one side of the girder,
whereas others were on both sides. The shear tests at each end were designed to maximize
the compression force in the diagonal struts; the total load was concentrated at a single
point rather than the previous two-point loads. Such concentration was designed to
maximize the stresses in the prestressing strands at and near the ends of the girders, which
would create possible bond-slip failures, development length failures in repair patches near
the ends, and delamination of repair concrete near the end. The midspan flexural test was
designed to determine if the bottom flange patch would dislodge when strand yield strains

and large concrete cracks developed.
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TEST 3.1.S (REPAIR 3.1RBF, 3.1LBF) RESULTS

The first test on Girder 3, Test 3.1.S, was designed to maximize the compression force in
the diagonal strut to observe the performance of repairs 3.1RBF and 3.1LBF under this
loading. The load point location was 94.75 in. from the center of bearing of the north end
of the girder. This distance is referred to as “x1” in the appendix I calculations (a/d = 1.55).
The spreader beam was used in a three-point bending test configuration, where only one
end of the spreader beam was used to transfer load. This configuration also maintained the
distance from the deck surface to the base of the load cell, alleviating the need to adjust the

test setup. The spreader beam configuration for this test is shown in figure 134.

Figure 134. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) spreader beam

configuration with the hydraulic ram located directly above
the load point closest to the north girder bearing.

Upon loading, two diagonal shear cracks were seen at a load of 300 kip. The shear crack
width measured 0.00787 in. The strut width was between 9 and 11 in. The crack angles

were between 37 and 40 degrees (see figure 135 and figure 136).
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Figure 135. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) initial shear cracks
(left face of girder pictured).

_inch from center of bean'n

Figure 136. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) initial shear cracks
(right face of girder pictured).

121



Gauge readings were recorded, and flexural cracks were seen in repairs 3.3RTF and

3.3LTF at the quarter points. These cracks measured 0.00394-0.00591 in. wide. Flexural

cracks occurred at a 325-kip load (see figure 137 and figure 138).

North end,
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Figure 137. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) flexural cracking
on midspan repairs at 325 kip (right face of girder pictured).
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Figure 138. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) flexural cracking on midspan
repairs at 325 kip (left face of girder pictured).

At a load of 399 kip, the “bottom” shear crack increased to 0.0157 in. on the right side of

the girder. Figure 139 shows the three prominent shear cracks that formed on the right face

of the web.
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Figure 139. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) shear cracks
strut width at 410 Kip (right face of girder pictured).

At a load of 431 kip, two new short shear cracks, measuring 0.00787 in. wide, formed. A
final strand slip of 0.0145 in. was measured in dial gauge RS1, prompting the termination
of the test due to bond-slip. Vertical cracks passing through the strands on the end cross-

section were observed (see figure 140).

The final crack pattern is shown in figure 141 and figure 142. As these overall figures of
the repairs at maximum loads show, no separation of the repair concrete from the original
concrete occurred in any repair even though significant cracking occurred in the repair.
Crack widths were uniform through the lengths of the repairs, showing that there was no
debonding of the prestressing strand. No signs of interface shear cracking or failure of the

bottom flange repairs 3.1RBF and 3.1LBF were observed.
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Figure 141. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) final crack pattern
at 431 kip (right face of girder pictured).
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Figure 142. Photo. Test 3.1.S (repair 3.1RBF, 3.1LBF) final crack pattern
at 431 kip (left face of girder pictured).

The load-deflection plot for Test 3.1.S (repair 3.1RBF, 3.1LBF) (see figure 143) shows
that the girder was tested past its elastic point (cracking), resulting in a nonlinear
deformation after unloading due to the cracked girder section. The finding of this shear test
was that the girder successfully exceeded 90 percent of the maximum load based on the
nominal shear capacity (the dashed-dotted line in figure 143). This suggests that bottom
flange repairs 3.1RBF and 3.1LBF did not negatively impact the shear capacity of the
nonconforming girder. The girder performed well past its service load conditions, as shown

by this test.

The moment-curvature plot for Test 3.1.S (repair 3.1RBF, 3.1LBF) (see figure 144) shows
the experimental values obtained from this test. Nonlinear behavior is exhibited after the

girder cracked at approximately 1,946 kip-ft.
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Figure 143. Graph. Test 3.1.S (repair 3.1RBF, 3.1LBF) load-deflection plot.
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Figure 144. Graph. Test 3.1.S (repair 3.1RBF, 3.1LBF) moment-curvature plot.
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The load-strand slip plot for Test 3.1.S (repair 3.1RBF, 3.1LBF) (see figure 145) shows
the strand slip measurements, as well as the nominal capacity loads. The strands did not
exceed the strand slip limit of 0.01 in. at maximum applied load. However, as the load was
removed, the bearings at the end of the girder provided less transverse frictional restraint
and allowed the strands to slip farther. This suggests the girder failed in a strand-slip shear
nature, as can be confirmed by the load-deflection behavior. Flexural cracks did form in

the bottom flange repairs, but 95 percent of the nominal shear capacity was well surpassed.
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Figure 145. Graph. Test 3.1.S (repair 3.1RBF, 3.1LBF) load-strand slip plot.

TEST 3.2.S (REPAIR 3.2RBF) RESULTS

The second test on Girder 3, Test 3.2.S, was designed to maximize the compression force
in the diagonal strut to observe the performance of repair 3.2RBF under this loading. The
load point location was 113 in. from the center of bearing of the south end of the girder.

This distance is referred to as “x»” in the appendix I calculations (a/d = 1.85). The girder
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supports and spreader beam configuration were the same as that for Test 3.1.S (repair

3.1RBF, 3.1LBF; three-point bending).

At a load of 272 kip, the first diagonal shear cracks were observed, with widths between
0.00394 and 0.00787 in. (see figure 146 and figure 147). The strut width was 10 in.

between cracks, and the strut angle was between 27 and 29 degrees.

Flexural cracks also formed on repair 3.2RBF, which were 0.00394 in. wide. Flexural

cracking increased at 376 kip (see figure 148 and figure 149).

South end,
right face

Figure 146. Photo. Test 3.2.S (repair 3.2RBF) initial shear cracks not going
through repair 3.2RBF at 272 Kkip (right face of girder pictured).
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Figure 147. Photo. Test 3.2.S (repair 3.2RBF) initial shear cracks on nonrepaired,
original girder face at 272 kip (left face of girder pictured).

South end,
right face

et

Figure 148. Photo. Test 3.2.S (repair 3.2RBF) flexural cracks toward the midspan,
to the left of repair 3.2RBF at 376 kip (right face of girder pictured).
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left face
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Figure 149. Photo. Test 3.2.S (repair 3.2RBF) flexural cracks toward the midspan,
on nonrepaired, original girder face at 376 kip (left face of girder pictured).
At 395 kip, strand slip of 0.010 in. was observed at strand location LS where a vertical

crack ran adjacent to the strand. The end cross-section is shown in figure 150.

Figure 150. Photo. Test 3.2.S (repair 3.2RBF) south end cross-section

crack adjacent to strand LS at 400 kip.
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At the maximum load of 410 kip, the initial shear crack on the right side of the girder
measured 0.0157 in. and the left crack measured 0.0177 in. Flexural crack width still
measured 0.00591-0.00787 in., but the cracks were extending toward the top of the web.
Because a strand slip of 0.01 in. had already occurred, loading was terminated at this point
to avoid additional girder failure. Figure 151 shows the shear-flexural cracks on the left

face of the girder.

South end,
left face

()
Figure 151. Photo. Test 3.2.S (repair 3.2RBF) shear-flexural cracks located
directly under load point at 410 kip (left face of girder pictured).

The final shear crack pattern of both sides of the girder is shown in figure 152 and
figure 153. Note the width of the compression struts on each side of the girder and that the
center of compression is beyond the center of bearing of the girder. The horizontal
component of the compression force in the web was resisted by the tensile forces in the
strands across the bottom flange. Because the center of tension in the left and right sides of

the bulb was eccentric to the center of compression in the web, transverse tensile forces in
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the bottom flange developed; these tensile forces resulted in the end zone cracking, the

decrease in bond capacity of the strands, and the resulting bond-slip.

South end,

right face

Figure 152. Photo. Test 3.2.S (repair 3.2RBF) final shear cracks on repaired
face of the girder at 410 Kip (right face of girder pictured).

Figure 153. Photo. Test 3.2.S (repair 3.2RBF) final shear cracks on repaired
face of the girder at 410 kip (left face of girder pictured).
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As the overall figures of the repairs at maximum loads show (see figure 152 and
figure 153), no failure of repair 3.2RBF was observed and no separation of the repair
concrete from the original was observed. The patch did not dislodge from the bottom of

the flange.

The load-deflection plot for Test 3.2.S (repair 3.2RBF) (see figure 154) shows that the
girder behaved in a similar manner to the first shear test on this girder. This shear test found
that the girder successfully exceeded 90 percent of the maximum load based on the nominal
shear capacity (the dashed-dotted line in figure 154). This suggests that bottom flange
repair 3.2RBF did not negatively impact the shear capacity of the nonconforming girder.

The girder performed well past its service load conditions, as shown by this test.
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Figure 154. Graph. Test 3.2.S (repair 3.2RBF) load-deflection plot.
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The moment-curvature plot for Test 3.2.S (repair 3.2RBF) (see figure 155) shows the
experimental values obtained from this test. Nonlinear behavior is exhibited after the girder

cracked at approximately 2,017 kip-ft.
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Figure 155. Graph. Test 3.2.S (repair 3.2RBF) moment-curvature plot.

The load-strand slip plot for Test 3.2.S (repair 3.2RBF) (see figure 156) shows the strand
slip measurements, as well as the nominal capacity loads. At a load of 376 kip, the strands
exceeded the strand slip limit of 0.01 in., which coincides with a load just past 90 percent
of the maximum load from nominal shear (the dotted-dashed line in figure 156). This
suggests the girder failed in a bond-slip failure caused by shear cracks to the bearing zone
inflicted by the compression strut. Flexural cracks did form in the bottom flange repairs,

but 95 percent of the nominal flexural capacity was surpassed.
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Figure 156. Graph. Test 3.2.S (repair 3.2RBF) load-strand slip plot.

TEST 3.3.F (REPAIR 3.3RBF, 3.3LBF) RESULTS

The last test on Girder 3, Test 3.3.F, was a flexure test, which was designed to observe the
performance of midspan repairs 3.3RBF and 3.3LBF under extreme tensile stresses by
centering the spreader beam over the repair location. The flexural test used the spreader
beam with four-point loading identical to that used for Test 2.3.F. The center of the spreader
beam was at midspan, 266 in. from the center of bearing of the south end of the girder.

Theoretical calculations for Girder 3 can be found in appendix I.

During the first shear test, flexural cracks had occurred at repairs 3.3RBF and 3.3LBF and
measured 0.00394 in. wide. At a load of 200 kip, the old flexural crack widths increased to

0.00591 in. The load was then increased to 240 kip, and new flexural cracks were heard
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and seen. These new flexural cracks measured 0.0787 in. wide. Figure 157 and figure 158

show the flexural cracks on the right and left sides of the girder, respectively.

E. s .

Figure 157. Photo. Test 3.3.F (repair 3.3RBF, 3.3LBF) initial flexural cracks
at 240 kip (right face of girder pictured).

South of g E 3 North of
midspan, midspan,
left face _ left face

Figure 158. Photo. Test 3.3.F (repair 3.3RBF, 3.3LBF) initial flexural cracks
extending 15 in. from the top of the bulb at 240 kip (left face of girder pictured).
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At a load of 282 kip, shear-flexural cracks started to form, measuring around 0.0118 in.
Flexural cracks continued to extend up the web. In the center of the repairs, these cracks
measured 0.0157 in. On the outside of the repairs, the cracks measured 0.00984 in. The
girder was loaded to a final load of 330 kip. Several new shear-flexural cracks formed,
which measured 0.0236 in. The previously formed shear-flexural cracks now measured
0.0256—-0.0295 in. On the center of the repair, flexural cracks measured 0.0217-0.0236 in.
On the centerline of the overall girder, the flexural cracks still measured 0.0295 in.
Figure 159 and figure 160 show the left and right sides, respectively, of the cracking pattern

on the girder after this flexural test.

= South of s Ty oy v : = NoniTof
e midspan,
left face

Flgure 159. Photo. Test 3.3.F (repalr 3.3RBF, 3. 3LBF) overall crack pattern

at the final load of 330 kip. Extensive flexural cracks occurred in the
bottom flange repair (left face of girder pictured).
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Figure 160. Photo. Test 3.3.F (repair 3.3RBF, 3.3LBF) overall crack pattern
at the final load of 330 kip. Extensive flexural cracks occurred in the
bottom flange repair (right face of girder pictured).

As the overall figures of the repairs at maximum loads show (see figure 159 and
figure 160), no separation of the repair concrete from the original concrete occurred in any
repair, even though significant cracking in the repair was evident. Crack widths were
uniform through the lengths of the repairs, showing that there was no debonding of the
prestressing strand and that there probably was excellent bond between the repair and the
original concrete at the interior side of the original concrete. If there were separation, the

exterior strains as shown by cracking would vary significantly.

The load-deflection plot for Test 3.3.F (repair 3.3RBF, 3.3LBF) (see figure 161) shows
that the girder was tested well past its elastic point (cracking), resulting in a nonlinear
deformation after unloading due to the cracked girder section. The finding of this flexural

test was that the girder successfully exceeded 90 percent of the maximum load based on
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the nominal flexural capacity (the dashed line in figure 161). The girder performed well

past its service load conditions, as shown by this test.
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Figure 161. Graph. Test 3.3.F (repair 3.3RBF, 3.3LBF) load-deflection plot.

The moment-curvature plot for Test 3.3.F (repair 3.3RBF, 3.3LBF) (see figure 162) shows
the experimental values obtained from this test. Nonlinear behavior is exhibited after the
girder cracked at approximately 2,420 kip-ft. Based on this plot, the repaired girder
exceeded 95 percent of the nominal moment capacity. This suggests that bottom flange
repairs 3.3RBF and 3.3LBF did not negatively impact the capacity of the nonconforming

girder, despite being the repairs located at the highest tensile stress location.
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Figure 162. Graph. Test 3.3.F (repair 3.3RBF, 3.3LBF) moment-curvature plot.
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CHAPTER 8. GIRDER 4 TESTS AND RESULTS

This chapter presents the setup, experiment, and test results from the Girder 4 test

specimen. Calculations for this girder are given in appendix J.

OVERVIEW

A total of three tests were conducted on Girder 4 to evaluate the seven top flange repairs
and the three bottom flange repairs. Loading near each end and at midspan allowed for
study of the interface shear between the deck and flange to assure that full composite action
was achieved and that the flexural and shear capacities were developed. One bottom flange
repair near midspan was a shallow repair designed to represent chipping during girder
transport; the loss of concrete was below the bottom layer of prestressing strand. The
midspan repair was designed to evaluate whether such a shallow repair would remain
attached when the girder was loaded to near nominal loads. The final bottom flange repairs
were either near or within the bearing zones at the ends of the girder. Those repairs were

in areas of high reinforcement congestion; therefore, epoxy bonding agent was not applied.

One purpose of these bearing zone repairs was to determine whether the prestressing
strands could be adequately bonded following retensioning so the anticipated transfer and
development lengths could be achieved. Surface strain and strand bond-slip measurements
were critical for these bearing zone repairs. Repair 4.1LBZ was at the north end bearing
zone, on the top surface of the bottom flange with two top row strands that were exposed
and retensioned. The other bearing zone repair was 4.2LBZ at the south end, which
previously had exposed the bottom of the flange and three bottom row strands. No

retensioning was required for that specific repair.
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A matrix of the tests performed on Girder 4 is included in table 16.

Table 16. Girder 4 test matrix.

Test Name Behavior Repair(s) Considered
Test4.1.S Shear 4.1LBZ, 4.1RTF, 4.1LTF, 4. 4LTF
Test 4.2.S Shear 4.2RBZ, 4.2RTF, 4.2RTFE, 4.2LTF
Test 4.3.F Shear 4.3LTF

TEST 4.1.S (REPAIR 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) RESULTS

The first test on Girder 4, Test 4.1.S, was designed to observe the bearing zone repair
performance by focusing the center of the compression strut on the repair and evaluating
the behavior of the repair under this high load. This test was also designed to observe the
performance of top flange repairs 4.1RTF and 4.1LTF by centering the load point over
these repairs and maximizing the tensile stress experienced by them. The load point
location was 113 in. from the center of bearing of the north end of the girder. This distance
is referred to as “xi” in the appendix J calculations (a/d = 1.85). The spreader beam was
used in a four-point bending test configuration, which was identical to the spreader beam

setup for the shear tests on Test 2.1.S (see figure 163).

At a load of 294 kip, two diagonal shear cracks were seen. The shear crack width measured
0.00787 in. The strut width was 9.5-10 in. The crack angles were between 37 and

39 degrees (see figure 164 and figure 165).

Figure 166 shows a close-up of the bearing cracks on repair 4.1LBZ that developed more
with each load step. The dial gauges on the extents of each repair measured any separation

of the repair from the girder.
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Figure 163. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
general test setup (left face of girder pictured).

Figure 164. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)

initial shear cracks on original, nonrepaired face at 294 kip
(right face of girder pictured).
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Top flange
repair 4.1LTF
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Bearing zone repair
4.1LBZ

Figure 165. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
initial shear cracks on repaired face, extending into bottom flange
repair 4.1LBZ at 294 Kip (left face of girder pictured).

411BZ B o B

NO EPOXY

NO ANCHORS

Figure 166. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
bearing cracks on repair 4.1LBZ at 322 kip (left face of girder pictured).
Dial gauges on the strand ends measured the strand slip.
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At a load of 394 kip, flexural cracks propagated directly below the load point from the
bottom of the girder up toward the spreader beam pin support. They continued to spread
up the web after each load step, and their final width measured 0.00787 in. At a load of
470 kip, shear-flexural cracks formed. They formed on both sides of the innermost support
of the spreader beam and continued to spread after each load step, with a similar length
between them. Their final width measured 0.0256 in. Figure 167 and figure 168 show the

flexural and shear-flexural cracks at the final load of 500 kip.

At a load of 368 kip, the first strand slip was seen in strand RS of 0.0015 in. As the
compression strut developed and cracks spread into the bearing zone repair 4.1LBZ, the
strands continued to slip more, until a maximum final slip failure of 0.026 in. in strand LS1

(the outermost strand in the bearing zone repair).

North end,
right face

Figure 167. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) flexural
and shear-flexural cracks around the innermost spreader beam support, not
extending into repair 4.1RTF at 500 kip (right face of girder pictured).
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Figure 168. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) flexural
and shear-flexural cracks around the innermost spreader beam support, not
extending into repair 4.1LTF at 500 kip (left face of girder pictured).

The shear cracks continued to spread up the web and into the bearing zone repair 4.1LBZ,
and their final width measured 0.0177 in. Figure 169 and figure 170 show the shear cracks

at the final load of 500 kip.

As these overall figures of the repairs at maximum loads show, slight separation of the
repair concrete from the original concrete was seen, as a crack formed around the edge of
the bearing zone repair. It is suspected that bond slip in strand LS1 was exacerbated due to

being at the outermost part of the repair.
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Figure 169. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)

final shear cracks on top flange repaired face at 500 kip
(right face of girder pictured).

4.4LTF
North end,
left face

. AR Sl

Figure 170. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
final shear cracks on top and bottom flange repaired face at 500 kip
(left face of girder pictured).
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The load-deflection plot for Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) (see
figure 171) shows that the girder was tested past its elastic point (cracking), resulting in a
nonlinear deformation after unloading due to the cracked girder section. The finding of this
shear test was that the girder successfully exceeded 90 percent of the maximum load based
on the nominal shear capacity (the dashed-dotted line in figure 171). This suggests that
bearing zone repair 4.1LBZ and the top flange repairs did not negatively impact the shear
capacity of the nonconforming girder. Girder 4 sustained the maximum load of all tests of
500 kip, proving that it is capable for a girder with many repairs (seven top flange repairs

and three bottom flange repairs) to sustain loads well above its service load conditions.
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Figure 171. Photo. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
load-deflection plot.

148



The moment-curvature plot for Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) (see
figure 172) shows the experimental values obtained from this test. Nonlinear behavior is

exhibited after the girder cracked at approximately 1,886 kip-ft.
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Figure 172. Graph. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
moment-curvature plot.

The load-strand slip plot for Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) (see
figure 173) shows the strand slip measurements, as well as the nominal capacity loads. At
a load of 368 kip, the first strand slip was measured, which is close to 90 percent of the
maximum load from nominal shear (the dotted-dashed line in figure 173). Strands LS1 and
RS exceeded the strand slip limit of 0.01 in. at a load 0of 470 kip. The combination of bond-
slip and shear-flexural cracks suggests the girder failed in a shear-flexural nature, as can

be confirmed by the load-strand slip and load-deflection behavior.
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Figure 173. Graph. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF)
load-strand slip plot.

DEMEC (CSS) measurements were taken at each load interval and plotted. The plot (see
figure 174) shows the strand stress at a load prior to maximum and at maximum load. From
the plot, the strands do hold their bond until near the end of the repair, where strand slip is
seen. As repair 4.1LBZ detached from the girder, strand slip was induced, resulting in a

loss of stress in the strand at maximum load at around 23 in. from the end of the girder.
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Figure 174. Graph. Test 4.1.S (repair 4.1LBZ, 4.1RTF, 4.1LTF, 4.4LTF) CSS plot;
strand stress vs. distance from girder end.

TEST 4.2.S (REPAIR 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF) RESULTS

The second test on Girder 4, Test 4.2.S, was another shear test. It was designed to observe
the bearing zone repair 4.2RBZ performance by focusing the center of the compression
strut on the repair and seeing the behavior of the repair under this high load. This test was
also designed to observe the performance of the smallest top flange repairs 4.2RTF and
4.2LTF by centering the load point over these repairs and maximizing the tensile stress
experienced by them. The load point location was 113 in. from the center of bearing of the
south end of the girder. This distance is referred to as “x>” in the appendix J calculations
(a/d = 1.85). The girder supports and spreader beam configuration matched the first test on

this girder (four-point bending; see figure 163).
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Diagonal shear cracks were first observed at a load of 286 kip (see figure 175 and
figure 176). The shear crack width measured 0.00787 in. The strut width was 9.5 in. The

crack angles were between 35 and 37 degrees.

Further web shear cracking in the web and vertical cracks in the near bearing zone repair
was observed at a 314-kip load. The horizontal dial gauges measured 0.0015 in. of
separation of the repair concrete from the original at the left vertical end (R3) and top edge
(R4) of the 4.2RBZ repair (see figure 177). Shear cracks and tensions cracks formed on
repair 4.2RBZ due to the shear force, causing increased tension in the bottom of the girder.

These cracks measured 0.00394 in. wide on repair 4.2RBZ at 314 kip.

4.2RTFE

AnCHORS

. Southend, |
right face
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Figure 175. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
initial shear cracks on repaired face at 286 kip (right face of girder pictured).
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Figure 176. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
initial shear cracks on nonrepaired bottom flange face at 286 kip
(left face of girder pictured).

Shear cracks on
repair 4.2RBZ

Figure 177. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)

shear cracks and tension cracking at the base of repair 4.2RBZ at 314 kip
(right face of girder pictured).
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At a load of 314 kip, south end section cracks were noticed, and a strand slip of 0.0025 in.

was measured in dial gauge LS (see figure 178).

Figure 178. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
south end section cracks at 314 kip.

At a load of 411 kip, the first flexural and shear-flexural cracks were seen under the

innermost spreader beam support from the bottom flange up the web (see figure 179).

The girder was loaded to a final load of 500 kip. The test was ended at this load due to a
strand slip of 0.0275 in. occurring in strand LS, which exceeds the set strand slip limit of
0.01 in. of this project. Some cracks on the perimeter of repair 4.2RBZ were noted, with a
maximum of 0.006 in. of separation measured in dial gauge RS. Figure 180 shows one of

the researchers pointing at the location of maximum repair detachment for repair 4.2RBZ.

The final shear crack pattern is shown in figure 181 and figure 182. Notably, the
compression strut did not pass through repair 4.2LLBZ. Also, the crack patterns on each face

of the girder were very similar.
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Figure 179. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF) initial
flexural and shear-flexural cracks at 411 Kip (right face of girder pictured).

Figure 180. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2L.TF) perimeter
cracks at 500 kip with a 0.006-in. repair interface crack measured in dial gauge RS,
the outermost strand on the right side, and a strand slip of 0.027 in. measured in
dial gauge RS1 (right face of girder pictured).
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Figure 181. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)

final shear cracks on top and bottom flange repaired face at 500 kip
(right face of girder pictured).

South end, ; 4 ! A

Figure 182. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
final shear cracks on top flange repaired face at 500 kip
(left face of girder pictured).
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The final flexural and shear-flexural crack pattern is shown in figure 183 and figure 184.
These cracks propagated below the innermost spreader beam support (the one nearest to
the midspan) and around top flange repairs 4.2RTF and 4.2LTF. They only extended

slightly into the extents of repair 4.2RTF.

Flexural cracks formed on repair 4.3LBF and extended into shear-flexural cracks up the
web (see figure 185). Perimeter cracks formed on repair 4.3LBF, suggesting detachment

from the girder and a failure of the concrete bond interface.

Figure 183. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)

flexural and shear-flexural cracks around the innermost spreader beam support,
extending slightly into repair 4.2RTF at 500 kip (right face of girder pictured).
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Figure 184. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)

flexural and shear-flexural cracks around the innermost spreader beam support,
not extending into repair 4.2LTF at 500 Kkip (left face of girder pictured).

Figure 185. Photo. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2L.TF) flexural
cracks on repair 4.3LBF at 500 kip. Cracks on the perimeter of the repair formed
on the ends and midspan of the repair (left face of girder pictured).

158



As the overall and close-up figures of the repairs at maximum loads show (see figure 183,
figure 184, and figure 185), failure of repairs 4.2LLBZ and 4.3LBF was observed; separation
of the repair concrete from the original was observed at the ends of 4.2L.BZ and at the ends

and midspan of 4.3LBF. No failure in the other repairs was observed.

The load-deflection plot for Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF) (see
figure 186) shows that the girder behaved in a similar manner to the first shear test on this
girder. The finding of this shear test was that the girder successfully exceeded 90 percent
of the maximum load based on the nominal shear capacity (the dashed-dotted line in
figure 186). This suggests that bearing zone repair 4.2RBZ and the top flange repairs did
not negatively impact the shear capacity of the nonconforming girder, despite being the
girder region with the highest number of repairs. The results of this test further emphasize
that it is possible for a girder with a large number of repairs to sustain loads well above its

service load conditions.
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Figure 186. Graph. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
load-deflection plot.
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The moment-curvature plot for Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF) (see
figure 187) shows the experimental values obtained from this test. Nonlinear behavior is

exhibited after the girder cracked at approximately 1,835 kip-ft.
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Figure 187. Graph. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
moment-curvature plot.

The load-strand slip plot for Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF) (see
figure 188) shows the strand slip measurements, as well as the nominal capacity loads. At
a load of 341 kip, the first strand slip was measured, which coincides with 90 percent of
the maximum load from nominal shear (the dotted-dashed line in figure 188). Strands LS
and RS1 exceeded the strand slip limit of 0.01 in. at a load of 474 kip. The combination of
strand slip and shear-flexural cracks suggests the girder failed in a shear-flexural nature, as

can be confirmed by the load-strand slip and load-deflection behavior.
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Figure 188. Graph. Test 4.2.S (repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
load-strand slip plot.

TEST 4.3.F (REPAIR 4.3LBF, 4.3LTF) RESULTS

The last test on Girder 4, Test 4.3.F, was a flexure test. It was designed to observe the
performance of the shallowest bottom flange repair 4.3LBF and the top flange repair
4.3LTF under high tensile stresses by locating one end of the spreader beam over the center
of the repairs. The load point location was 224.5 in. from the center of bearing of the south
end of the girder. Theoretical calculations for Girder 4 can be found in appendix J. The
spreader beam was used in a four-point bending test configuration, matching the previous

two flexural test setups for Girders 2 and 3 (see chapter 6 and chapter 7).

The first flexural and shear-flexural cracks occurred at a load of 280 kip (see figure 189,

right side). They measured 0.00984—0.0138 in. wide.
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North of
midspan,
left face

Figure 189. Photo. Test 4.3.F (repair 4.3LBF, 4.3LTF) initial flexural and
shear-flexural cracks at 280 kip (left face of girder pictured).

Flexural cracks on the bottom of repair 4.3LBF formed at a load of 280 kip (see figure 190).

Their maximum crack width measured 0.0354 in.

The final flexural and shear-flexural crack pattern on Test 4.3.F (repair 4.3LBF, 4.3LTF)
is shown in figure 191. The shear-flexural cracks did not extend into repair 4.3LTF but did
extend on the opposite girder face of the repair (right face; figure 192). The maximum

crack width for flexural cracks was 0.0177 in. and for shear-flexural cracks was 0.0276 in.
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Figure 190. Photo. Test 4.3.F (repair 4.3LBF, 4.3LTF) repair 4.3LBF
flexural cracks at 320 kip (left face of girder pictured).

Figure 191. Photo. Test 4.3.F (repair 4.3LBF, 4.3LTF) final overall crack pattern
on the top and bottom flange repaired girder face after the final load of 331 kip
(left face of girder pictured).
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Figure 192. Photo. Test 4.3.F (repair 4.3LBF, 4.3LTF) final overall crack

pattern on original, nonrepaired girder face after the final load of 331 kip
(right face of girder pictured).

As the overall figures of the repairs at maximum loads show (see figure 190, figure 191,
and figure 192), no separation of the top flange repair concrete from the original concrete
occurred. Some separation was heard when conducting a hammer sounding test on bottom
flange repair 4.3LBF. Given that this bottom flange repair is shallow and had no exposed
reinforcement to anchor to, it was difficult for the repair to sustain such high tensile stress
at the bottom of the beam near midspan. Crack widths were uniform through the lengths

of the repairs, showing that there was no debonding of the prestressing strand.

The load-deflection plot for Test 4.3.F (repair 4.3LBF, 4.3LTF) (see figure 193) shows that
the girder was tested well past its elastic point (cracking), resulting in a nonlinear
deformation after unloading due to the cracked girder section. The finding of this flexural

test was that the girder sustained 95 percent of the maximum load based on the nominal

164



flexural capacity (dashed line in figure 193). The girder performed well past its service

load conditions, as shown by this test.
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Figure 193. Graph. Test 4.3.F (repair 4.3LBF, 4.3LTF) load-deflection plot.

The moment-curvature plot for Test 4.3.F (repair 4.3LBF, 4.3LTF) (see figure 194) shows
the experimental values obtained from this test. Nonlinear behavior is exhibited after the
girder cracked at approximately 2,747 kip-ft. Based on this plot, the repaired girder
sustained a moment within 94 percent of the nominal moment capacity. This can be
explained through the extensive shear-flexural cracks that occurred in the previous shear
test on this girder, as described in Test 4.2.S (Repair 4.2RBZ, 4.2RTFE, 4.2RTF, 4.2LTF)
; due to these previous cracks, the moment of inertia of the girder was reduced substantially,

leading to the girder being unable to sustain a higher moment in this flexural test.
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Figure 194. Graph. Test 4.3.F (repair 4.3LBF, 4.3LTF) moment-curvature plot.
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CHAPTER 9. DISCUSSION OF RESULTS

FLEXURAL BEHAVIOR

The research team conducted a collective total of three flexural tests on the repaired girders.
Girders 2, 3, and 4 each had a flexural test because they were the girders with a deck cast.
During and after all flexural tests, no top flange or bottom flange repair failed or spalled.
The repairs cracked cohesively with the girder the majority of the time. On certain bottom
flange repairs, especially the shallow ones, the perimeter of the repair detached slightly
from the girder. All the flexural tests were terminated when 95 percent of the nominal
flexural load was reached or when an estimated total bulb surface strain of 0.00847

occurred (i.e., 90 percent of ultimate stress in the prestressing strands, 243 ksi).

A combined moment-curvature plot for the three flexural tests conducted is shown in
figure 195. Based on the combined moment-curvature plots, it is evident that the flexural
behavior displayed by the three girders is similar in nature. Notably, Test 2.3.F only had
top flange repairs, Test 3.3.F only had bottom flange repairs, and Test 4.3.F had a

combination of both top and bottom flange repairs.
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Figure 195. Graph. Combined moment-curvature plots for flexural tests.
SHEAR AND BOND BEHAVIOR

The researchers conducted a collective total of seven shear tests on the repaired girders.
Girders 2, 3, and 4 each had two shear tests, whereas Girder 1 had only one shear test. No
repair failed or spalled during or after all shear tests. All the shear tests were stopped when
90 percent of the nominal shear capacity was reached or when a slip of 0.01 in. occurred
at the ends of the prestressing strands. Past research commonly used a 0.01 in. slip as the

definition of bond failure.

The majority of the girders tested during a shear test failed in a bond—strand slip nature.
This was caused by the compression strut creating shear cracks through and around the
bearing zone. The transfer length of prestressing strands in the repaired sections was
measured to determine if the repairs would develop transfer of forces from strands to the

surrounding girder concrete as occurs in nondamaged girders. Lack of bond in strand
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transfer length regions may result in premature failure of the bearing zones and in poor
shear performance of prestressed concrete girders. This bond performance was tested for
Girders 1 and 4 through shear tests where the concentrated loads were placed close to the

repaired end of each girder.

The CSS plots collected during the north end shear test for Girders 1 and 4 were shown in
figure 73 and figure 74. Based on the plots, it is evident that adequate bond between the
strand and the concrete was not present in Girder 1 repair 1.1LBZ. For repair 4.1LBZ, the
strands did not bond well at the repair/girder interface, as seen at ~23 in. from the north

end of the girder.

PERFORMANCE OF REPAIRS

Overall, the repairs acted cohesively with each girder and behaved the same or better than
an undamaged girder. Each test was conducted to the safest maximum load with the goal
of reaching yielding of the prestressing strands and verging on the nominal capacity load.
No repair showed signs of major failure, such as extreme cracking or spalling, or
dislodgement from the girder. Only repairs in the bearing zone showed poor prestressing
bond performance, as discussed in previous chapters. Table 17 provides a comparison
between the nominal load values and the experimental load values from each test. Table 18
provides a comparison between the nominal flexural values and the experimental flexural

values from each test.
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Table 17. Summary of girder load capacities
(nominal and experimental nonconforming).

. 95% 90%
Distance from . . .
Maximum Maximum Maximum
North End to .
Test Load Experimental | Load from | Load from
Test Center of . .
Type Type Load Nominal Nominal
Load .
(in.) (kip) Moment Shear
i (kip) (kip)
1.1.S* | Shear | 3-point 66.5 450 490 190
2.1.5 Shear | 4-point 85 424 371 430
2.2.8 Shear | 4-point 99 431 376 430
2.3.F | Flexure | 4-point 262 341 323 464
3.1.8 Shear | 3-point 87.75 431 371 338
3.2.8 Shear | 3-point 120 410 399 354
3.3.F | Flexure | 4-point 259 330 302 470
4.1.8S Shear | 4-point 106 500 430 341
4.2.S Shear | 4-point 120 500 438 341
4.3.F | Flexure | 4-point 300.5 331 329 428
Table 18. Summary of girder flexural capacities
(nominal and experimental nonconforming).
Maximum . .
Exverimental 95% Nominal Experimental
Test Test Type xpent Flexural Capacity Flexural Capacity
Load (kip-ft) (kip-ft)
(kip) P P
1.1.S* Shear 450 2455 2375
2.1.8S Shear 424 2228 2264
2.2.8 Shear 431 2260 2301
23 F Flexure 341 3263 3437
3.1.S Shear 431 2280 2797
3.2.8 Shear 410 2792 3040
33.F Flexure 330 3048 3327
4.1.8 Shear 500 3013 3208
428 Shear 500 3063 3208
43 F Flexure 331 3278 3248
* No deck on Girder 1
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Based on table 17 and table 18, it can be concluded that most of the repairs meet 95 percent
of the nominal flexural capacity and 90 percent of the nominal shear capacity. The only
two tests that did not reach 95 percent of the nominal flexural capacity were Tests 1.1.S
and 4.3.F. For Test 1.1.S, the bearing zone repair 1.1LBZ was tested and found to not
provide a good bond between the strand and the concrete. This provides a sound reason for
why the experimental flexural capacity did not meet 95 percent of the nominal flexural
capacity. For Test 4.3.F, the girder had already cracked substantially and therefore had a
reduced moment of inertia, leading to a slightly lower sustained moment. The only test that
did not reach 90 percent of the nominal shear capacity was Test 2.1.S; however, it did

sustain 89 percent of the load from nominal shear capacity.

TOP FLANGE REPAIR BEHAVIOR

From the 13 full-scale tests conducted and the 4 direct top flange tests, no signs of top
flange repair failure were found. The top flange—focused tests showed that the repaired top
flange outperformed the original top flange. The top flange repair capacities are shown in

table 19.
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Table 19. Summary of girder top flange capacities (no deck).

. . Theoretical Theoretical
Maximum Experimental . . . .
. . Girder Original Girder Top
Experiment Girder Top Top Flange Flange Repair
Test Test Type | al Load Per | Flange Flexural P g g P
. Flexural Flexural
Flange Capacity . .
(kip) (Kip-ft) Capacity Capacity
(kip-ft) (kip-ft)
Original Top
12 | Flangeand 15.7 34.0 27.0 53.0
Repair Top
Flange
Original Top
1.3 | Flangeand 8.0 173 27.0 53.0
Repair Top
Flange
Repair Top
Flange and
1.4 F . 40.0 86.7 - 31.8
Repair Top
Flange

— represents not applicable

From table 19, on Test 1.4.F, where two top flange repairs are tested against each other, it

was possible to discover that the experimental flexural capacity for these repairs exceeded

the theoretical flexural capacity. For Tests 1.2.F and 1.3.F, the same discovery was not

possible due to the original top flange failing before the repair.

Under such extreme loads, up to a maximum of two 40-kip concentrated loads, the top

flange repairs did not display any signs of failure. Given that the maximum service loads

that a typical top flange would experience during its service life are substantially lower

than the maximum load tested in this research project, it is safe to conclude that the top

flange repairs would provide the maximum demand capacity experienced in the service life

of a typical bridge girder.
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BOTTOM FLANGE REPAIR BEHAVIOR

From the 13 full-scale tests conducted, 4 of the 9 bottom flange repairs showed signs of
failure. These least-performing repairs were 1.1LBZ, 4.1LBZ, 4.21.LBZ, and 4.3LBF. In this
case, the signs of failure seen were cracks at the repair/girder interface. The repair that
performed the worst was repair 4.3LBF, as it showed the highest detachment from the
girder and sounded hollow during a concrete soundness test. As mentioned in chapter 9,
this repair is situated at the location of maximum tensile stress. This suggests that shallow
repairs located at the point of maximum tensile stress will not anchor properly to the girder
and pose a potential risk if located above traffic. The poor performance of repairs 1.1LBZ
and 4.1LBZ indicates that bottom flange repairs in the bearing zone are not acceptable

using current repair technology.
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CHAPTER 10. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Overall, the repairs performed well during testing and allowed the girders to reach their
nominal capacity limits of 95 percent flexural capacity, 90 percent shear capacity, or
0.01-in. strand slip. The top flange repair methods tested in this study perform excellently.
Based on the results from the large-scale and top flange—focused tests, the top flange repairs
demonstrated greater strength than the original existing girder top flange. As for bottom
flange repairs, the bearing zone was the only condition where repairs did not perform to
standard. Two of these bearing zone repairs, 1.1LBZ and 4.1LBZ, trialed an untested repair
method of retensioning the prestressing strands after transfer. The bearing zone repair
performance after testing suggested that adequate bond between the strand and the concrete
was not adequately developed in the bearing zone. Furthermore, the shallowest bottom
flange repair, 4.3LBF, located in a region of high tensile stress failed prematurely and
separated from the girder. All reinforced repair surfaces, whether epoxy coated or not,
demonstrated excellent adhesion to the maximum loads achieved, which were to loads
equal to or greater than 95 percent of the nominal moment capacity or 90 percent of the

nominal shear capacity of the girders tested.

RECOMMENDATIONS

Top Flange Repair Recommendations

From a construction standpoint, the top flange repair method tested in this study is

recommended with some adjustments:
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The installation of the c-bars was not difficult; however, finding the perfect
placement of the c-bars was difficult, due to a substantial number of stirrups and
other reinforcement in the top flange repair area. Also, the decision to bend the
rebar into the c-bar shape prior to installation made the rest of the repair process

more difficult and required more effort in measurements.

Recommendation: An adjusted method that requires less preparation before
making the top flange repair would be to simply post-install straight
#3 reinforcing bars, wait for the epoxy anchoring agent to cure, and bend

the bars to the required shape after it is embedded.

The use of the Sikadur-32 two-part epoxy bonding agent should be reconsidered.
The slant shear cylinders studied herein where epoxy bonding agent was not used
performed as well as the cylinders where the agent was used. During repair, it was
difficult to properly coat the repair surface, especially in congested flange areas.
Further, the required timing of less than 30 min between placement of the bonding
agent and placement of the repair concrete is critical and may be difficult to
accomplish in the field. Finally, the application of the bonding agent is costly in

labor time and materials.

Recommendation: GDOT should consider omitting the use of epoxy bonding
agents for concrete repairs if the repair surface is clean, free of laitance and

standing water, and intentionally roughened to 0.25-in. amplitude.
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Bottom Flange Repair Recommendations

From a construction standpoint, the bottom flange repair methods (outside the bearing

zone) tested in this study are suited for practice with some adjustments:

* The use of chimneys, although successful, can be cumbersome for repairs in need

of a quick turnaround.

Recommendation: Bottom flange repair regions should have an open top

accessible for concrete placement into the void.

* The use of stainless steel Tapcon screw anchors and galvanized steel wire is
recommended with caveats. The Tapcon are designed for concrete compressive
strengths up to 5,000 psi; thus, for girders with strengths higher than 5,000 psi, an
alternative concrete anchor is suggested. Tapcon were used in this project on girder
specimens having a concrete strength higher than 5,000 psi; however, they were
difficult to install and required several tries to ensure proper anchorage into the
girder concrete. The installation of the 12-gauge galvanized wire was favorable in
repairs with little to no exposed reinforcement, as this wire was malleable and did
not require embedment into the girder concrete but, rather, coiling around the

Tapcon.
Recommendations: Future applications should use a combination of

stainless steel concrete anchors and stainless steel wire.

Commentary on the Use of Epoxy Bonding Agents

Due to the heavy use of epoxy bonding agents in this project, their validity and usefulness

were questioned, as follows:
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* Epoxy is recommended by MNL-137; however, it is very difficult to ensure proper
use in a construction environment, as it is time dependent and requires rigid surface

preparation.

Recommendation: It was difficult to perfect the application of the epoxy
bonding agent in a controlled lab environment, so its use in outdoor,
weather-dependent construction sites should be reconsidered and avoided

when possible.

* The data from the shear slant cylinder tests suggested that the use of this epoxy
bonding agent does not increase the bond strength of the fresh concrete to the
existing concrete. On the contrary, the shear slant cylinders that were placed with
no epoxy bonding agent were shown to have a higher shear strength than those with

the epoxy bonding coat.

Recommendation: This result suggests that epoxy bonding agents should not

be used in congested and hard-to-reach repair sites.

Commentary on the Use of SCC and Concrete Repair Mortar

Use of SCC and concrete mortar repair products are recommended with the following

adjustments:

* For bottom flange repairs, the use of SCC was successful and is recommended for
future applications. It easily flowed through rebar congested areas, and its

compressive strength went above the required design strength.

Recommendation: It is recommended to practice and perfect successfully

flowing SCC batches prior to making a repair with SCC. SCC batches
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require a close watch because the admixtures added and mixing time affect

the flowability of the mix.

* The SikaEmaco 425 Gel Patch was not easy to apply over a large surface area. The
lack of initial bond of the concrete repair mortar to the repair surface made
application very difficult. The mortar required constant manipulation and even the

need to be held in place at times.

Recommendation: The application of concrete repair mortar is not
suggested for repairs with a large surface area, especially if the repair is on
a bottom-facing surface. Its use in small surface area repairs may have
better performance, but that cannot be concluded from the scope of this

research project.

Commentary on Current SOP

The current GDOT SOP-3©® does not provide ample guidelines for a time-efficient,
successful repair of a nonconforming girder. With the findings from this research project,
the research team recommends implementation of a standardized repair procedure for

typical nonconformances seen in pre-casting plants.

Recommendation: Appendix K contains a suggested preliminary repair
guide. It is recommended that GDOT build upon this preliminary repair
guide with other nonconformance issues that were outside the scope of this

research project (e.g., cracks, surface finish, etc.).
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APPENDIX A. NONCONFORMITY PHOTOS

GIRDER 1 NONCONFORMITIES

Figure 197. Photo. Repair 1.2LTF.
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Figure 198. Photo. Repair 1.3LTF.

Figure 199. Photo. Repair 1.3RTF.
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GIRDER 2 NONCONFORMITIES

Figure 200. Photo. Repair 2.1LTF.

Figure 201. Photo. Repair 2.1RTF.
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Figure 203. Photo. Repair 2.3RTF.
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GIRDER 3 NONCONFORMITIES
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Figure 205. Photo. Repair 3.1RBF.
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Figure 206. Photo. Repair 3.2RBF.
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Figure 207. Photo. Repair 3.3LBF.
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Figure 208. Photo. Repair 3.3RBF.
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Figure 209. Photo. Repair 4.1LBZ.
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Figure 211. Photo. Repair 4.1RTF.
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Figure 213. Photo. Repair 4.2LTF.
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Figure 215. Photo. Repair 4.2RTFE.
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Figure 217. Photo. Repair 4.3LTF.
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Figure 218. Photo. Repair 4.4LTF.
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APPENDIX B. GIRDER DESIGN

RECOMMENDATIONS FOR FUTURE WORK

The purpose of this project was to develop and test repair methods for nonconforming
prestressed girders; however, the durability of these repairs was not tested for long-term
use. It is recommended that future research be conducted on the long-term performance of

these repairs through a cyclic, fatigue loading that reflects girder service conditions.
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SCP GIRDER DESIGN DRAWINGS WITH NONCONFORMITIES
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Figure 219. Drawing. SCP Girder Design Drawing 1.
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Figure 220. Drawing. SCP Girder Design Drawing 2.
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Figure 221. Drawing. SCP Girder Design Drawing 3.
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Figure 222. Drawing. SCP Girder Design Drawing 4.
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Figure 223. Drawing. SCP Girder Design Drawing 5.
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APPENDIX C. GIRDER CONCRETE PROPERTIES

QUALITY CONTROL DEPARTMENT

B Gl RESEAREH

COUNTY: PROJECT NUMBER:
LAB TEST
CASTING DATE: - /4 - 24
TEST 1 2 3 4 5
SLUMP - INCHES
AIR CONTENT PERCENT
AMBIENT TEMP. F*
CONCRETE TEMP. F*
TIME OF TEST
BATCH TICKET #
LOAD #
WATER CEMENT RATIO
BED POSITION
FAR: _ NEAR: 28 DAY STRENGTH: _ RELEASE STRENGTH:
DATE ~ TIME LOAD / FAR PsiMPa LOAD / NEAR PsiMpa
51524 73724m. | Beda | BEAmz | BeAm 3| Beam 4
Qs Pst | 980 B1 | fopss— A Fo7 Fs/
1 /22,020 Js _|/237Me fhs (26,008 Xs (04,359 /s
[ | —_—
i il
I . L..___ | I
BED: Z
BEAM NUMBERS
BEAM TYPE
MIX DESIGN
UNITWEIGHT | T
COMMENTS; -
STANDARD CONCRETE PRODUCTS - ATLANTA PLANT SAMPLED BY:

Figure 224. Data. SCP full-scale girder concrete compressive
strength before cutdown.
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Concrete Cylinder Data
Mame Diameter (in] Area [inz:l Max Load (|bf) Strength (psi) AVG Strength (psi)

G1-0G-1 4 12.57 152900 12167

14 DAY 11857
G1-0G-2 4 12.57 145100 11547
G1-0G-1 4 1257 162400 17923

28 DAY G1-0G-2 4 12.57 158400 12605 12854
G1-0G-3 4 12.57 163800 13035
G1-0G-1 4 1257 173347 13795

TEST DAY G1-0G-2 4 12.57 179856 14312 14342
G1-0G-3 4 12.57 187476 14815

Concrete Cylinder Data
Mame Diameter (in) Area [inz:l Max Load (Ibf) Strength | psi) AVG Strength (psi)

14 DAY G2-0G-1 4 12.57 145300 11563 11458
G2-0G-2 4 12.57 142700 11356
G2-0G-1 4 12.57 162700 12847

28 DAY G2-0G-2 4 12.57 161400 17844 12711
G2-0G-3 4 12.57 155100 12342
G2-0G-1 4 12.57 187775 14843

TEST DAY G2-0G-2 4 12.57 182964 14560 14475
G2-0G-3 4 12.57 174966 135823

Concrete Cylinder Data
Mame Diameter (in) Area [inz:l Max Load (Ibf) Strength [ psi) AVG Strength (psi)

14 DAY G3-0G-1 4 12.57 146100 11626 11658
G3-0G6-2 4 12.57 146900 11690
G3-0G6-1 4 12.57 156100 12422

28 DAY G3-0G-2 4 12.57 153600 12223 12323
G3-06-3 4 12.57 152800 12159
G3-0G6-1 4 12.57 183839 14629

TEST DAY G3-0G-2 4 12.57 183129 14573 1455%6
G3-06-3 4 12.57 183300 14587

Concrete Cylinder Data
Mame Diameter (in) Area [inz:l Max Load (Ibf) Strength | psi) AVG Strength (psi)

14 DAY G4-0G-1 4 12.57 117700 9366 9450
G4-0G-2 4 12.57 119800 8533
G4-0G-1 4 12.57 118700 54446

28 DAY G4-0G-2 4 12.57 136300 10846 10117
G4-0G-3 4 12.57 126400 10055
G4-0G-1 4 12.57 157035 12457

TEST DAY G4-0G-2 4 12.57 159556 12697 12619
G4-0G-3 4 12.57 158144 12664

Figure 225. Data. Full-scale girder concrete compressive strength.
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Figure 226. Data. Full-scale girder concrete design mix from SCP.
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Figure 227. Data. 0.6-in. strand material testing from SCP.
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APPENDIX D. TOP FLANGE REPAIR CONCRETE PROPERTIES

Figure 228. Data. Top flange repair Concrete Mix 1.
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Figure 229. Data. Top flange repair Concrete Mix 2.
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Figure 230. Data. Top flange repair Concrete Mix 3.
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Concrete Cylinder Data

Malded onThursday 14 November 2024 at 12FM

Mame Dismeter[in} Arealin’) MaxLload [Ibf) Strength[psi) AVG Strength(psi}] Date
G1-TF-BE-1 & 12 57 T7469 B165
24-Hour | G1-TF-BE-2 4 12.57 80736 B425 6334 15-Now
G1-TF-BE-3 & 12 57 20588 413
G1-TF-B1-1 4 12 57 131555 10472
7oAy G1-TF-B1-2 & 12 57 137830 10963 10834 21-Now
G1-TF-B1-3 4 12 57 135003 11061
G1-TF-B1-1 & 12 57 154655 12307
G1-TF-B1-2 4 12 57 154798 12318 12329
G1-TF-B1-3 & 12 57 155339 17361
G1-TF-B2-1 4 12 57 147785 11760
G1-TF-B2-2 4 12 57 149797 11920 11654
G1-TF-B2-3 4 12 57 141762 11281
G1-TF-B3-1 4 12,57 151996 12085
G1-TF-B32 & 12 57 147181 11712 11634 12-Dec
G1-TF-B3-3 4 12.57 139407 11094
G1-TF-B4-1 & 12 57 151827 12082
G1-TF-B4-2 4 12 57 146644 11670 11761
28 D4V G1-TF-B4-3 & 12 57 144350 11530
G1-TF-B51 4 12 57 145326 11565
G1-TF-B5-2 4 12 57 143831 11445 11424
G1-TF-B5-3 4 12 57 143783 11442
G1-TF-BE-1 4 12 57 146902 11850
G1-TF-B&-2 & 12 57 150728 11995 11885
G1-TF-B&-3 4 12 57 150408 11969
G1-TF-B7-1 & 12 57 139055 11066 13 Dec
G1-TF-B7-2 4 12 57 138508 11020 11228
G1-TF-B7-3 & 12 57 145635 11550 Jam
G1-TF-BE-1 4 12 57 146977 116596
G1-TF-BE-2 & 12 57 138428 11016 11252
G1-TF-BE-3 4 12 57 132201 11045
G1-TF-B1-1 & 12 57 180268 14345
G1-TF-B1-2 4 12 57 177515 14127 14042
G1-TF-B1-3 & 12.57 171552 13655
G1-TF-B2-1 4 12 57 179636 14295
G1-TF-B2-2 4 12 57 168336 13475 13689
G1-TF-B2-3 4 12 57 167085 12297
G1-TF-B31 4 12 57 163441 13006
G1-TF-B32 & 12 57 179308 14289 13563
G1-TF-B3-3 4 12.57 168747 13428
G1-TF-B4-1 & 12 57 166728 13268
G1-TF-B4-2 4 12 57 174361 12875 13553
G1-TF-B4-3 & 12.57 171367 13637
TEST DAY G1-TF-B51 4 12 57 158664 12626 F-dul
G1-TF-B5-2 4 12 57 172333 13714 13220
G1-TF-B5-3 4 12 57 1659634 13499
G1-TF-B&-1 4 12 57 165345 13158
G1-TF-B&-2 & 12 57 181352 12437 13850
G1-TF-B&-3 4 12 57 176942 14081
G1-TF-B7-1 & 12 57 172208 13704
G1-TF-B7-2 4 12.57 157697 12549 12990
G1-TF-B7-3 & 12 57 155301 17717
G1-TF-BE-1 4 12 57 154087 12262
G1-TF-BE-2 4 12 57 152600 17144 172318
G1-TF-BE-3 4 12 57 157683 12548

Figure 231. Data. Top flange repair Concrete Strength 1.
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Concrete Cylinder Data Molded on Thursday 7 November 2024 at 12PM
Name  Diameter(in] Area(in”) Max Load [Ibf) Strength (psi) AVG Strength(psi) Date

G2-TF-B6-1 4 12.57 93502 7441
24-Hour | G2-TF-B6-2 4 12.57 96555 7684 773 8-Nov
G2-TF-B6-3 4 12.57 91652 7293
G2-TF-BI-1 4 12.57 155437 12374 12374
G2-TF-B2-1 4 12.57 160540 12733 12799
28 pay | G2-TF-B3-1 4 12.57 155910 12407 12407 5 Dec
G2-TE-B4-1 4 12.57 160877 12802 12802
G2-TF-B5-1 4 12.57 156359 12443 12443
G2-TF-B6-1 4 12.57 153961 12252 12252
G2-TF-B1-1 4 12.57 176442 14041 5
G2-TF-B1-2 4 12.57 171688 13662
G2-TF-B2-1 4 12.57 180941 14399 14343
G2-TF-B2-2 4 12.57 179528 14286
G2-TF-B3-1 4 12.57 181013 14405 14728
TEST pay| G2 TF-B3-2 4 12.57 189656 15092 il
G2-TF-B4-1 4 12.57 183748 14622 15009
G2-TF-B4-2 4 12.57 193472 15396
G2-TF-B5-1 4 12.57 182047 14487 14383
G2-TF-B5-2 4 12.57 179438 14279
G2-TF-B6-1 4 12.57 182847 14551 14318
G2-TF-B6-2 4 12.57 177004 14086

Figure 232. Data. Top flange repair Concrete Strength 2.
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Concrete Cylinder Data Molded on Thursday 21 Nove mber 2024 at 3:30PM
Mame  Diameter{in] Area I:inz:l Max Load (Ibf) Strength (psi) AVG Strength (psi) Date

G4-TF-B1-1 4 1257 68991 5490
24-Hour G4-TF-B1-2 4 1257 21908 6518 6677 22-MNov
G4-TF-B1-3 4 1257 25002 6836
G4-TF-BE&-1 4 1257 127711 10163
3DAY  G4-TF-BE2 4 1257 127908 10179 10187 24- Nov
G4-TF-BG-3 4 1257 128427 10220
G4-TF-B1-1 4 1257 168974 13447
G4-TF-B1-2 4 1257 161719 12868 13634
G4-TF-B1-3 4 1257 183311 14587
G4-TF-B2-1 4 1257 157597 12541
G4-TF-B2-2 4 1257 162819 12957 12689
G4-TF-B2-3 4 1257 157964 12570
G4-TF-B3-1 4 1257 157005 12454
G4-TF-B3-2 4 1257 151555 12060 12534
G4-TF-B3-3 4 1257 163954 13047
G4-TF-B4-1 4 1257 167170 13303
28DAY | G4-TF-B4-2 4 1257 166858 13281 13239 15-Dec
G4-TF-B4-3 4 1257 165036 13133
G4-TF-B5-1 4 1257 158351 12601
G4-TF-B5-2 4 1257 162308 12916 12768
G4-TF-B5-3 4 1257 160685 12787
G4-TF-BG-1 4 1257 155045 12179
G4-TF-BG-2 4 1257 166285 13233 12787
G4-TF-B&-3 4 1257 162741 12951
G4-TF-B7-1 4 1257 166506 13282
G4-TF-B7-2 4 1257 164740 13110 13207
G4-TF-B7-3 4 1257 166260 13231
G4-TF-B1-1 4 1257 150085 11943
G4-TF-B1-2 4 1257 183685 14617 14183
G4-TF-B1-3 4 1257 200931 15590
G4-TF-B2-1 4 1257 185091 14301
G4-TF-B2-2 4 1257 182142 14454 12177
G4-TF-B2-3 4 1257 90934 7236
G4-TF-B3-1 4 1257 171073 13614
G4-TF-B3-2 4 1257 1870011 14882 14403
G4-TF-B3-3 4 1257 184882 14712
G4-TF-B4-1 4 1257 182856 14551
TEST DAY G4-TF-B4-2 4 1257 181166 14417 14501 24-Jun
G4-TF-B4-3 4 1257 182655 14535
G4-TF-B5-1 4 1257 179331 14271
G4-TF-B5-2 4 1257 180365 14353 14414
G4-TF-B5-3 4 1257 183716 14620
G4-TF-BE&-1 4 1257 189501 15080
G4-TF-B&-2 4 1257 176571 14083 15072
G4-TF-BG-3 4 1257 201729 16053
G4-TF-B7-1 4 1257 179652 14299
G4-TF-B7-2 4 1257 182406 14515 14357
G4-TF-B7-3 4 1257 179162 14257

Figure 233. Data. Top flange repair Concrete Strength 3.
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Top Flange Repairs (GIRDER MIX)
Girder | Repair Batch Slump, in
1.2RTF 1 8.20
1.3RTF 2 8.50
1.3LTF 3 8.25
1 1.3LTF 4 9.00
1.2LTF 5 8.00
1.2LTF 6 6.00
1.2LTF 7 8.30
1.2LTF 8 8.75
2.3RTF 1 9.00
2.1RTF 2 7.00
) 2.1LTF 3 3.00
2.2LTF 4 8.00
2.2LTF 5 3.50
2.2LTF B 3.00
4.2RTFE
and 1 11.00
4.2RTF
4.2RTF
and 2 7.75
4.2LTF
4 4.1RTF
and 3 6.50
441 TF
A4.1LTF 4 6.75
4. 1LTF 5 6.00
4.3LTF 6 3.00
4.3LTF 7 5.00

Figure 234. Data. Top flange repair Concrete Slump.
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APPENDIX E. TOP FLANGE DEFLECTION DATA

50 pef Load
Beam Deflection Morthend Midspan South end
[inches) REPAIR L2LTF - 10ft REPAIR L3LTF - &t
Negative =down [ -ooor] -oos] oo oo oo L[ ooos] oo -oo0] -oooes] -oooss|
Positive=up
| o ooms|  oooz]  ooor]  oom]oppeste
Beam 1
L[ com| ooms[ cooss] ao3os] oooss|oppeste
L=leftface
R=rightface REPAIR L3RTF - &t
A[ ooz] ooe] -ooms] oo oo f[ -0om| -0o0ms| -ooog] -noos]  —0.008|
250- |b Load
Beam Deflection Northend Midspan South end
[inches) REFAIR L2LTF - 10ft REPAIR L3UTF - &t
Negative - down | -oooi] -ooos] ool com| -ooms) L[ ooois] ooms[ oooos] -oom| -ooms]
Positive=up
Rl ocoois] coms]  oooa]  ooood] o|oppestte
Beam 1
L[ ooos] ooe] o000 ooo|  oom|oppeste
L=laftface
R=rightfacs REPAIR L3RTF - &t
f[ oms] oom| oon| com] oo f[ oom| ooms| ooozs] -oooss]  o.om
S0-psfLoad
Beam Deflection North end Midspan South end
{inches) REPAIRZ.LLTF -ft oooos] omos] coous] coms] comlt REPAIR 2.2LTF - 10ft
Negative -down [Test1 | 0004 oom] ooms| -ooms| -oomlt —oooz] ooms][ ooo oo oo -coos)
Positive =up
opposite__ooois| oooos]  com| ocoa[ coos|e
Beam 2
GPPCISI(E‘ Dl D.Ujl_'-il ﬂ.mll U.mll D.Cﬂlll
L= left face
R=right face Testz REPAIR 2 1RTF - 4ft REPAIR Z3RTF - 3ft
-0007| -0.mzs| -0.0ms) o oooxls [ ome] oom] oo -DEDi-R 7 ooois| oomis[ ooos] omz] ooz  oom]
04 Load
Beam Deflecton Morth end Midspan South end
{inches) REPAIRZ.LLTF - 4ft 0.0005] 0.0005] 0.0005] Q.000S|L REPAIR 2. 2LTF - 10ft
Nagative = down oozs[ ooms] ooms| ooz oom) Canter -00s1]  -0io01] o] ooms] ooos] -coms|
Positive =up Edge —ooo|  -o.o01 o oo oo ooz
opposite[_0o001]  ooo] coms[ com[ ocoxls
EBeam 2
Opposite] of oo oo com| ocoaml
L= left face
R right face REPAIR 2.LRTF - 4t REPAIR 23TF - 3ft Edge oooi| ooms|  ooof ooz c.om]
‘ Oﬂjljl -0.0005 -0.002] ﬂ.mll OCI:BJ_R | -Dm]jl -0.001| -0.0015] O.CDZ-R Center Dﬂ:ﬂi 0.001] 0.001] 0.000 |
-psfload

nd

Midspan

REPAIRAILTF - 6it

REPAIR 4.3L0F - 451t

REPAIR AZLTF - 11t

REPAIRSALTE - 2t

-0.0005) -gooos| -g.o00s
Oppasite 0.0015| 0.001 (0.0015| 10.001] 0.002|R Oppasite 0,001 Ca'.‘ll 0.0085| 10.003] GlR 0.001 q a
Beamd
Oppasite o o]  ooof ooos] aoos) Oppasite o ooms] -gos
REPAIR A1 ATF -4t REPAIR 42RTF -1t REPAIR A2RTFE -2ft
0.000s] ocooss]  coolr [ 000 -oooos] -000d] -gon] -cooos|e [ -ooo0s] -ooo1] -cootm [ -ooo -oome| -0u0
250-b Load
Beam Deflection Narthend Midsgan
REPAIRAALTE - 26t REPAIRALTE - Git REPAIR A3LBF - 450 REPAIR A1 TF - 11t
- -0.002| C.U:ll -cmc:| -G.U:ll -Cﬁ:lll -0.0005 -0.004 -0.001
0.0005] o oooos]  ooo oooslr Opooste[ ool  ooo1]  oood] oo alr 0.001 q o.000s
of coos] oooi] ocos] aooos| Omasite[_0000] -0.0005 il 0.0015

REPAIR 41 ATF -4ft

-0.0005] 0004

REPAIR 4 2RTF - 11t

-0.001) -0.0005[R

-0.0015)

Figure 235. Data. Top flange deflection data.
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APPENDIX F. BOTTOM FLANGE REPAIR CONCRETE PROPERTIES
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Figure 236. Data. Bottom flange repair Concrete Mix 1.
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Figure 237. Data. Bottom flange repair Concrete Mix 2.
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Figure 238. Data. Bottom flange repair Concrete Mix 3
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Concrete Cylinder Data Molded on Friday February 21 @am

Mame Diameter (in) Area [in2] Max Load (Ibf) Strength (psi) AVG Strength (psi)
5CC-G3-B1-1 4 12.57
IDAY | SCC-G3-B1-2 4 12.57 85488 6803 6B03
SCC-G3-B1-3 4 12.57
5CC-G3-B1-1 4 12.57 130910 10417
28 DAY [ 5CC-G3-B1-2 4 12.57 129676 10319 10357
5CC-G3-B1-3 4 12.57 129851 10333
5CC-G3-B1-1 4 12.57 138406 11094
TEST DAY | SCC-G3-B1-2 4 12.57 143475 11417 11431
5CC-G3-B1-3 4 12.57 148064 11783
Concrete Cylinder Data Molded on Friday February 21 @am

Mame Diameter(in) Area [in2] Max Load (Ibf) Strength (psi) AVG Strength (psi)
5CC-G3-B2-1 4 12.57 125598 10027
28 DAY [ 5CC-G3-B2-2 4 12.57 117687 9365 9757
5CC-G3-B2-3 4 12.57 124160 SEED
SCC-G3-B2-1 4 12.57 139658 11114
TEST DAY | SCC-G3-B2-2 4 12.57 123468 Q825 10448
SCC-G3-B2-3 4 12.57 130762 10406

Concrete Cylinder Data Molded on Friday February 21 @am

Mame Diameter (in) Area [in2] Max Load (Ibf) Strength (psi) AVG Strength (psi)
5CC-G3-B3-1 4 12.57 129426 10299
28 DAY [ 5CC-G3-B3-2 4 12.57 133078 10580 10279
5CC-G3-B3-3 4 12.57 124999 947
5CC-G3-B3-1 4 12.57 1359809 11126
TEST DAY | SCC-G3-B3-2 4 12.57 131473 10462 10818
SCC-G3-B3-3 4 12.57 136536 10BES
Concrete Cylinder Data Molded on Friday February 21 @am
Mame Diameter(in) Area [mz] MWax Load (lbf) Strength (psi) AVG Strength (psi)
SCC-G3-B4-1 4 12.57 114825 9138
28 DAY |SCC-G3-B4-2 4 12.57 154086 12262 11040
SCC-G3-B4-3 4 12.57 147269 11719
5CC-G3-B4-1 4 12.57 168124 13379
TEST DAY | SCC-G3-B4-2 4 12.57 165738 13189 13281
SCC-G3-B4-3 4 12.57 166836 13276
Concrete Cylinder Data Molded on Friday February 21 @am
Mame Diameter (in) Area [in2] Max Load (Ibf) Strength (psi) AVG Strength (psi)
28 DAY | SCC-G3-B5-1 4 12.57 137180 10916 10916
TEST DAY | SCC-G3-B5-1 4 12.57 132039 10507 10507

Figure 239. Data. Bottom flange repair Concrete Strength 1.
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Concrete Cylinder Data Molded on Thursday April 17 @11lam

Mame Diameter (in) Area [in2] Max Load [Ibf) Strength (psi) AVG Strength (psi)
24-Hour | SCC-G4-B1-1 4 12.57 Bo177 70597 7097
5CC-G4-B1-1 124400 9899
6 DAY |SCC-G4-B1-2 4 12.57 128902 10258 9974
SCC-G4-B1-3 122706 9765
5CC-G4-B1-1 4 12.57 145045 11861
2B DAY [5CC-G4-B1-2 4 12.57 145317 11564 11725
5CC-G4-B1-3 4 12.57 147660 11750
5CC-G4-B1-1 4 12.57 158520 126894
TEST DAY | SCC-G4-B1-2 4 12.57 157342 12521 12602
SCC-G4-B1-3 4 12.57 158226 12591
Concrete Cylinder Data Molded on Thursday April 17 @11lam
Mame Diameter(in) Area [inz] MWax Load (Ibf) Strength (psi) AVG Strength (psi)
24-Hour | SCC-G4-B2-1 4 12.57 73676 5863 5863
SCC-G4-B2-1 104404 B30
6 DAY |SCC-G4-B2-2 4 12.57 105571 B433 8181
5CC-G4-B2-3 GBDSE 7803
5CC-G4-B2-1 4 12.57 127118 10116
28 DAY | SCC-G4-B2-2 4 12.57 125771 10009 9792
5CC-G4-B2-3 4 12.57 116263 9252
5CC-G4-B2-1 4 12.57 134367 10653
TEST DAY | SCC-G4-B2-2 4 12.57 143744 11435 11005
5CC-G4-B2-3 4 12.57 136781 10BES

Concrete

Cylinder Data

Molded on Friday May 9 @11lam

Mame Diameter(in) Area [mz] MWax Load (lbf) Strength (psi) AVG Strength (psi)

110929 BE33

4 DAY |5CC-G1-B1-1 4 12.57 106290 B45B 8677
109837 B741
5CC-G1-B1-1 4 12.57 135396 10774

28 DAY [ 5CC-G1-B1-2 4 12.57 127521 10148 10533
5CC-G1-B1-3 4 12.57 134180 10678
5CC-G1-B1-1 4 12.57 145627 11589

TEST DAY | SCC-G1-B1-2 4 12.57 145655 115981 11488
5CC-G1-B1-3 4 12.57 141821 11286

Figure 240. Data. Bottom flange repair Concrete Strength 2.
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Bottom Flange Repairs (SCC MIX)
Girder | Repair Batch Spread, in
1 1.11BZ 1 28.00

3.1LBF 1 12.50
3.3LBF 2 21.75
3 3.1RBF 3 18.50
3.3RBF 4 27.00
3.2RBF 5 29.75
a 4.1LBZ 1 28.00
4.21LBZ 2 28.00

Figure 241. Data. Bottom flange repair Concrete Slump.
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APPENDIX G. GIRDER 1 CALCULATIONS

GDOT Girders: Conforming BT-54 Composite Capacity (Theoretical) Caleulations

Variables: Ana Contreras
Jo=14342 girder concrete compressive strength (af time of test)

Je=9713 girder concrete compressive strength (at time of strand release, per SCP)
A:=659 in* girder cross-sectional area

1:=268077 in" girder moment of inertia

E, :=57-1/f, - ksi=06826.21 ksi girder modulus of elasticity

L:=455 fi girder lengih

h:==54 in girder height

C,==27.63 in girder lower neutral axis distance

Co=h+Cp=26.37 in girder upper neutral axis distance

Sp= i__' =9702.39 in® girder bottom section modulus
—C,

8= i: 10165.98 in® girder iop section modulus

e:=—19.99 in girder eccentricity (14 bottom strands, 4 top strands)

A :=0.217 in strand cross-sectional area fone strand)
#sirands = 14 nuntber of strands (excluding top 4 strands)
Ay, :=Hstrands - 4,=3.04 in’ strand total area of steel
S =270 ksi strand ultimate prestressing stress

Sr=09.f, =243 ksi strand yvielding prestressing stress (assumed)
£, :=28700 ksi strand modulus of elasticity

Fop:=0.75f,,+A,=43.94 kip strand effective force (75%)
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Variables:

Ef-ﬂ'&‘k = 5? L fcdeck L ksf= {] k.if

Eppegm'=57\[f, - ksi = 682621 ksi

E
’f:= coleck =u

Ec.':eam
be]' ::}‘rl-fl ﬁ:ﬂﬂ

1 .2
-"‘dec.ﬂ:=be}'hf=u i

b i=n+42 in=0in
-"fd,-;*ﬁ:be_u- 1.5 in=0 fn:
A=1

fi=T.50ie\If +psi=0.9 ksi

wi= 150 pef-A=0686.46 %ﬂ"

deck concrete compressive sirengih fai time of tesi)

deck thickness (no deck for girder 1)

MOE of deck

MOE of beam

modular ratio

deck effective width 6-ft (transformed to match strength of beam)

deck cross-sectional area, 8-inch thick section {transformed)
deck effective width 42-inch {transformed to match strengih of beam)

deck cross-sectional area, 1.5-inch thick section (transformed)

rupiure siress

girder self~weight

M, = W 'EL_ =177.64 kip-ft girder self-weight moment
Weepi= 0 Iof deck self-weight

Weteek* L . .
Myp=—— =0 kip-ft deck self-weight moment
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Variables:
L.=L—14 in=4433 fr clear distance between end roller supporis

Lyp:=48 in distance between two point loads (spreader beam roller supports clear distance)

Test 1.1: P =450 kip
x;:=80.5 in—7 in=T73.5 in distance from point load to end of beam
L
a;=x;,——= =4.13 fi
2
a,=49.5in  clear distance from center of north bearing to first point load

by=L.—a,—L,, =362l fi

b;=434.5 in  clear distance from center of south bearing to second point load
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Composite Properties Calculations:

Bottam neutral axis distance of composite section

C,'=C,=-27.63 in

Top neutral axis distance of composite section
C=C,=2637in

Maoment of inertia of composite section
1':=1=268077 in"

Cross-sectional area of composite section

A :=A4=659 in’

Radius of gyration of composite section

I’

Fi= =20.17 in r =406.79 in*

r
(o
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Losses Calculations BT-54 (1/3)
Losses Before Release (10 May 2025)
Jpr=075f,, =202.5 ksi

Fyi=fo = fistrands - A, + 40 kip=655.2 kip total force in all 14 strands (plus 4 top strands
{@ 10 kips each) at time of tension

Relaxation in Strand, R1 (10 May 2024 to 15 May 2024)

=1 2:=120 j;n':=_,f;u=2{]2.5 ksi
AfRI= Pr-,(bg(f})d—s'ﬂg(”}]. [%-0.55]:2.55 ksi
»

Losses Just After Release (15 May 2024)
Fi=(f,,—Af,RI)} « #istrands + 4,= 607.14 kip

Fi:=09.F;=546.43 kip assumed 0.9

Elastic Shortening in Strand, ES (15 May 2025)

K, =28700 ksi f=9715 E :==37000-7/f, -psi=35618.19 ksi
E
i :=§= 5.11

cl

—F, Fe' M,-e :
= = - =—148 ksi
A !

Jes

AfES:=—n;+ foy=T7.58 ksi
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Losses Calculations BT-54 (2/3)

Losses After ~14 Months (7 July 2025) Mote: no deck casted
Creep, CR (15 May 2024 to 7 July 2025)

K,:=2 [for pretensioned members

Soyi=t— AR — Af,ES=192.26 ksi

Pj=f,  fistrands - 4,=584.1 kip

=P, Pprel Mee

= =—1.6 ksi
fos A I I

M- C,'
f;‘.ﬁ'd:: $={] ksi
c

E
Af,CR = 0.80 [—Kﬂ,- E""‘ (- f.;.;d)] =10.75 ksi Note: only 80% of total CR

because of 405 day age

[

Shrinkage, SH (15 May 2024 to 7 July 2025)
RH:=T0 relative humidity in Atlanta, GA
Kepi=1 [for pretensioned members
Vi=A-L=359814 in’ volume of girder

Si=2eAd+2+heL+26 in+L+42 in-L=97414 in’ approximate surface area of girder

0.06

i
Egpyi=8.2- lﬂ“‘-Km-(l ~ I_?] (100 —RH) =0.0001915

[

AfSH:=ggy+ E,,=5.5 ksi

Relaxation in Strand, R2 (15 May 2024 to 7 July 2025)
2=120 13:= 10056 fl=1=192.26 ksi

AfRZ=f,"- (log {H):D‘g («2) ] . [J';—— n.55] =1.98 ksi
A
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Losses Calculations BT-54 (3/3)

Effective Force in Prestress (afier losses) 7 July 2025 Test Day

Fi= (fy—Af,R1 — Af,R2 — Af,ES — Af,CR — Af,SH) - istrands = A, = 528.72 kip

F
Losses:= [] = _"] -100=19.3 loss percentage
Fy

= ({P_,- (l — Lr:i:ses]) +A,=41.67 kip effective force in individual strand

"“mﬂ“"“] =163.41 ksi

_f;E==fN-(]—

220



Imitial Beam Curvature (1/2):
Curvature due to beam prestress: (negative)

Joe=fie=163.41 ksi refined through previous losses calculations

CGS:i=—Cyp+e=T764 in  finding CGS from bottom beam

Ept= ) =—0.0056938 strain at CGS due to presiress
E,
Em i C; a.
Eyt= =—0.003239 strain ar top of beam due 1o prestress
—e+C,
his=h—CGS5=46.36 in distance berween 1op of beam and CGS
Epj T Ey 1 o b , ,
it= T= =0.0001654 — initial (negative) curvaiture in beam due to presiress
in
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Initial Beam Curvature (2/2):

Test 1.1:
Curvature due to beam SW: (negative)

M, = id ;" (L.—x,)=80.32 kip-ft  moment due to beam SW at test location
—M, e ]
Jfowhgi=————=T71.88 psi stress at CGS due 1o beam SW
1
Ecwbl .—=‘£“i= 0.00001053 strain at CGS due to beam SW
MeaC
e = g4 82 psi stress at top of beam due 1o beam SW
i
£y = Jows =0.00001389 strain at tap of beam due to beam SW
' E,
hy=h—CGS=46.36 in distance berween top of beam and CGS

E bl + Ewrl P .. N .
gy = ————=0.0000005 — initial {positive) curvature in beam due to beam SW

hy in

Curvature due to deck SW: (positive)

Wteck* X

Mgy=——+ (L,_, —xf) =0 kip«ft moment due to deck SW at test locarion
2
_ —Mgpi-e ,
Jioctsng = —————=10 psi stress at CGS due to deck SW
E kbl ::f M;T“'M =0 strain at CGS due to deck SW
{4
i Mp,-C, _ .
Stecisuns i=———=0 psi siress at top of beam due to deck SW
f
Egeckewt] i= Jaectovu =0 strain at top of beam due to deck SW
L
h;=46.36 in distance between top of beam and CGS

é — Edeciswil T Edeckswt! =0 1
Id™= T el
iy in

initial (positive) curvature in beam due to deck SW

D iniviais = 015+ 0,4+ ¢, =—0.00016489 L total initial (negative) curvature in compaosite beam
m  priorro Test 2.1
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Cracking Moment:

M, 5s=095-M_=—689.9 kip-ft

Borsi=0.95-9,,=—0.000004524 L
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Ultimate Moment (1/2):

Test 1.1:

£,;,:=0.000656 strain measured from test {input)

dy=h—25in=515 in depth to centroid of strands from top of composite girder
c;:=9.3595 in trial and error iterative ¢ value (inpur until equilibrium)

£y 1= —Epy+ £, =0.00635 strain in lowest strand level ar ultimare (test + effective prestress)

fd;—2in—
£ 5= &t ! ( . A C"} =0.00605  strain in 2nd strand level at wltimate

di—¢
Eqr=ld;—12 im—c
Egq15= G ( ; j) =0.00454 strain in 3rd strand level at ultimate
1~

£+ (d,—49.5 in—c))

Eoq = = =—0.0011089393 sirain in top strand level ar ultimate
1=y

£ 0C

e ri=—2 L —0.00015  strain at top of top flange at ultimate
1=

£t (c, —4.5 in} . .

Eqp pi=— 5 =0.0000756477  strain ai top of web at ultimate
|

T, =846, E, =31637 kip tension force from lowest strand level
Ty i=4-4,6, - E, = 15068 kip tension force from 2nd strand level
T3 ,:=20 4,63 4+ E,,=56.57 kip tension force from 3rd strand level

Tyy:=if(c;>2.5 in.0 kip, (2+ 4,24+ E,))} =0 kip

T

;=1 475,47, ,+T,,=523.61 kip total tension force from prestress
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Ultimate Moment (2/2):

Test 1.1:
C,,=ifc,<45 in =509.11 kip  compression force firom 4.3-inch top flange
£ «F
{eers)~Ee ec;+72 in
2
else
£ 1+tEq;)-E,
( cl c_..f) c -c,-?’z in
2
Cop=if o, <45 in =14.5 kip compression force from web
|| 0 kip
else
£ - E
{c.".i) E'C;-ﬁ in
2
Cypi=Cy 4+ Ca;=523.61 kip compression force from concrete
T, —C,,=0.006803 kip equilibrium of forces must = 0 1o find ¢
=635 in— Ti2250in+T,;45in+T;,-145in+Ty;-51.5in _S 560l in
T, 3

My = Ay &5y 2 By (J41) =2584.04 kip-ft

fell _ 0,0000156
¢ in

@u.r:r_: =
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Theoretical Moment-Curvature Overview:

M, =—T726.21 kip-ft

o =—0.000004762 L

mn

My 1 =2584.04 kip- ft

¢m’n’. 1= 0.000016 L

in
Ultimate Loads from Moment Calculations: (four-point bending tests)
Test 1.1:
a;=4.13 ft

b, =36.21 fi

Lo=Myy s
b~ (""f +L, _b})

Pum=2+ =516.55 kip ultimate load based on moment capacity
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Theoretical Strut and Tie Cracking Capacity: (1/1) (AASHTO C5.8.2.2-1)
d:==534 in4+95in=635in

b, =6 in

- i A i ,
= 02=0.1 | —] |- chsi=bh ~d=176.1 k
erl [ (d]] 1000 W ip
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Shear Capacity: (1/3)

Prestress Transfer/Development Lengths:

dy:=0.6 in diameter of prestressing strand

L, :=min [SU vy, [IL] -db] =30 in transfer length

3000 psi
fm =&y £, =182.24 ksi

Ly= [ﬂ] -dy=113 in
1000 psi

Ly=L,+L=344 ft development length

V. calculation:

Minimum F; calculation:

d,, = max (.‘1 —CGS, 0.8 [h]] =46.36 in distance from CGS to max compression fiber
S = fr’e= 163.41 ksi effective prestress stress
EJ:: 6 in web width

b= d,=46.36 in distance from CGS io max compression fiber
E, =60 ksi vield strength of non-presiressed reinforcement
§:=0.31 in® area of non-prestressed longitudinal reinforcement
Ayt fre=496.44 kip = 0.4 ':Arrs *fou+ Ay f,} =335.54 kip ACI 318-19 [22.5.6.3.1]
V=2 deA\lf. opsi=b, -d=66.62 kip  flexure-shear strength ACI 318-19 (22.5.6.3 I¢]
¥, calculation:
F, )
fpc =—=2802.31 psi compressive stress in concrete ar centvoid of composite section due to prestress
A

Vaui= (3.5 2-\[f; -psi+03 f,.) b,-d,=183.54 kip wob-ghagr shrentoth
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Shear Capacity: (2/3)
a;=49.5 in
V,; calculation Test 1: (using max load from testing) h;=434.5 in
Xji=x,—7 in=66.5 in
Prae; =450 kip

L "|
¥, :=abs [{w+ “’dm} [?f—_t': ] =11.41 kip  shear due 1o DL (uniform SW beam and SW deck)
/

[Pma:nf] )
V= + (L.—a;+b,)|=387.83 kip  shear due to ultimate load (from test)
[ !
V=V —Vyy=37642 kip
[‘Pmaﬂ]
M, = % (L.—b;+a;)-b;=2193.39 kip-ft  moment due to ultimate load (from test)

(“"+ wdeck) "Xy

My, = (Le—x;)=73.78 kip-ft moment due to DL (uniform SW beam and SW deck)

Mg 1= M, — Mgy =2119.61 kip «ft

My, -Cy'
j:ﬁ ::22—91.26 pj‘f
L'
F, F,e:C
Soee=m—m e = —0.29 ksi
A’ L'

-
M, = [(_;] (6 Lo \f, =S+ Sy —fiy) = 442.88 kip - fi

VoM
Vo :=0.6 2e\[f ~psi-b,-d,+ :f;”+%= 110.05 kip

mmax

V. =min (VN . P’m.) =110.05 kip nominal shear strength provided by concrete for Test 1
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Shear Capacity: (3/3)
V,. calculation: (for tests near ends 24-in < x < 144-in)
5.:=12 in spacing for #5 stirrups for 24-in < x < 144-in

4,:=2+(4,)=0.62 in®  area of shear reinforcement (245 bars)

Ir = AS .JG' .d

et =T71.86 kip nominal shear strength provided by shear reinforcement (for tests near end)

S

V., calculation: (for tests near midspan 144-in < x < 402-in)

5,=16 in spacing for #5 stirrups for 144-in < x < 402-in
A4,=0.62 in®>  area of shear reinforcement (245 bars)
Af-d

Vypi=—"2  =107.79 kip nominal shear sirength provided by shear reinforcement (for tests near midspan)
SM

¥, nominal one-way shear capacity:

V=V +V,,=18191 kip  nominal shear capaciry for Test 1 North end
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Ultimate Loads from Shear Calculations: (four-point bending tests)

Test 1.1:
a;=4.13 fi
b;=36.21 fi
Fr.|.|' L .
— = =211.07 kip
m’rh (L - +b1)

ultimate load based on shear capacity
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Failure Mode Based on Comparing Maximum Load to Maximum Theoretical Capacities:

Test 1 (Shear):

Experimental
Maximum Load: P =450 kip

Theoretical
Maximum Load Pm=3510.55 kip
(Flexure):
Theoretical
Maximum Load Pon=211.07 kip
(Shear):

x;=066.5 in
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Top Flange Capacity Calculation:

Top Flange Repair: (within 12-ft of either girder end)

A o=4+011 in® =0 f¥*
d:=2.5 in
f.=14342
1, =60 ksi
a= Asgrly =0.18 in
0851 «psi-12 in
M,=A e, (d— %] =53 kip-ft moment capacity per foot of top flange repair
M, 55:=6+M,,.=31.81 kip- ft maoment capacity of 6-ft top flange repair

Moyi0=10+ M, =53.01 kip- ft maoment capacity of 10t top flange repair

M
Prypst= ]3"'-;': =29.36 kip wltimare load of 6-ft top flange repair

M .-
Prypros= %:43.94 kip wltimate load af 10-fi top flange repair
in

Original Top Flange: (within 12-ft of either girder end)

Ay:=2-0.11 in* =0.22 in’
d=2.5in
f.=14342
f,=60 ksi
Ayt
= )y =0.09 in
T 0.85.f .psi-12 in
Myypt=Agye oo [d— %] =2.7 kip-ft moment capacity per foor of original rop flange
M, 5:=6+M,,=16.2 kip - ft moment capacity of 6-ft top flange repair
M,y0:=10+M,,,=27 kipft moment capacity of 10t top flange repair
M
= ""{E =14.96 kip ultimate load af 6-ft original top flange section

M
Poppt= 13"*‘{”; =24.93 kip ultimate load of 10-ft original top flange section
in

233



APPENDIX H. GIRDER 2 CALCULATIONS

GDOT Girders: Conforming BT-54 Composite Capacity (Theoretical) Calculations

Variables: Ana Contreras
Jor=14475 girder concrete compressive strength (at time of test)
Jei=9850 girder concrete compressive strength (at time of strand release, per SCP)
A:=659 in* girder cross-sectional area

1:=268077 in* girder moment of inertia

E. =572/}, «ksi=06857.79 ksi girder modulus of elasticity

L:=455 ft girder length

h:=54 in girder height

C,=—27.63 in girder lower neutral axis distance

Cii=h+Cy=26.37 in girder upper neutral axis distance

Spi= ! =9702.39 in’ girder botiom section modulus
L

8= {é: 10165.98 in* girder top section modulus

e:=—19.99 in girder eccentricity (14 bottom strands, 4 top strands)

A, :=0217 in’ strand cross-sectional area (one strand)
#sirands =14 number of strands (excluding fop 4 strands)
Ay, = Hstrands - 4,=3.04 in’ strand total area of steel
_,r‘;n =270 ksi strand wltimate presiressing siress

Si=09f, =243 ksi strand yielding prestressing stress (assumed)
E,:=28700 ksi strand modulus of elasticity

Fooi=0754f,,+-4,=43.94 kip strand effective force (75%)

234



Variables:
Sodecr =9760 deck concrete compressive strength far time of test)
hy=8 in deck thickness (not including extra 1.5 inch chamfer)
E ek =57 \foos = ksi = 563118 ksi MOE of deck
Eppegm=5T\[1, + ksi = 6857.79 ksi MOE of beam

5= —dek —0.82 modular ratio

Ed:m

bi=n-6 ft=493 fi deck effective width 6-ft (transformed to match strength of beam)

Agecis = bey hy=472.97 in deck cross-sectional area, 8-inch thick section (transformed)
b,;=n+42 in=34.49 in deck effective width 42-inch (transformed ro maich strength of beam)

Apprz=b,2+ 1.5 in=351.73 in" deck cross-sectional area, 1.5-inch thick section (transformed)

A=1
fr=T.5 000 [ - psi=0.9 ksi FUPTUrE SIFess
] _ Ibf . .
w:=150 pef+ 4 =686.46 F girder self~weight
M, = LAL =177.64 kip-fi girder self-weight moment
8
Weer = 150 pef=((6 ft-8 in) +(42 in- 1.5 in)) =665.63 L deck self-weight
b f
Wee * L™ , )
M= T= 172.25 kip-ft deck self-weight moment
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Variables:
L.o=L—14 in=44.33 fi clear distance between end roller supporis

L, =48 in distance between two point loads (spreader beam roller supports clear distance)

Test 2.1: Py =424 kip

X:=99 jn—7 in=92 in distance from point load to end of beam

L
a;=x;,——= =567 fi
2
a, =68 in clear distance from center of north bearing to first point load
by=L.—a;—L,,=34.67 fi

b, =416 in clear distance from center of south bearing to second point load

Test 2.2: Poun2i=431 kip
X;:=45.5 fi—99 in—7T in=440 in  distance from point load to end of beam

ﬂ'_-;l'

L
X,— P 34,67 fi
2
a,=416 in clear distance from center of north bearing to first point load
by=L.—a; _Lsp.l‘ =567 fi

b, =68 in clear distance from center of south bearing to second point load

Test 2.3: Ps=341 kip

X;:=L—270 in—7 in=269 in distance from point load to end of beam

L
a_?::x_?— ;pr :2042ﬂ
a;=245 in clear distance from center of north bearing to first point load
byi=L.—a;—L,,=19.92 fi

b; =239 in clear distance from center of south bearing to second point load
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Composite Properties Calculations:

Bortam neutral axis distance of composite section

—

h )
[Adecﬂ'[h"' 1.5 f"+—f]]+(f!mk_?'[h+l'5—m]]+ A-—Cy)
Gp's= : 2 =41.55 in

Agecis + Agecsz +4

Top neurral axis distance of composite section
Cl=h+h+ 1.5 in—C'=21.95 in

Moment of inertia of compaosite section

in

y Bkt h WV besl15n)?
ATV RS PY (AR o) S i | +.4m,-[[.k+|.5:n+?’]—(.','] +£+A‘M,-[[ﬁe+]'52

] - (:',,']_ = 55070871 in*
12 12

Cross-sectional area of composite section
A=A+ (hp=bo) + (1.5 in- b,y = 1183.71 in’
Radius of gyration of compaosite section

X
fJ =21.74 in r =472.84 in’
[

Fri=

Top section modulus of compaosite section (top of precast member)

I
£ =25498.74 in’

r

o

Sfﬂ‘ tH—

Bottam section modulus of compaosite section (bottam of precast member)

X
§,.i=——=13470.87 in*
C,!

Top section modulus of composite section (top of slab)

Ifr . 3
S = = 1868783 in
Ci'+hy
Bottom section modulus of composite section (bottom of slab)

‘f r
Sper = (jr=25498.?4 in’
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Losses Calculations BT-54 with Composite Deck (1/3)
Losses Before Release (10 May 2025)
Jpr=0.75f,,=202.5 ksi

Fp=f - #strands « A, + 40 kip=1655.2 kip total force in all 14 strands (plus 4 top strands
{@ 10 kips each) at time of tension

Relaxation in Strand, RI (10 May 2024 to 15 May 2024)

=1 i2:=120 Joi =1y=202.5 ksi
AfRI:= I'"'.[l“g(“z];jmg{”}]-[’;"__’—D.Sﬁ]zlﬁﬁ ksi
¥

Losses Just After Release (15 May 2024)
Fyi= (f,,— AfRI) - #strands - A, = 607.14 kip

Fi:=09-F;=546.43 kip assumed (1.9

Elastic Shortening in Strand, ES (15 May 2023)

£, =28700 ksi foi=9850 E =57000-/f, - psi=5657.09 ksi
E,
;i :=§= 5.07

cl

o _FrE Mee
(&3 d—i !

=—1.48 ksi

AfES = —ny=fo,=7.53 ksi
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Losses Calculations BT-54 with Composite Deck (2/3)

Losses After ~13 Months (25 June 2025) Mote: deck casted on 14 February 2025
Creep, CR (15 May 2024 to 25 June 20235)

K.,=2 for pretensioned members

Ly :=fN—dj;RI —AfES=192.32 ksi

P=f, « #strands + 4,= 584.26 kip
— P _ Pre”  M,e

4= — =—1.6 ksi
fos A I I
My G
Josa= 5 b 015 ksi
L'

Ej}.‘: - . i .

Af,CR:=0.80 | -K, {fﬂ —jm) =9.68 ksi Note: only 80% of total CR
E, because of 405 day age

Shrinkage, SH (15 May 2024 to 25 June 20235)

RH:=T0 relative humidity in Atlanta, GA

Kepi=1 Jfor pretensioned members

Vi=A-L=359814 in’ volume af girder

S:=20d42eheL+26 in-L+42 in-L=97414 in’ approximate surface area of girder

0.06 ¥

sm::x.z-m"'-xm-[l— —3

] (100 —RH)=0.0001915

Af,SH:= g5y Epy=5.5 ksi

Relaxation in Strand, R2 (15 May 2024 to 14 February 2025)
2=120 13:=6609 Folli=1y=192.32 ksi
ALR2 =" ( log (13) —log (r2) ] . [J';T— n.55] = 1.8 ksi

45

¥
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Losses Calculations BT-54 with Composite Deck (3/3)

Relaxation in Strand, R3 (14 February 2024 to 25 June 2025, Deck Casted)

13=6609 14:=9744 Yol =Ty — ALR2 + fosge 'if = 189.88 ksi
AfR3 =1, ( o (:4}4—510;5 (©3) ] - [eri— 0.55] =0.16 ksi

Effective Force in Prestress (after losses) 25 June 2025 Test Day

Fyi=(foy—Af,R1 = Af,R2 — Af,R3 — Af,ES— Af,CR— Af,SH) - #istrands - A, = 532.21 kip

F
Losses = [] — ?“'] - 100=18.77 loss percentage
J

F = ({N' (1 - Lﬂ.:ses]) «A =41.6 kip effective force in individual strand

Losses
100

_f;=,==fpf-(]— ):]64.49 ksi
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Initial Beam Curvature (1/4):
Curvature due to beam prestress: (negative)

Joe=1e=164.49 ksi refined through previous losses calculations

CGS:i=—Cy+e=T764 in  finding CGS from bottom beam

Epyt= ;f"” =—0.0057313 strain at CGS due 1o prestress
s

Epi* C; .
Eyi= =—0.00326 strain at top of beam due to prestress

—e+ 0,
h=h—CGS=46.36 in distance berween top of beam and CGS

Epj T Ey 1 . . .

= =—0.0001665 — initial {negative) curvature in beam due to prestress

i+
I
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Initial Beam Curvature (2/4):

Test 2.1:
Curvature due to beam SW: (negative)

M, := ad ;" {L X j) =96.49 kip - ft moment due to beam SW at test location
—M, e ]
St = f= 86.34 psi stress at OGS due to beam SW
Eonb .—={';_"'”= 0.00001259 strain at CGS due to beam SW
(4]

ol MH-JI - C_r _ -
Sor = =TT 113.89 psi stress at top of beam due to beam SW
Eory = Jﬁ;” =0.00001661 strain at top of beam due 1o beam SW
hp=h—CGS=46.36 in distance between top of beam and CGS

bl + Ecwrl 1. L. .. .
@ = ————=0.0000006 — initial (positive) curvature in beam due to beam SW

I In

Curvature due to deck SW: (positive)

_ Waeer =X (

Mgp, = L. —x}} =93.56 kip-ft  moment due to deck SW ai test location

—Mgp;-e

S tortrntst = =83.72 psi siress at CGS due to deck SW

AP ::J’ﬁ{—*““= 0.00001221 strain at CGS due to deck SW

(d

My, C
Siecknts ::%: 110.44 psi stress at top of beam due to deck SW
1 _I’;:'er.tn-.ﬂ L .
Eerkewil = =0.0000161 strain at top of beam due 1o deck SW
(4]
h;=46.36 in distance between top of beam and CGS

b= E‘r"”““m; Fdeckswtl _ () 0000006107 L initial (positive) curvature in beam due to deck SW
b in

Binisiars = O 1p+ ¢4+ 6,=—0.00016527 L total initial (negative) curvature in composite beam
M wriorto Test 2.1
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Initial Beam Curvature (3/4):

Test 2.2:
Curvature due to beam SW: (negative)

M= w;_} (L.—x;)=96.49 kip-ft  moment due to beam SW at test location

—M, e ]
Jowhri=———=86.34 psi stress at CGS due to beam SW

I

Equb2 ::%: 0.00001259 strain at CGS due to beam SW

M- C, ]
Sori=———=113.89 psi stress at top of beam due to beam SW

B !
Epupzt= E: 0.00001661 strain at top of beam due 1o beam SW
hy:=h;=46.36 in distance berween top of beam and CGS
Erwb2 + E w2 1. L. s .
2 =————=0.0000006 — initial (positive) curvature in beam due to beam SW
2 In

Curvature due to deck SW: (positive)

Mgy i oo™ R2 (Lc —x_,} =93.56 kip-ft  moment due to deck SW at test location

—Mgp:-e

Steckentiz = =83.72 psi sirvess at CGS due to deck SW

EAPER = Jdeckantz _ o 00001221 strain at CGS due to deck SW

M. C
I :=%= 110.44 psi siress at top of beam due 1o deck SW
1 Jr::'ﬁ:.tn-.'f_'-' L .
Eerkonr? = =0.0000161 strain at top of beam due 1o deck SW
C
h;=46.36 in distance between top of beam and CGS

Bryi= E"""’“‘“’"’: Fdeckawt? _ o 6000006107 L initial (positive) curvature in beam due to deck SW
! in

¢ e ’=¢zh + ¢M+ ﬁ =-—0.00016527 L fotal initial (negative) curvature in composite beam
M- oriorio Test 2.2
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Initial Beam Curvature (4/4):

Test 2.3:
Curvature due to beam SW: (negative)

M, ;= w;‘, (L.—x,)=96.49 kip-ft  moment due 1o beam SW at test location
—M, ,-e .
oy i=———=86.34 psi stress at CGS due to beam SW
I
Erwbd ::%: 0.00001259 strain at CGS due o beam SW
L
i M'n'! 1 Cr | .
Sy =———=113.89 psi stress at top of beam due to beam SW
{
£y = ﬁi: 0.00001661 strain at tap of beam due to beam SW
hyi=h;=46.36 in distance benveen top of beam and CGS

EpitE
By i=—d ~ 7 0,0000006 L initial (positive) curvature in beam due fo beam SW

3 in

Curvature due to deck SW: (positive)

Meraim Weeck® X3 I | . )
3 :_T ( f—x_;) =163.51 kip«ft moment due to deck SW at test location

—Mgpz-e

Jtetrntis = = 146.31 psi siress at CGS due to deck SW

AP o Jadecknabs _ o 60002134 strain at CGS due to deck SW

(4

My C
I =307 119301 psi sivess at top of beam due to deck SW
Jrﬂ'ﬁ.‘.i’_!h‘d .
Efeckswii = =0.00002814 strain at top of beam due to deck SW
C
h;=46.36 in distance berween top of beam and CGS

b= E"“"t‘“"’}; Edeckswrd _ 0.0000010673 L initial (positive) curvature in beam due to deck SW
! in

ﬁm‘ E: ==¢ﬂ'+ ¢3ﬂ,+ﬁj =—0.00016481 L fofal initial (negative) curvature in composite beam
m prior to Test 2.3
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Cracking Moment:

M,,05:=0.95 - M, =962.3 kip-ft

0,1057=0.95 - 6, =0.000003008
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Ultimate Moment (1/9):

Test 2.1:

£,,+=0.000229 strain measured from test (input)

dy=h+h+15in—25 in=61 in depth to centroid of strands from top of composite girder
c;==14.7T858 in trial and ervor iterative c value {input until equilibritm)

&y 1= —Ep+ £ = 0.00396 strain in lowest strand level at ultimate (test + effective prestress)

Ej;_;'(d}—z fﬂ'—fj}

d;—c,

=0.0057 strain in 2nd strand level ar ultimate

Lea gt

Ej;_;'(d}—lz f‘"—f‘l)

Egz 4t= y =0.00441 strain in 3rd strand level at ultimare
1=
£y (d,—49.5 in—c)) . ,
Epq ji=— = =—0.0004237746 sirain in top strand level at ultimare
1—¢i
£C
£op == 1 —0.00007 strain at top of concrete deck ar ultimate

=€

By (C: —8 J'n} B ) ) )
£.3 1= ————==0.0000336249 strain at top of 1.5-inch deck haunch at ultimate
1 d.{ —Cy

_ Esigt {c, —9.5 :'n}

£.3,t =0.0000261921  strain at top of top flange at wltimate
' di—c;
g ey —14 0
£4pi= M: 0.0000038938 strain at top of web at ultimate
' di—e¢
Ty ;=845 ;- E, =296.96 kip tension force from lowest strand level
Ty =4-4,.6; - E, =142.06 kip tension force from 2nd strand level
T3 =248, E,=54.96 kip tension force from 3rd strand level

T, :=if (r:} =12 in,0 kip. (2 s Apeggy By ) =0 kip tension force from top strand level

Ty=T 1+ 715,475, +T,,=493.98 kip  total tension force from prestress
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Ultimate Moment (2/9):
Test 2.1:

C,,=ifc;<8in
{Ed. r} " Efdea:.t

else

(Eer 14 €21} » Evdeck

=320.4 kip

=c; =72 in

2

C,,=if ;<8 in
|0 &ip

~cy+ 72 im|

=108.33 kip

elseif 8 in<c,; <9.5 in

{Ef_?. f} *E ieck
2

elseif c;>9.5 in

-CJ

{Ec_?. rt+ Ecj‘..f) * E cieck

+43.5 in

2

Cy =it ;<95 in
|0 ip

;435 in

=64.06 kip

elseif 9.5 in<c, <14 in

{Efj. a’} * Ec
2

elseif c;>14 in

2

C,,=ife; <14 in
|0 &ip
else
{En. r} -E,
2

CH H=— C}_} + C_‘.l_j—i— C_;_;—i—C'“ =493.9? km

T, — C,; =0.009487 kip

{Efj. 1+ Eca.:} -,

scy+42 in

vy =42 in

=1.18 kip

=, -6 in

compression force from 8-inch concrete deck

compression force from 1.5-inch concrete
deck haunch

compression force from 4. 5-inch top flange

compression force from web

compression force from concrete

equilibrium of forces must = 0 fo find ¢
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Ultimate Moment (3/9):
Test 2.1:

TI_;'Q.S I'IH+T_'JJI4.5 !.'H+ Tj_‘l" 14.5 in +T,1_| +51.5 in
Ty

Jyi=63.5 in— —%:54.16 in

MMIE.J'::AN' :I.J"Epr' (Jﬂ) =2345.55 kip - ft

Eer. |
iz 1= — L= 0.000005 —

C: m
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Ultimate Moment (4/9):

Test 2.2:
£,,:=0.000285 strain measured from test (input)
dyi=h+he+ 1.5 in—2.5 in=61 in depth to centroid of strands from top of compaosite girder
c:=13.9185 in frial and ervor iterative ¢ value (inpui until equilibrium)
&,y 2:=—Ep+E,,;=0.006016 strain in lowest strand level ar ultimate (test + effective prestress)
Ad;—2 in—
Ey22'= E: { (;r A f"} =0.00576  srain in 2nd strand level ar ultimate
2—C2
Ad;—12 in—c;
Eg32t= L ( ;i i f'} =0.00448 strain in 3rd sirand level at ultimate
2= €
{d;—49.5 in—
Egq 2= Esl.2 { - - f'j) = —0.0003090483 strain in top sirand level ar ultimate
T d,—c;
£, 2t= £12°€2 _ 0.00008 strain ai fop of concrete deck at ultimate
176

Egavlc;—8 in
Epzat= M: 0.0000358267 strain at top of 1.5-inch deck haunch ar ultimare

d,—c;
Egan e =95 in
o3 28— {a’! ) =0.0000267467  strain at top of top flange at ultimate
27 C
Egatleo— 14 in
£o425= %: —0.0000004933 strain at top of web at ultimate
17 C;
Ty :=8eAd,x8, - E, =299.75 kip tension force from lowest strand level
Ty,:=4-4,76,5:+E, = 143.51 kip tension force from 2nd strand level
T;,:=2+A,26,,E, =55.84 kip tension force from 3rd strand level

T, ;:=if (c_;:} 12 im0 kip, (2 sAgeggy o By, ) =0 kip tension force from top strand level

Ta:=T1 34 T524 15,4+ Ty 3,=499.1 kip total tension force from prestress
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Ultimate Moment (5/9):

Test 2.2:
C,.=if ¢, <8 in —338.82 kip
£ “E e
( el 2 cdeck -c; .77 in
2
else
(Ec.l'._’+£c_"._7‘ *E deck wcyeT2 in
2
C,=if c,<8 in
|0 &ip
elseif 8 in<c.<9.5 in
£ «E
( c2 2 cdeck e+ 43.5 in
., @
else if ¢,>9.5 in
E.2:+E 5
( €22 Ee32) * Bodeck | 435 in
2
C,,i=if ¢,<9.5 in =53.61 kip
|0 &ip
elseif 9.5 in<c,<14 in
f - F
(PR sc;+42 in

elseif c;>14 in

(Ec_’r._’+ £eq2)E,

07+ 42 in
2
C,=if c,< 14 in =0 kip
‘Dkip
else
£ «E
—( 2 .e,-6in

Coo=Ca+ O+ O+ Cp2=499.1 kip

= 106.67 kip

compression force from 8-inch concrete deck

compression force from 1. 5-inch concrete
deck haunch

compression force from 4 5-inch rop flange

compression force from web

compression force from concrete

T,:—Co=0.000438 kip equilibrium of forces must = 0 to find ¢



Ultimate Moment (6/9):

Test 2.2:
Jd_-,:= 63_5 fﬂ— Tr_:'z.j f-ﬂ+T_:l__)'4.5 fﬂ+TT3_:|' 14.5 iﬂ +T4_2'5].5 fﬂ _%=54.44 fn
iz

Moz 25=Apgr €y 30 Epce {Jﬂ) =2379.91 kip«fi

e
Bz 2+= ——=0.0000061 L

cy in
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Ultimate Moment (7/9):

Test 2.3:

£,3:=0.002729 strain measured from test (input)

dy=h+h+ 15 in—2.5 in=61 in depth to centroid of strands from top of composite givder
c;:=8.13956 in trial and error iterative ¢ value (input until equilibrium)

Eop 3= —Epy + £43=0.00846 strain in lowest strand level at ultimate (test + effective prestress)
£.5 1= S1.3 (d3 —7h _CJ} =0.00814 strain in 2nd strand level ar ultimate

d;—c;

Ej;_j'(d_;—]z f‘"—fj) ) N ~
Eeq 3= = =0.00654 strain in 3rd strand level at ultimaie
3763

£, 30 (d;—49.5 in—c;)

£y yi=— = =0.0005378385 strain in top strand level at ultimate
E ]
£7°C
£ 35= ;’3 2 =0.00042 strain at top of concrete deck at ultimate
i
gt (c_;.— b in} _ ) i )
£.33i= T T (0.000007205 strain at top of 1.5-inch deck haunch at ultimare
3=
geles =951
£.qi= s (€3 in) =—0.0000702348 strain at top of top flange at ultimate
' d;—¢;
gelcs—14 0
£y 3= M: —0.0003025541 strain at top of web ar ultimate
| dy—¢;
Ty 3:=8-A4,6, ;- E,,=421.52 kip tension force from lowest strand level
Ty3:=4-A,-6,;-E,=20279 kip tension force from 2nd strand level
T33:=2+A4,6; ;- E,=81.46 kip tension force from 3rd strand level

Tyz:=if (c_; =12 in,0 kip, (2 cAgeegy 3By, ) =6.7 kip tension force from top strand level

Ta=T 34 T3+ T334+ Ty 3=T12.46 kip total tension force fiom presiress
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Ultimate Moment (8/9):
Test 2.3:

C, ;=ifc,<Bin =T705.28 kip  compression force from 8-inch concrere deck

{Sn.’ r._r);; E cdeck ¢+ 72 in

else

{’-}r.f" Ez'_".}} “E ek
2

oy 72 in

C,=ife; <8 in =7.18 kip compression force from 1_5-inch concrete
” 0 kip deck haunch

elseif 8 in<c;<9.5 in

else if ¢;>9.5 in

{E.)_ ]-+ 883.3) 'Endeck - 43 5 r'"
3 :
2

C;=ife;<95 in =0 kip compression force from 4.5-inch top flange
|| 0 kip
elseif 9.5 in<c; <14 in

—(5‘3'3) £ cc;-42 in
2

elseif c;> 14 in

{*‘::3.3'*‘ Er#..?} -E,
2

;42 in

C,;=if ;< 14 in =0 kip compression force from web

|0 kip

~cy=0in

S8
{EH._T) * Er.’
2

Cy=Cr3+ Coz+ Cy34+C,3=T12.46 kip  compression force from concrete

T,;—C;=0001871 kip equilibrium of forces must = 0 to find ¢
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Ultimate Moment (9/9):
Test 2.3:

T:__g 2.5 f-ﬂ+T_'.|_3'4.5 fﬂ+ Tj.j" 14.5 fﬂ+T4_3'5].5 in
TI_T

Jyyi=63.5 in— _%=55.33 in

Mgz 33= Apg €61 3 Epo - (J43) =3435.33 kip - ft

Bz 3= 2= 00000516 —
3 "

1
i
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Theoretical Moment-Curvature Overview:

M, =1012.94 kipft

6., =0.000003167

m

M,y ,=2345.55 kip- ft

|
'ﬁ'uf:_?. 1= 0.000005 -
m

M2 ,=2379.91 kip-ft

622=0.000006

n

M2 3=3435.33 kip - ft

Bu5=0.000052
in

Ultimate Loads from Moment Calculations: (four-point bending tests)

Test 2.1:
a,=5.67 ft

b‘.=34,ﬁ'}’ﬁf
Lz'Muﬂ_J'.J'

e =2
uli Im b} . (ﬂ'} +L¢.—b‘|)

=391.25 kip

Test 2.2:
a»=34.67 fr

b,=5.67 ft
LE . Ma.rﬂ_’.?

P .
ay- (by+L.—a,)

ultZm =

=396.98 kip

Test 2.3:
a;=20.42 fi

b;=19.92 fi
Lz * Muﬂ_"..i

=1340.36 kip
az~ (53 +L.— ""3}

Puam=2-

ultimate load based on moment capacity

ultimate load based on moment capacity

ultimate load based on moment capacity
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Theoretical Strut and Tie Cracking Capacity: (1/) (AASHTO C5.8.2.2-1)
di=54 in+9.5 in=>63.5 in

b, =6in

d 1000

L.—-L_.—da; d
Vop=|02-00 | = 7 ]I, J «ksi-b,,-d=134.68 kip
d 1000

L —L_ —a
Vezi=max||0.2—0.1 —c e 31, 0.0632]- Je sksiob,+d=91.61 kip
d 1000

rlod g fe . 1 .
= 0200 | —]]- sksie b, »d=134.68 kip
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Shear Capacity: (1/5)
Prestress Transfer/Development Lengths:
dy:=0.6 in diameter of prestressing strand
T Joe e &
Lyi=min|50.d,,|———|+d,| =30 in rransfer length

3000 psi
fm =g,y 32 £, =242.81 ksi

L= [ﬂ]-GﬂJ:&lﬁﬂg in

1000 psi
Li=L,+L=642 ft development length

V. calculation:

Minimum F, calculation:

dy=max (h+hy+ 1.5 in— CGS,0.8 {(h+h+ 1.5 in}) =55.86 indistance from CGS 1o max compression fiber

Jee=Jpe=164.49 ksi effective prestress stress

b,):=6 in web width

Fj:: d,=55.86 in distance from CGS to max compression fiber

E: =60 ksi vield strength of non-prestressed reinforcement

=031 in* area of non-prestressed longitudinal reinforcement

Apfoe=49972 kip > 04 ':f"ru *fou A, f,) =335.54 kip ACI318-19 (2256.3.1]
V=24 \'/JE spsi-b ~d=80.65 kip  flexure-shear strength ACI 318-19 [22.5.6.3.1c]
¥V, calculation:

F,
fpc i=—==807.6 psi compressive stress in concrete at centroid of beam due to presiress
A

Vo= (3.5 Aerff -psi+0.3 fm) by, -d,=222.34 kip web-shear strength
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Shear Capacity: (2/5)

a; =068 in
V,; calculation Test 1: (using max load from testing) b, =416 in

ﬂ::x} —Tin=85in
Praer =424 kip

=20.39 kip  shear due to DL (uniform SW beam and SW deck)

Tr—

L
Vyy:=abs [{w+ 11.-‘,,”,;,} [Tf—x ]

[‘Dma:ﬂ] )
V= A2z /., (L.—a,;+b,)|=350.68 kip  shear due to ultimate load (from test)
¢ /

V,ys=V, — Vy=330.28 kip

[Pma:ﬂ]
M, = + . (Lf— b, +a;) «b;=2476.7 kip-ft  moment due to ultimate load (from rest)

(W W) X, ; :
M= = " (L,—x,)=178.38 kip-ft  moment due to DL (uniform SW beam and SW deck

2

M= M, — M, =2298.32 kip-fi

My« Gy
fy=— " —158.9 psi
C
F, F,ee:Cy
= =124 ksi
fm Arr ‘]'fr

1’ ] L ,
Mm;::[(j ] (6 20 \f, «pSi+froe—f31) = 2023.27 kip-fr
~h

VM
Viri=0.6 io\[f. opsisb, o d,+ Vy +— L —33534 kip
M,

max f

V_;i=min (VN SV j) =222.34 kip nominal shear strength provided by concrete for Test 1
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Shear Capacity: (3/5)
a,=416 in
V,; calculation Test 2: (using max load from testing) b,=68 in
xJi=x,—7 in=433 in
P.2=431 kip

L \
Vo :=abs ((w-}- Weeck) (T‘—xz ) =18.82 kip  shear due to DL (uniform SW beam and SW deck)

(Pmax.”

;)- (L —b+ a.,) =356.47 kip  shear due to ultimate load (from test)

c

V=

=
'

Vipi=V,,— V4 =337.65 kip

( Pmax.‘)
M, :=+ . (Lc —a,+ b_,) «a,=2517.59 kip-ft moment due to ultimate load (from test)

us

(w+ wderk) X2 : 7
My, :=————£———— (Lc—x_,) =201.25 kip - ft moment due to DL (uniform SW beam and SW deck)

Mm_7==Mu2—Mdz=23l6.34 kl'p'ﬁ

Jaz=

M,-C,'
—£_2 =179.27 psi

c

'

Mm_ﬂ:(é‘ ) (6 }.-\/j—;-psi+fp«—j;,_,)=2000.4 kip-ft

V)'M )
V=06 ;_.\/Z.psi.bw.dpﬁg Vd_,+%=334.61 kip

max2

Veri=min (VN . I'c,_,) =222.34 kip nominal shear strength provided by concrete for Test 2
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Shear Capacity: (4/5)
a;=245 in
V,; calculation Test 3: (using max load from testing) b;=239 in
xJ:=x;—7 in=262 in
P =341 kip -

o5 \
g3 i=abs | (W4 W) (_Ei—xj ) =0.45 kip  shear due to DL (uniform SW beam and SW deck)
[ P max3 )
V= + (Lc — b3+a,) =172.42 kip  shear due to ultimate load (from test)

Vigi=V,3— V3= 17197 kip

( Pmm'.i)
M= —i_ . (Lc —a;+ b,) +a;=3353.53 kip-ft  moment due to ultimate load (from test)
4w ) .
My; :=% (Le—x3) =332.11 kip-ft moment due to DL (uniform SW beam and SW deck)

mej:=Mu3_Md3=3021'43 kl.l)'ﬁ

MGy
—"; % =295.84 psi

(.

fuz:=

’

Ic - - 2
Mm,3:=((‘ ] (6 /.-\/f_c-ps1+j;m—j:,,)= 1869.54 kip-ft

’

~b

VoM
Visi=0.6 As\[f, psizb,~d,+ xq,,+._'i{_f_'fi= 131.05 kip

max3

Vesi=min (Ve Veis) =131.05 kip nominal shear strength provided by concrete for Test 3
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Shear Capacity: (5/5)
V.. calculation: {for tests near ends 24-in < x < 144-in)
5,:=12 in spacing for #3 stirrups for 24-in < x < [44-in
A,:=2-(4,)=0.62 in®  area of shear reinforcement (245 bars)
Ayefied
A AR

=173.17 kip nominal shear strength provided by shear reinforcement {for tests near end)

S,

¥V, calculation: (for tests near midspan 144-in < x < 402-in)
5,:=16 in spacing for #5 stirrups for 144-in < x < 402-in
A,=0.62 in"  area of shear reinforcement (245 bars)

= 129.87 kip nominal shear swength provided by shear reinforcement (for rests near midspan)

¥, nominal one-way shear capacity:

Vo=V +V,,=395.5 kip nominal shear capacity for Test 1 North end

V=V, +V,=3955 kip nominal shear capacity for Test 2 South end

V=V +V,=26093 kip  nominal shear capacity for Test 3 near midspan
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Ultimate Loads from Shear Calculations: (four-point bending tests)

Test 2.1:
a;=35.67 fi

b, =34.67 ft
Vm"Lf

P =2e__ — =
it {Lr—ﬂ':-l-bf}

=478.2 kip

Test 2.2:

a,=34.67 fi

b,=5.67 fi

Pu{r}r::z‘L=4?s.2 kip
(Le—br+as)

Test 2.3:

a;=20.42 fi

b,=19.92 fi

P,,;,;,J:E-L:S]ﬁ.ﬂd kip
(L.—bs+as)

ultimate load based on shear capacity

ultimate load based on shear capacity

ultimate load based on shear capacity
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Failure Mode Based on Comparing Maximum Load to Maximum Theoretical Capacities:

Experimental

Maximum Load:

Theoretical
Maximum Load
(Flexure):

Theoretical
Maximum Load
(Shear):

Test 1 (Shear):

P =424 kip

P

wlrdm

=391.25 kip

Py =478.2 kip

x; =85 in

Test 2 (Shear):

Pu2=431 kip

r

ult2m

=396.98 kip

Py, =478.2 kip

L.—x;=99 in
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Test 3 (Flexure):

Poyae3 =341 kip

Pz =340.36 kip

wlt3m

P, =516.04 kip

x;=262 in



APPENDIX I. GIRDER 3 CALCULATIONS

GDOT Girders: Conforming BT-54 Composite Capacity (Theoretical) Calculations

Variables:
fo:=14596
Jer=10085
A:=659 in*

1:=268077 in’

Ana Contreras

girder concrete compressive strength (ar rime of test)
girder concrete compressive strength (at time of strand release, per SCP)
girder cross-seciional area

girder moment of inertia

E :=5T\/f. - ksi=6886.39 Kksi girder modulus of elasticity
L=455 ft girder length
h:=54 in girder height
Cp:=—27.63 in girder lower neutral axis distance
Cor=h+Cy=26.37 in girder upper neutral axis distance
Spi= ! =9702.39 in’ girder botiom section modulus
—La
§ = (_'iz 10165.98 in* girder top section modulus
g
e=—19.99 in girder eccentricity (14 bottom strands, 4 top sirands)
A =0217 in’ strand cross-sectional area (one sirand)
#strands =14 number of strands (excluding top 4 strands)
Ay, = Histrands » 4,=3.04 in’ strand total area of steel
Jout=270 ksi strand wltimate prestressing stress

f=09-f,, =243 ksi strand yielding presiressing stress {assumed)

£, :=28700 ksi

strand modulus of elasticity

Foo:=0.75f,»4,=43.94 kip strand effective force (75%)
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Variables:

Sodect =6951 deck concrete compressive strength far rime of rest)
hy=8 in deck thickness (not including extra 1.5 inch chamfer)
Eect = 53T o A/ f Lo »ksi =4752.24 ksi MOE of deck

Eppeam=5T-\[f, -ksi=6886.39 ksi  MOE of beam

E
yi= —2ek .69 modular ratio
chemm
bo=n-6 fi=4.14 fi deck effective width 6-fi (transformed to martch sirength of beam)

Agecir=bey = hy=1397.49 in’ deck cross-sectional area, 8-inch thick section (transformed)
b oi=1y-42 in=28.98 in deck effective width 42-inch {transformed to match strength of beam)

Apppa=b,,-1.5 in=4348 in® deck cross-seciional area, 1.5-inch thick section ftransformed)

A=1
Sri=T7.5-0A\/f - psi=0.91 ksi Fupture siress
1 _ ibf . .
w:= 150 pcf+ 4 =686.46 ? girder self-weight
M, = wil =177.64 kip-ft girder self-weight moment
8
Waewri= 150 pef-((6 ft+8 in) + (42 in- 1.5 in)) = 665.63 '}i deck self-weight
T
Wyeer L
Mgn:= % =172.25 kipfi deck self-weight moment
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Composite Properties Calculations:

Bottom neutral axis distance of composite section

—

h -
[Adm,-[h+ 1.5 i"ﬂ+—f]]+[f1dﬂ_u-[h+ 3 r"]]+ A4-—C,)
C,'= £ 2 —40.22 in

Agecis + Ageciz +4

Top neutral axis distance of composiie section
Cli=h+h+1.5 in—Cy'=23.28 in

Moment of inertia of composite section

2 Byl h * bezef1.50n)’ i 2
L=l 4. (6 +C) +%+_4m” -[[.# +15in+ ?’]— c:','] + %+ AM_,.[[!H ]";“']— c:',,'] =531595.96 in®
12 1
Cross-sectional area of composite section
" . . 2
A=A+ (hyobg) + (1.5 in < b,;) =1099.97 in
Radius of gyration of composite section

X
Fi=4 |5 =2198% in > =483.28 in’
A’

Top section modulus of composite section (top of precasi member)

I
£ —22833.59 in’

=1

S.I'E‘ i=

Botiom section modulus of composite section (bottom of precast member)

I
Spei=——=13217.64 in’
("!

~h

Top section modulus of composite section (top of slab)

-
Sy 1= —— = 16994.04 in’
C/'+hy

Botiom section modulus of composite section (bottom of slab)

! r
Shes ==%=22333.59 in’

P
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Losses Calculations BT-54 with Composite Deck (1/3)
Losses Before Release (10 May 2025)
Jpr=075+f,,=202.5 ksi

Fyi=fo - #strands « A, + 40 kip=655.2 kip total force in all 14 strands (plus 4 top strands
{@@ 10 kips each) at time of tension

Relaxation in Strand, RI (10 May 2024 to 15 May 2024)

=1 2:=120 jﬁ;::j;u:ZﬂZ.ﬁ ksi
AfRI = I-”-.('“B("‘?];S"‘g(”}].[f*’__“_cr.sj]ﬂ.ﬁﬁ ksi
¥

Losses Just After Release (15 May 2024)
Fe=(f,,— Af,RI) « #istrands « 4, = 607.14 kip

E. =09« F;=546.43 kip assumed (0.9

Elastic Shortening in Strand, ES (15 May 2025)

E, =28700 ksi £.,= 10085 E,s=57000\,, «psi=5724.17 ksi
E
i =1 5.01
cl
—F Fes M, e
A I W -
= — — =—1.48 ksi
Jes A I I

ALES:= Ny foy=T1.44 ksi
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Losses Calculations BT-54 with Composite Deck (2/3)

Losses After ~13 Months (10 June 2025) Mote: deck casted on 14 February 2025
Creep, CR {15 May 2024 to 10 June 2025)

K,:=2 Jfor pretensioned members

Ty ’=pr_ dj}RI—Aj},ES: 192.4 ksi

_J«'-}::_f;y- #strands« A, =584.53 kip
- —F _ Pime” _ M -e

foli= y ; =—1.6 ksi
—Mg,-C’
foogi=——2 2 — 0,16 ksi
L’
Epﬁ - . o .
Af,CR:=0.80 | =K (f, —f. ) |=9.62 ksi Note: only 80% of total CR
E, because of 405 day age

Shrinkage, SH (15 May 2024 to 10 June 2025)

RH:=T0 relative humidity in Atlanta, GA

K= 1 [far pretensioned members

Vi=A4.L=359814 in’ volume of girder

S:=2eA42eheL4+26 in-L+42 in-L=97414 in* approximate surface area of girder

0.06 ¥V

in 5

Egyi=8.2+ lﬂ“‘-Km-[l - ] (100 —RH) =0.0001915

Af,SH =gy E, = 5.5 ksi

Relaxation in Strand, R2 (15 May 2024 to 28 February 2025)
12=120 13:=6937 Sol=1y=192.4 ksi

AfR2:=]"s ( L [!3}4_5103 (2) ] . [’f{i— n.ss] = 1.82 ksi

¥
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Losses Calculations BT-54 with Composite Deck (3/3)

Relaxation in Strand, R3 (28 February 2024 1o 10 June 2025, Deck Casted)

13=6937 14:=9384 Tol= = AR2 4 foga ‘i’f =189.93 ksi
AfR3=f,' ( 'Og{m}:o‘g(ﬂ} ] . [eri— n.55] =0.13 ksi

Effective Force in Prestress (after losses) 10 June 2025 Test Day

Fi=(fy—Af,RI — Af,R2 — Af,R3 — Af,ES— Af,CR — Af,SH) + #istrands » A,= 532.68 kip

F
Losses:= [] — F"] 100=18.7 loss percentage
J

F = ((.N'(l — Lasl.!'es]).dj=4l-sg kip effective force in individual strand

o=ty (1 - L‘;;;“] = 164.63 ksi
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Initial Beam Curvature (1/4):
Curvature due to beam prestress: (negative)

Joe=Fe=164.63 ksi refined through previous losses calculations

CGS:i=—Cp+e=764 in  finding CGS from bottom beam

£pt= j"’" =—0.0057363 strain at CGS due to presiress
[
Epj” C; .
Eyi= =—0.003263 strain at top of beam due to prestress
—e+C,

hy=h—CGS=46.36 in distance between top of beam and CGS

EntE 1
= 00001667 — initial {negative) curvature in beam due fo presiress

! I in
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Initial Beam Curvature (2/4):

Test 3.1:
Curvature due to beam SW: (negative)

M, = id ;" (L.—x,)=98.75 kip-ft  moment due to beam SW at test location
—M e ]
Sty i=———=188.36 psi stress ai CGS due 1o beam SW
I
Equbl ::ﬁ“i: 0.00001283 strain at CGS due to beam SW
MG, .
Sy =————=116.56 psi stress at top of beam due to beam SW
f
A ﬁi: 0.00001693 strain at top of beam due to beam SW
hys=h—CGS5=46.36 in distance between top of beam and CGS

Esmb.r+£nmf 1 e i X
jhi=————=\. — [HIai (POsive) curvaiure in Deam aue 1o am
& P 0.0000006 — tial (positive) i b due fo beam SW
I I

Curvature due to deck SW: (positive)

Moo= Weeck® X1 I | . )
= —— (Lo—x,)=95.75 kip-ft  moment due to deck SW at test location

—Mepys
Stebbontd = ZSDIe 85,68 psi stress at CGS due to deck SW

CAPEN o Jdecknbt _ o 60001244 strain at CGS due to deck SW
E

C

My, = C
Sieckonet =— L —113.03 psi siress at fop of beam due 1o deck SW
Jﬁa’er.tnw! .
Efeckswil = =0.00001641 strain at top of beam due to deck SW
L
h;=46.36 in distance between top of beam and CGS

byi= Edeckswbl T Edeckowt] _ 0.0000006224 A initial {positive) curvature in beam due fo deck SW
h; in

4&“ aencld :=¢, st i) 1+ ﬁj =—0.00016539 L fotal initial (negative) curvature in composite beam
m wyior to Test 3.1
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Initial Beam Curvature (3/4):

Test 3.2:
Curvature due to beam SW: (negative)

M, ,:= w;_r_; (L.—x,)=112.85 kip~ft  moment due to beam SW at test location

—M e .
Joupri=———=100.98 psi stress at CGS due to beam SW

!

fm'.h_’ _
Equpi=——= 000001466 strain at CGS due to beam SW

M- C, ]
Joppri=————=133.21 psi stress at top of beam due to beam SW

B I
£ ppni= "r;;"} =0.00001934 strain at top of beam due to beam SW
hyi=h;=46.36 in distance berween top of beam and CGS
Eqb2 + £ 1| L. .. .
i :=h—= 0.0000007 — initial {positive) curvature in beam due to beam SW
2 n

Curvature due to deck SW: (positive)

Waleek ™ X2 . )
Mgpyi=—"""— (L. —x,;}=109.43 kip-ft moment due to deck SW at test location
2
—Mgp; e R
Jtectsmn = —————=97.92 psi siress at CGS due 1o deck SW
E kb .—=M= (.00001422 sirain at CGS due to deck SW
(4
_ Mgp,-C, .
Sotorterwsz = f_ 129.17 psi stress at top of beam due to deck SW
_Ir:l'ﬁ_‘.t':h‘ﬂ .
Efeckswe? = =0.00001876 strain at top of beam due 1o deck SW
{1
h;=46.36 in distance berween top of beam and CGS

b= E“"""""‘“""’; Feckow2 _ 0.0000007113 L initial (positive) curvature in beam due to deck SW
2 m

Bnisiarz = P + 2y + ¢, = —0.00016521 L total initial (negative) curvature in composite beam
m  prior to Test 3.2
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Initial Beam Curvature (4/4):

Test 3.3:
Curvature due to beam SW: (negative)

M, ;= id ;" (L.—x,)=98.75 kip-ft  moment due to beam SW at test location
—M, e ]
oz i=————=RB.36 psi stress at CGS due 1o beam SW
1
fm'h} .
Eqbd .—=T= 0.00001283 strain at CGS due to beam SW
M-, .
Sy =———=116.56 psi stress at top of beam due 1o beam SW
£z = "ﬁ;“' =0.00001693 strain at tap of beam due to beam SW
hyr=h;=46.36 in distance berween 1op of beam and CGS

£ +&
Bapi=— T 0,0000006 L initial {positive) curvature in beam due to beam SW

h; in

Curvature due to deck SW: (positive)

Menaie Weeek ™ X3 I _ ! .
03 :_T ( ,_,—x_;) =163.53 kip-fi moment due to deck SW at test locarion

—Mgpz-e

Jteckswsa = =146.33 psi sivess ai CGS due to deck SW

AP o= Jdeckonss 0 00002125 strain at CGS due to deck SW

{4

M= C
FARES :=%= 193.03 psi stress at top of beam due to deck SW
1 _If::'eu.tnw.i 1 .
Egeckewt] i = = 0.00002803 strain at top of beam due to deck SW
L
h;=46.36 in distance between top of beam and CGS

$r= Edeckswb3 ¥ Edeckswd = 0.000001063 L initial (positive) curvature in beam due to deck SW

h; in

D iniviaiz = B ap + P3g+ ¢, =—0.00016495 L total initial (negative) curvature in compaosite beam
m prior o Test 3.3
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Cracking Moment:

M, 45:=095 - M, =948.14 kip-ft

$oros=0.95 - §,=0.000003108
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Ultimate Moment (1/9):

Test 3.1:

£,7+=0.000333 strain measured from test (input)

dys=h+h+15in-25in=61 in depth to centroid of strands fiom top of composite girder
c;+=13.92996 in trial and error iterative ¢ value (input until equilibritum)

—&pi+ £ = 0.006069 strain in lowest strand level at ultimate (1est + effective prestress)

\d; =2 in—
Estt ( ! " C‘l} =0.00581 strain in 2nd strand level at ultimare
dj—cy

Eqp 1t

Loz gt

Ej;_;'(dj—lz f‘"—f_ll)

B3 t= y =0.00452 strain in 3rd sirand level at ultimate
1= 6

gy (d;—49.5 in—c,) - _

Epq yim— = =—0.000313326 sirain in top strand level at ultimate
1=

£4°C
ep1i=—2 1 —0.0001 strain ar top of concrete deck ar ultimate

dy—c¢

_ Egyt {c, —3 in} B ) ) )
£33 T (0.0000419519 strain at top of 1.5-inch deck haunch at ultimate
1=

gele; =951
£q i Eail {;" = m} =0.00003134 strain at top of top flange at ultimate
1—C

1 Eﬂ-;-{c,— 14 r'n)

Eoqpt= ﬂr—= —0.0000004955 strain ar top of web at ultimate
1~ %

Ty j:=8eA =gy = E,,=302.39 kip tension force from lowest strand level

Ty =44, -2,,-E, =14477 kip tension force from 2nd strand level

Ty :=20A,06,5 0 E,, =56.33 kip tension force from 3rd strand level

Tyy=if(c;>12 in,0 kip ,(2- 4,2, - E,.)) =0 kip tension force from top strand level

Ty=T 4T3+ T3, +T,,=303.49 kip  roral tension force fiom prestress
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Ultimate Moment (2/9):
Test 3.1:

C, =it c, <8 in =334.83 kip  compression force from 8-inch concrete deck

{Ec.f. .f) " Efdec.t c;s 72 in
2

else

(cr 4821} * Epgecs .
2

e;-72 im|

C,=if ¢, <8 in = 105.53 kip compression force from 1 5-inch concrete

” 0 kip deck haunch

elseif 8 in<e,;<9.5 in

{Ef—’-f}'zﬂ.c,.ﬂ.ﬁ in

elseif ¢;=9.5 in

{E'c_r. i+ E-‘e_?.r]l' *E citeck
2

435 in

C;=if ¢; <95 in =63.13 kip compression force from 4.5-inch top flange

||0 kip
elseif 9.5 in<c,<14 in

M.C;.dﬁi n
2

elseif ¢, =14 in

{Ecj. 1+ f-'c.r.r} -E,

~c;-42 in
2

C,=if e, <14 in =0 kip compression force from web
|| 0 kip
else

—{EH' .f} -E e O in

C“l H= C‘IJ <+ C_‘.I_ I 4+ C_:r_ I =+ C,‘_} -_ 5‘03‘49 k{‘p ﬂ‘m&fﬂnﬁ?’ﬂeﬁﬂm concrete

T,y — Cy=—0.00094 kip equilibrium of forces must = 0 to find ¢
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Ultimate Moment (3/9):
Test 3.1:

Ty =25in+T5,-45in+T5,-145in+T,,-51.5 i
%] in+7T,, m+T X, in+T,, in _i=54_44 in
]

Sy =035 in—

Muﬂ.ﬁ:“{p' :J.I'Epi' (Jﬂ) =2400.72 kip - ft

£,
oy 1=~ = 0.0000071
¢ in

277



Ultimate Moment (4/9):

Test 3.2:

£47:=0.001542 strain measured from test (input)

dy=h+h+1.5in—-235 in=061 in depth to centroid of strands fiom top of composite girder
c;:=9.6113 in trial and error iterative ¢ value {input until equilibrium)

—&,+&,,,=0.007278 strain in lowest strand level at ultimate (test + effective prestress)

Egpat

ES;._j'{d_'J—z fH—C_)

£ i= =0.007 strain in 2nd strand level at ultimate
T d_’l . C_)
- ﬂrﬂ - ] 2 in— k]
£ far.2" (0 in—c;) =0.00558 strain in 3rd strand level at ultimate
{d,—49.5 in—
£45i= ik ( _d - fJ} =0.0002675026 strain in top strand level ar ultimate
20
E pat= Z"" "€ 0.00029 strain at top of concrete deck at ultimate
=6

Egiz® {C_? -8 i"} . . .

£.375= d—= 0.0000483496 strain at top of 1. 5-inch deck haunch at ultimate
2703

Egre{c:—95 in

oz 2= — {ﬂr" } =0.0000033397  sirain ai top of top flange at uitimate
Fl

Egrelc:— 14 in

Eog 2= %: —0.00013169 strain at top of web at ultimate
27 C2

Ty ,:=8ed,8, ;- £, =362.63 kip tension force from lowest sirand level
Ty =446, 72 E,,=174.26 kip tension force from 2nd strand level
Ty,:=2A4,6,; ,+E, =69.49 kip tension force from 3rd strand level

T, :=if (c_;:} 12 in 0 kip, (2 cAgrggy K, } =3.33 kip tension force from top strand level

T2:=T ;4 T4 T34+ T, ,=609.71 kip  total tension force from prestress
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Ultimate Moment (5/9):
Test 3.2:

Cpp=if

Cypi=if

el

C, = if

el

el

C,.=if
e
Co=0C;

c,<8in =553.72 kip  compression force from 8-inch concrete deck

w.ﬁ.u in

s

{Ec 12t € 2)  Eey

=72 in
2

c,=8in =51.35 kip compression force from [ 5-inch concrete
‘ﬂ, kip deck haunch

seif 8 in<c,<9.5in

(Ef_?._? 'Efa'ec.t' ee.+43.5 in
2 .

seif ;9.5 in

(EI_J'. 2 tE3;

-E
; cdeck L e,-43.5 in

;=95 in =4.64 kip compression force from 4. 5-inch top flange
|0 kip
seif 9.5 in<c,< 14 in
£ - E
(s B ~c;-42 in
seif c;> 14 in

{"*}3._?'*‘ Epq2)*E,
2

=42 in

c,< 14 in =0 kip compression force from web
|0 kip
se

M.f O In
2 2

o Caat Cy 24+ C,,=0609.72 kip  compression force from concrete

12— C=—0.007294 kip equilibrium of forces must = 0 to find ¢
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Ultimate Moment (6/9):
Test 3.2:

T,_:-Q.S f-ﬂ+T_'J__)'4.5 fﬂ+ Tgl_v' 14.5 in +T4_3'5].5 in
T.I'_’

J = 63.5 in— _%=55.59 in

Myys 23= Apo &y 3+ Epe = (Jun) =2939.76 kip - fi

Ee12

=0.00003 —
c; in

Pz 25=
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Ultimate Moment (7/9):

Test 3.3:
£,;="0.002188 strain measured from test (input)
dy:=h+h+15in—2.5 in=61 in depth to centroid of strands from top of composite girder
c;:=8.91606 in trial and error iterative ¢ value {input until equilibrium)
Eop 3= —Epi+ £43=10.007924 strain in lowest strand level at ultimate (test + effective prestress)
Ad:—2 in—
.35 130 (ds =2 in—c;) =0.00762 strain in 2nd strand level at ultimate
| d;—c;
as;_j-(a’_;—IZ "'"—fj') .| s .
E33i= =0.0061 strain in 3rd strand level ar ultimare
dy—c;
£,137(d;—49.5 in—c;) 1. :
Eoggim — =0.0003931353 strain in top strand level at ultimate
di—c;
5437 C3 i i
Eop3i= ¥ =0.00037 strain at top of concrete deck at ultimate
3=C3
Eqz” (Cj' -8 in) . . .
£.33t= d—= 0.0000384829 strain ar top of 1.5-inch deck haunch ar ultimare
37C;
gele;—9.51
£.33i= M: —0.0000245308 strain at top of top flange at ultimate
' d;—c;
g les—14 0
.43t M: —0.0002135718 strain at top of web at ultimate
' d;—c;
T, 3:=8-A4,+, ;- E,,=394.82 kip tension force from lowest strand level
T) =44 655+ E, = 189.83 kip tension force from 2nd sirand level
T53:=2+4,%6,3 3+ E,,=7596 kip tension force from 3rd strand level

Ty3:=if (e3> 12 in 0 kip ,(2+ 4,2,y 5+ E,,)) =4.9 kip tension force from tap strand level

T3=T 34 T3+ 753+ Ty 3=0665.5 kip total tension force from prestress
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Ultimate Moment (8/9):
Test 3.3:

C, ;=ifc,<Bin =630.03 kip  compression force from 8-inch concrete deck

{Sn.’ r._r)?: E cdeck vc;+72 in

else

{’-}r.f" Ez'_".}} E ek
2

ey 72 in

C,;=if ;<8 in =35.46 kip compression force from 1.5-inch concrete
” 0 kip deck haunch

elseif 8 in<c;<9.5 in

M.Q.u.s in

else if ¢;=9.5 in

(’3;_:*.3"‘ Ec-?--*} " Ecdeck «c;-43.5 in
2

C;=ife;<95 in =0 kip compression force from 4. 3-inch top flange
|| 0 kip
elseif 9.5 in<c;< 14 in

—{5‘3--;) -E, ~c3+42 in

elseif c;= 14 in

{’-}3.3 + Ee.f.:} -E,

5 ;42 in

C,=ifc,;< 14 in =0 kip compression force from web
|0 kip

else

{EH‘J} " Er.’

> =cy=6in

Cy=Cr 3+ Coz+ Ci3+Co3=6655 kip  compression force from concrete

T,;—Cy;=0.003919 kip equilibrium of forces must = (0 to find ¢
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Ultimate Moment (9/9):
Test 3.3:

Tl'.:i « 2.5 f.ﬂ+T_1__:r'4.5 iﬂ+ Tj__T' 14.5 in +T4_3'j].5 in
Tﬂ

J 3= 63.5 in— L %: 55.73 in

M3 35= Apo» €5 3 Ep = (Jy3) =3208.63 kip - ft

&
u 3:= -2~ 0.000042
C—'j- n
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Theoretical Moment-Curvature Overview:

M., =998.05 kip-fi

6., =0.000003272 L

m

M,y 1=2400.72 kip- ft

|
ﬁi'uf:l 1= 0.000007 e
m

M,y ,=2939.76 kip-fi

B3 2=0.00003 -

m

M,y33=3208.63 kip - ft

B33 =0.000042 L
in

Ultimate Loads from Moment Calculations: (four-point bending tests)

Test 3.1:
a, =39 ft

b,=34.44 ft
Lc * Mmj..r

P =2-
ultdm bf ‘ {ﬂ'j +L{.—ﬁj}

=391.42 kip

Test 3.2:
a,=232.92 fi

by=T.42 ft

LE *iMyly3 2

P =2-
ult2m a,e (b_, + L,_. _ ﬂ'_,:l

=420.46 kip

Test 3.3:
a;=20.17 fi

b;=20.17 ft

LE " Muﬂlj

=318.21 kip
az- {534‘1-:—“3}

Pujgm =2+

ultimate load based on moment capacity

ultimate load based on moment capacity

ultimate load based on moment capacity
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Theoretical Strut and Tie Cracking Capacity: (1/) (AASHTO C5.8.2.2-1)
d:=54 in+9.5 in=063.5 in

b, =6in

=020 [AL)| o/ ki d=128.94 kip
)]\ 1000

LE_L:JW‘_“" ﬂ L -
"= (0.2-0.1 - “ 1= shsieh, d=87.11 ki
crl [ [ o 1000 W P

L —L —a
Vzi=max||0.2—0.1 —e s S 0.0632)- Je sksi« b, +d=91.99 kip
d 1000
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Shear Capacity: (1/5)
Prestress Transfer/Development Lengths:
dy:=10.6 in diameter of prestressing strand
Lys=min|50+d,. fi «dy | =30 in wransfer length
3000 psi
Jos =85y 37 E,,=227.43 ksi
L[ Tl -d,=37.68 in
1000 psi
Liy=L,+L;=35.64 ft development length

V. calculation:

Minimum F, calculation:

dy=max (h+hy+ 1.5 in— CGS,0.8 (h+h+ 1.5 in}) =55.86 indistance from CGS to max compression fiber

Jeet=lpe=164.63 ksi effective prestress stress

b,):=6 in web width

H:: d,=55.86 in distance from CGS to max compression fiber

E =60 ksi vield strength of non-prestressed reinforcement

=031 in’ area of non-prestressed longitudinal reinforcement

Aps+ fre=500.16 kip > 0.4 (Aru o+ A, f,} =335.54 kip ACI 318-19 {2256.3.1]
V, =21+ '\,/JFC «psi-b ~d=80.98 kip  flexure-shear strength ACI 318-19 [22.5.6.3.1c]
V., calculation:

F,
fpc =——=80831 psi compressive stress in concrete at ceniroid of compaosite section due to prestress
A

Vo= (3.5 Aerlf apsi+0.3 frr) by,-d,=223 kip web-shear strength
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Shear Capacity: (2/5)
a;=70.75 in
V; calculation Test 1: {using max load from testing) bhy=41325 in
?{_ﬂ::l‘} —7in=87.75in
Praer =431 kip

i

L
Vyi=abs [{:w-i— “"dm} [Tf—x i ] =20.08 kip  shear due to DL (uniform SW beam and SW deck)

!

[Pm:n'.f]
V= A2/, {Lf—a). +b;) =354.24 kip  shear due 1o ultimare load (from test)

L,
V=V =V =334.15 kip
ks
M= + . {Lf— b, +a;) «b;=2575.7 kip-ft  moment due to ultimate load (from rest)

WHW, )X
My, = % (L.—x,)=183.01 kip-ft moment due to DL (uniform SW beam and SW deck)

M, =M, — M, =2392.69 kip-ft

M- Cy'
fy=—=L " = 166.15 psi
1’
F, Fge:Cy
= ——— = 1.29 ksi
fm Acr Icr

b

1’ ) L ,
M,_.m::[(j ] (6 22\[fy +psi+foe—fin) =2036.17 kipfi

VoM
V=06 A-1/f. -pst'-b“.-dp—t—I@;—t—%::ﬂ&?ﬂl kip

[

V. i=min (V,_,,,. : ch) =223 kip nominal shear strength provided by concrete for Test |
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Shear Capacity: (3/5)

a>=395 in

V,; calculation Test 2: (using max load from testing) b,=89 in
xfi=x,—7 in=412 in

P2 =410 kip

L
V,p:=abs ((w+ de) (Tc—x_, ) =16.45 kip  shear due to DL (uniform SW beam and SW deck)
( P max.’)
AN + (L.—b,+a,)|=322.91 kip  shear due 1o ultimate load (from test)
¢ /

V=V, —V,;,=2306.46 kip

(Pmax.’
1\ 2

ul

My, ;:_-% (Lc—xz)

M,,:= T) . (Lt —a,+ b_,) «a,=2793.09 kip-ft  moment due to ultimate load (from test)

=232.11 kip«ft moment due to DL (uniform SW beam and SW deck)

M,y =M, 3— My =2560.99 kip-ft

My,-C,'
L”’=210.73 psi

c

Jiri=

'

’

I
Mm,.,:(cf ] (6 2+ \f. *pSi+ fyee —f1s) = 1987.08 kip-fi
b

Vigi=0.6 2o\[f, +psivb,od,+V o+

Vooi=min (Vm. 4 Vﬂ_y) =223 kip

Vl 2" Mcre’ .
—12 o2 —278.53 kip
M,

max2

nominal shear strength provided by concrete for Test 2
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Shear Capacity: (4/5)
a;=242 in
V., calculation Test 3: (using max load from testing) b;=242 in
xj:=x;—7 in=259 in
Ppa3=330 kip

Lo 12
Vy3:=abs ((w+ w,,m) (T—x, ) =0.79 kip  shear due to DL (uniform SW beam and SW deck)

/

\

4 -
/ - ey

( P max3 )
= + (Lc —b;+a 3) =165 kip shear due to ultimate load (from test)

c

Vyi=V,3— V= 16421 kip
Pmax]

M,; :.-.-(i—)- (L.—a;+ b,) +a;=3242.18 kip-ft  moment due to ultimate load (from test)

i) (M' + M'de“k) *X3

3= 5 (Lc—x3) =331.95 kip - ft moment due to DL (uniform SW beam and SW deck)

M3 = M, 3— My3=2910.23 kip- ft

My;-C)'
%:301.37 psi

¢

fazi=

Mms‘=[éf ) (6 2+ \[f, - pSi+ fyee—f15) = 1887.24 kip-ft

’

b

VM,
V,3:=0.6 },ov_]_;-psi.bw.dp_*_ Vys+ 3" el _ 131,57 kip
max3
Vezi=min (Vc,,. ) Vt,-}) =131.57 kip nominal shear strength provided by concrete for Test 3
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Shear Capacity: (5/5)
V.. calculation: {for tests near ends 24-in < x < 144-in)
5.:=12 in spacing for #3 stirrups for 24-in < x < [44-in

A,:=2- (:As} =0.62 in’  area of shear reinforcement (245 bars)

Ay ed
L)

V.= =86.58 kip nominal shear strength provided by shear reinforcement (for tests near end)

8

¥V, calculation: (for tests near midspan 144-in < x < 402-in)
5,:=16 in spacing for #5 stirrups for 144-in < x < 402-in
A,=0.62 in®>  area of shear reinforcement (245 bars)
A,fed

Vo= = 129.87 kip nominal shear strength provided by shear reinforcement (for tests near midspan)

S

V, nominal one-way shear capacity:
Vo=V, 4 V,.=309.58 kip nominal shear capacity for Test I North end
V=V 4V, =309.58 kip nominal shear capacity for Test 2 South end

V=V 4V, ,=26145 kip  nominal shear capacity for Test 3 near midspan
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Ultimate Loads from Shear Calculations: (four-point bending tests)

Test 3.1:

a; =359 fi

b;=34.44 fi

Pty =2" @ F"; i 5 =376.66 kip

Test 3.2:

a,=32.92 ft

h,=742 ft

Pyyzyi=2- _tete 30307 kip
(L.—by+az)

Test 3.3:

a;=20.17 fi

by=20.17 ft

Posay =2 _tutke  _spr89 kip
(Lo—bs+as)

wltimate load based on shear capacity

ultimate load based on shear capacity

ultimate load based on shear capacity
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Failure Mode Based on Comparing Maximum Load to Maximum Theoretical Capacities:

Experimental

Maximum Load:

Theoretical
Maximum Load
(Flexure):

Theoretical
Maximum Load
(Shear):

Test 1 (Shear):

P =431 kip

r

wltim

=391.42 kip

Py =376.66 kip

x;=87.75 inm

Test 2 (Shear):

P2 =410 kip

r

ult2m

=420.46 kip

Pz =1393.07 kip

L.—x;=120 in
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Test 3 (Flexure):

Proges =330 kip

P ., =318.21 kip

ultim

Pz =522.89 kip

x;=259 in



APPENDIX J. GIRDER 4 CALCULATIONS

GDOT Girders: Conforming BT-54 Composite Capacity (Theoretical) Calculations

Variables:
fo=12619

Si=8070

A:=659 in*

1:=268077 in'

girder concrete compressive strength (ai time of rest)

Ana Contreras

girder concrete compressive strength fat time of strand release, per SCP)

girder cross-sectional area

girder moment of inertia

E.:=57-1/f. « ksi=6403.06 ksi girder modulus of elasticity
L=455 ft girder length
h:=54 in girder height
C,:==27.63 in girder lower neutral axis distance
Cii=h4+Cy=26.37 in girder upper neutral axis distance
Spi= d =9702.39 in’ girder bottom section modulus
L
§ = ("i: 10165.98 in* girder top section modilus
-t
e=—19.99 jn girder eccentricity (14 botiom strands, 4 top sirands)
A =0.217 in’ strand cross-sectional area (one sirand)
#strands =14 number of strands {excluding top 4 strands)
Ay, = Histrands » 4,=3.04 in’ strand total area of steel
Jout=270 ksi strand wltimate prestressing stress

fr=09-f,, =243 ksi strand yielding presiressing stress {assumed)

E, :=28700 ksi

strand modulus of elasticity

Foo:=0.75f,»4,=43.94 kip strand effective force (75%)
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Variables:

Sodeer =06178 deck concrete compressive strengih (at time of test)
hy:=8 in deck thickness (not including extra 1.5 inch chamfer)
E ek =57 \,Jka «hsi=4480.21 ksi MOE of deck

Eppean=5T\[f. +ksi=6403.06 ksi  MOE of beam

ni=—ctek —0.7 modular ratio
Efﬁm
bopi=n-6 fi=4.2 fi deck effective width 6-ft (transformed to maitch strength of beam)

Agecir = bey=hy=403.03 in” deck cross-sectional area, 8-inch thick section (transformed)

bi=1+42 in=29.39 in deck effective width 42-inch {transformed to match strength of beam)

2.

Agoriri=b,;- 1.5 in=44.08 in* deck cross-seciional area, 1.5-inch thick section (transformed)

A=1
fr=T.5 4\ [, «psi=10.84 ksi Fuptire stress
thf . .
wi= 150 pef-4=0686.46 ? girder self-weight
M, = wil =177.64 kip«ft girder self-weight moment

8
Waeet = 150 pf-((6 fi-8 in) + (42 in- 1.5 in))=665.63 ;’r‘_{ deck self-weight

b
 Werk® L

Mg = =172.25 Kkip«ft deck self-weight moment
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Variables:
L.o=L—-14 in=44.33 fi clear distance between end roller supports

L, =48 in distance between two point loads (spreader beam roller supports clear distance)

Test 4.1: Py =500 kip
x;:=120 in—7 in=113 in distance from point load to end of beam
L
ad; =X, — P —T7.42 It
2
a, =89 in clear distance from center of north bearing to first point load

byi=L.—ay—L,, =32.92 fi

b, =395 in clear distance fraom center of south bearing to second point foad

Test 4.2: Pyae2:= 500 kip

X2:=45.5 fi— 120 in—7T in=419 in distance from point load to end of beam

L

i :=x1_i= 32.92 ﬁ
BERE 2

a,=395 in clear distance fraom center of north bearing to first point load

by=L. —a,—L, =742 ft

b, =89 in clear disance from center of south bearing 1o second point foad

Test 4.3: Pue3=331 kip

X3:=L—231.5 in—7 in=307.5 in  distance from point load to end aof beam

L
dii=x;=— l =23.63 _ﬂ
2
a;=283.5in clear distance from center of north bearing to first point load
by=L.— a.i_LspJ‘= 16.71 fi

b;=200.5 in  clear distance from center of south bearing to second point load
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Composite Properties Calculations:

Bottom neutral axis distance of composite section

.k -
[Adm,.[m 15 fn+?f]]+(,4m_,-[h+ "52'"])+(A._q,)
C Fo—

Ak + Adeciz +4

=40.32 in

Top neutral axis distance of composite section
Cl:=h4+h+1.5 in—Cy'=23.18 in

Moment of inertia of compasite section

y  Buyehd h 4V bs+l1.5in)? i 32
Lrm e Ae (G + 0 + Jrsr +_‘,m”,[[“,_5,-,,+?J]_(_-a-] +%+.{ﬁ‘“-[[ﬁ+ ]'52"']-(.-5-] = 533798.74 in”

Cross-sectional area of composite section
A=A+ (hy b))+ (LS ine by =1106.11 in’
Radius of gyration of composite section

X
Fi=q——=2197 in > =482.59 in’
[

Top section modulus of composite section (top of precast member)

_ ‘rcr | . 3
§,i=—_=230315 in
c’

Bottom section modulus of composite section (hottom of precast member)

X
8pet= (:-= 13238.04 in’

~h

Top section modulus of composite section (top of slab)

| Ifr _ . 3
Sy 1= =17121.61 in
C,'+hy

Bottom section modulus of composite section (bottom of slab)

‘fi
S, =< =23031.5 in’
by Pak
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Losses Calculations BT-54 with Composite Deck (1/3)
Losses Before Release (10 May 2025)
Sori=0.75+f,,=202.5 ksi

Fp=f - #strands - 4, +40 kip=655.2 kip total force in all 14 strands (plus 4 top strands
i@ 10 kips each) at time of tension

Relaxation in Strand, R1 (10 May 2024 to 15 May 2024)

=1 2:=120 flr'n'::_,!';uz 202.5 ksi
AfRI= F,—.["]E("‘?);S'Og{”}]- [’jf__“—o.sj]:z.ﬁj ksi
¥

Losses Just After Release (15 May 2024)
Fi=(f,,— AR} » istrands « A,= 607.14 kip

Fi:=0.9-F,=546.43 kip assumed (0.9

Elastic Shortening in Strand, ES (15 May 2025)

£, =28700 ksi f.,=8070 E_:=5T7000/f, »psi=5120.49 ksi
E
1 =" 54

cl

_F_Fre M-e

Jest= = i =—1.48 ksi

AfES ==+ f.,=8.32 ksi
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Losses Calculations BT-54 with Composite Deck (2/3)

Losses After ~13 Months (20 June 2025) Mote: deck casted on 14 February 2025
Creep, CR (15 May 2024 to 20 June 20235)

K.,:=2 for pretensioned members

Joy =Ty — ALRI — Af ES=191.53 ksi

P=f = #sirands -4, = 581.86 kip

~_ =P Pre’ Mge

= - =—1.59 ksi
fos A I I

—Mg,+C,’
frgi=——2 b —_0.16 ksi
I

[

E
Af,CR:=0.80 [—Kw- = {,I"ﬂ— .;.;d)] =10.29 ksi Note: only 80% of total CR
E because of 405 day age

Shrinkage, SH (15 May 2024 to 20 June 2025)
RH:==T0 relative humidity in Adlania, GA
Kgypi=1 [for pretensioned members

Vi=A.L=359814 in’ volume of girder

5:=20A4+20he L 426 insL+42 in+L=97414 in’ approximate surface area of girder
F
Egyi=8.2- lﬂ"‘-Km-(l L0065 ¢ ] (100 — RH) =0.0001915
in 8

Af,SH =gy Ep =5.5 ksi

Relaxation in Strand, R2 (15 May 2024 to 28 Aprif 2025)
12=120 13:=8352 foil=1y=191.53 ksi

AfR2:=f's ( log (13) —log (12) ] . [ﬁi_ n.55] =1.87 ksi

45

¥
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Losses Calculations BT-54 with Composite Deck (3/3)

Relaxation in Strand, R3 (28 April 2024 to 200 June 2025, Deck Casted)

13=18352 14:=9624 Toil=ty = A R2+fogar ‘i’f =188.96 ksi
AfR3 =1, ( 8 {:4}4—510;; (3) ] . [ﬂi— n.55] =0.06 ksi

Effective Force in Prestress (after losses) 20 June 2025 Test Day

Fyi= (foy—Af,RI — Af,R2 — Af,R3 — Af,ES— Af,CR— Af,SH) - #istrands - A, = 528.04 kip

F
Losses = [] - ?"] - 100=19.41 loss percentage
I

F = ({N-(l — lﬂjses])-Aj=4l.68 kip effecrive force in individual strand

Losses r
=f |]1- = 1632 ksi
Jee =l ( 100 ]
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Initial Beam Curvature (1/4):

Curvature due to beam prestress: (negative)

Joe=fe=163.2 ksi refined through previous losses calcularions

CGS:=—Cy+e=764 in  finding CGS from bortom beam

£pt= _f’“ =—0.0056865 strain af OGS due to presiress
E
[
Epi* C{ R
- =—0.003235 strain ar top of beam due to prestress
—e+ 0,

hji=h—CGS=46.36 in distance between top of beam and CGS

Epy +En 1 M . X
ji=————=—0.0001652 — initial (negative) curvature in beam due fo presiress

! h in
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Initial Beam Curvature (2/4):

Test 4.1:
Curvature due to beam SW: (negative)

M, = it (L.—x,)=112.85 kip-ft  moment due to beam SW at test location
—M e )
oty i=———= 100.98 psi stress ar CGS due to beam SW
!
Enbt ::%: 0.00001577 strain at CGS due to beam SW
(5
i M'rn’ 1 CI | .
Sy i=———=133.21 psi stress at top of beam due to beam SW
I
Equrl = ﬁi: 0.0000208 strain at top of beam due to beam SW
hp=h—CGS=46.36 in distance berween top of beam and CGS
| E bl + Eq 1 | R . . .
iy = }r—_ 0.0000008 — initial {positive) curvature in beam due to beam SW
I n

Curvature due to deck SW: (positive)

Mar o= Waleck® Xy | , )
sppi=———— (L.—x;)=109.43 kip+ft moment due to deck SW at test location
2
_ —Mgpye ,
Steotsuny =—————="97.92 psi stress at CGS due to deck SW
L APEN = "*"’;‘“"” =0.00001529 strain at CGS due to deck SW
{4
_ Mg,-C, .
Steotmwes = f_ 129.17 psi stress at top of beam due 1o deck SW
_-"::emuw .
Eeckswii = =0.00002017 strain at top of beam due to deck SW
C
hy;=46.36 in distance between top of beam and CGS

4= E“"""‘"‘“"”: Edeckowtl _ 0.000000765 L initial (positive) curvature in beam due to deck SW
b in

Biniriars =015+ 0,4+ ¢, = —0.00016365 L fotal initial (negative) curvaiure in composiie beam
M priorto Test 4.1
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Initial Beam Curvature (3/4):

Test 4.2:
Curvature due to beam SW: (negative)

M= | (L.—x;)=112.85 kip-ft  moment due to beam SW at test location
—M, e .
Sowpyi=————= 100.98 psi stress at OGS due 1o beam SW
I
fm'h_" -
Eqwb2 :=T= 0.00001577 strain at CGS due to beam SW
M- C, _
fopi=———=133.21 psi stress at top of beam due to beam SW
Eppr = Jowz = 0.0000208 strain at top of beam due to beam SW
2=
hyi=h;=46.36 in distance between top of beam and CGS
Eqvb2 + Eq 1. L. s .
m :=h—= 0.0000008 — initial (positive) curvature in beam due to beam 5W
2 mn

Curvature due to deck SW: (positive)

Weck* X2 (

Mgpoi= L. —x_;} =109.43 kip«ft moment due to deck SW at test location

—Mgps-
Steckontiz = 027 _97.92 psi stress at CGS due to deck SW

AP o= Jdeckb2 _ 6 06001529 strain at CGS due to deck SW

C

M C
Sieehongzi=—2 L —129.17 psi stress at top of beam due to deck SW
1 _I’;:'er.tn-.'f_'-' I .
Efeckowi? = =0.00002017 strain at top of beam due to deck SW
(4]
hi;=46.36 in distance between top of beam and CGS

dryi= E“'“”"‘“""’; Fdeckont2 _ 0 000000765 L initial (positive) curvature in beam due to deck SW
! in

Biniriain = Bap + @25+ ¢, =—0.00016365 L iotal initial (negative) curvature in composiie beam
m wrior to Test 4.2
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Initial Beam Curvature (4/4):

Test 4.3:
Curvature due to beam SW: (negative)

M, ;= w;_'c, (Lc—x‘,) =112.85 kip«ft  moment due to beam SW at test location
_Mwl e .
Jownst=————=100.98 psi stress at CGS due 1o beam SW
I
Ewbi ::%: 0.00001577 strain at CGS due to beam SW
M, -C, ;
Sz i=————=133.21 psi stress at top of beam due to beam SW
I
Euit= ﬁi: 0.0000208 strain ai top of beam due 1o beam SW
hyi=h;=46.36 in distance between top of beam and CGS
Eqwb3 + € 1], L. 1. .
@ .—=h—= 0.0000008 — initial (positive) curvature in beam due to beam SW
3 n

Curvature due to deck SW: (positive)

Week X3 . .
My .v:T (L,_, —x_f} =159.55 kip«ft moment due to deck SW at test location
1l —Mgp;-e 1 .
Siteehsmp = —————= 142.77 psi stress at CGS due 1o deck SW
Eotops = /. *";’“"’3 =0.0000223 strain at CGS due 1o deck SW
{4
_ Mgp;-C, .
Siectsiz i=——=188.33 psi stress at top of beam due to deck SW
1 _l'l::'ﬁ:k_n-.'f.i 1 .
Eockswid = = 0.00002941 strain at top of beam due to deck SW
(5
h;=46.36 in distance berween rop of beam and CGS
fiy= Ed““““; Edeckswid _ ), 0000011154 L initial (positive) curvature in beam due to deck SW
F] n
Biniiarz =P + @35+ 8, =—0.0001633 L total initial (negative) curvature in composite beam

n prior to Test 4.3
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Cracking Moment:

Mﬂiazu.QS'Mﬂ,=33\2-gﬁ ﬁp'ﬂ

@ 95:=0.95+¢_,=0.0000031 L
mn
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Ultimate Moment (1/9):

Test 4.1:

£,,:=0.002153 strain measured from test (input)

dys=h+h+ 15 in—2.5 in=61 in depth to centroid of strands from top of composite girder
c;+=9.0855 in trial and error iterative ¢ value (input until equilibrium)

—Epi+ £y =0.007839 strain in lowest strand level at ultimate (test + effective presivess)

Eqp gt

ld, =2 in—
Eoz 1= o1 ( ‘:r A fr} =0.00754  strain in 2nd strand level at ultimate
&
Es;_;'(ﬂ'}—lz f."—f}) . .
E3 = y =0.00603 strain in 3rd strand level at ultimate
1= ¢
£ v (d,—49.5 in—c)) T _
Epg ji=— = =0.0003646063 sirain in top strand level at ultimaie
r—Ey
Egir "y : N
Eappi= =0.00038 strain at top of concrete deck at nitimare
1=

g (c‘. —8 :'n} B ) ) )
£ pi= T 0.0000450179 strain at top of 1.5-inch deck haunch at ultimate
1—Cy

&l -{c,—‘;.i :'n} I

Eaq4° —0.0000171902  strain at rop of top flange ai ultimate
' di—c;
Jele =14
£.415= M: —0.0002038143 strain at top of web at ultimate
| di—¢
Ty :=8ed, ey o E,,=390.59 kip tension force from lowest strand level
Ty i=4:A4.26;,+E, =187.77 kip tension force from 2nd strand level
T3 =24, E,,=T75.08 kip tension force from 3rd strand level

Ty :=if (c} =12 in,0 kip, (2 sAgeegy By ) =4.54 kip tension force from top strand level

Ty=T ;4715 +7;,;,+T,,=065797 kip  rotal tension force from presiress
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Ultimate Moment (2/9):
Test 4.1:

C,,=if ¢, <8 in

{En.’ 1. .f} " ‘Efdec.\? .- 77 in

else

(*‘-}r. i+ E-‘c:.r) *Eodeck
2

wcp 12 im

C,,=if e, <8 in
|0 &ip
elseif 8 in<c,;<9.5 in

M.c; .43.5 in

else if ¢;=9.5 in

(8204 €03.1) = Eedecs
2

scped43.5 in

C;e=if ¢, <9.5 in
|0 Kip

elseif 9.5 in<c, <14 in

{EI_T..I'}.'E:’
2

=0 kip

=c;+42 in

elseif ¢, > 14 in

{1‘-’.«1 1+ Emr.r) -E,

=c;=42 in
2

C,=if ¢, <14 in
|0 &ip
else
{5}4.1} =L,
2

=0 .kl';ﬂ‘

=c; =0 in

Ciyi=Cyp 4 Cay+Cs 4+ Cyy =657.97 kip

T, —C,y=0.002691 kip

=618.11 kip

=139.86 kip

compression force from 8-inch concrete deck

compression force from 1_5-inch concrere
deck haunch

compression force from 4.5-inch top flange

compression force from web
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Ultimate Moment (3/9):
Test 4.1:

TI_;'Q.S f.ﬂ+T_'.|_:'4.5 I.ﬂ+ Tj_}' 14.5 in +T,1_| «51.5 in
Ty

I, =635 in— L %: 55.69 in

Mﬂf‘.f:=Aju- II.I-ENI{JEI)=31T2L32 k‘?"ﬁ

Bu 1= =0.0000415 1

() in

307



Ultimate Moment (4/9):

Test 4.2:

&,7:=0.002278 strain measured from test (input)

dy=h+he+ 1.5 in—25 in=61 in depth to centroid of strands from top of composite girder
c;:=8.97T85 in trial and error iterative ¢ value (inpur until equilibrium)

£y 2= —E+E,,=0007964  swrain in lowest strand level ar ultimare (1est + effective presiress)

Espa* (ﬂr_,_z fﬂ—f_r}

£.33i= 5 =0.00766  strain in 2nd strand level at ultimate
2—C2
Nd:—12 in—c;
£.3 0= Bat.2 ( = v f') =0.00613 strain in Ird strand level at ultimare
d_} =3
(d;—49.5 in—
Eog 2= etz ( _.d in—cy) =0.0003861344 strain in top strand level at ultimate
2763
£ 7= :"3 "€ 0.00039 strain at lop of concrete deck at ultimare
27C;

Egiz® {C_J‘ -8 i"} . . .

£z 7i= ] =0.0000428191 strain at top of 1.5-inch deck haunch at ultimate
26

Egar e =95 in

B 2l — {; } =—0.0000228644 srrain at top of top flange at ultimate
16

£garle:—14 in

Egpi= %: —0.0002199151 strain at top of web ar ultimare
37 C2

Ty :=8ed g, ;o £, =396.81 kip tension force from lowest sirand level
Tyr:=4 4,8, - E,,=190.78 kip tension force from 2nd strand level
T;,:=2+A4;%6;,E, =76.32 kip tension force from 3rd strand level

Tya:=if (c2>12 in,0 kip, (2+4,£, 2+ E,)) =4.81 kip tension force from top strand level

Ta:=T 34 T::4+ T3+ T, ,=668.72 kip  roral 1ension force from presiress
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Ultimate Moment (5/9):

Test 4.2:
C,,i=if ¢,<8 in =631.26 kip
£ E
{ cl.2 cdeck . .72 in
else
{Ecr._?“‘gc_v._r E ek vesT2 in
2
C,yi=if ¢, <8 in =37.46 kip
|| 0 kip
elseif 8 in<c,<9.5 in
oF
M.m.qgj in
2 .
elseif ;=95 in
E.2:+E «E
( c22 ¥ Ee32) " Padeck | 435 in
2
C,,i=if ¢,<9.5 in =0 kip
|0 &ip
elseif 9.5 in<ec, <14 in
{Ecl_? "Ec

=co+42 in

elseif ;> 14 in

{Sc_:—._r‘i‘ Eq2)E,

=42 in
2
C,=ifc, <14 in =0 kip
|0 kip
else
£ «E
(c{_? E'C}'ﬁiﬂ

C,_;:: C}_‘.l+ C_‘le'i- C33+C'4_:=5ﬁ3?2 .ﬁ.’{ﬁ‘

T,,— C,y=—0.000079 kip

compression force from 8-inch concrete decl

compression force from 1. 3-inch concrei
deck haunch

compression force from 4.5-inch rop flange

compression force from weh
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Ultimate Moment (6/9):
Test 4.2:

Jd_.,::ﬁ}_j in— Tr_: «2.5 f.ﬂ+T_'.|._)'4.5 in+ T_.;__'.!' 14.5 IIH+T,1_3'5].5 fn]—ﬂ:ﬁj?l in

Tr_?

Mg 23= Apn £y 20 By (Jp) =3224.15 kip - ft

Bure 2= -2 =0.0000438 —
€3 n

1
i
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Ultimate Moment (7/9):

Test 4.3:
£,3:="0.002826 strain measured from test (input)
dy=h+h~+15 in—2.5 in=61 in deprh 1o cenmroid of strands from rop of composite givder
c;:=8.60119 in trial and ervor iterative ¢ value (input until equilibrivm)
&y 35=—Ep; +E£43=10.008512 strain in lowest strand level at wltimate (test + effective prestress)
Bz 3= LEN (ﬂr; _2;" _CJ} =0.00819 sirain in 2nd strand level ai ultimate

37 C3

ESJ__.;‘(ﬂrg—]z f-"—f_:")

£,335= = =0.00656 strain in 3rd strand fevel at ultimate
376
£+ (d;—49.5 in—c;) ) -
Eyy3i=— = =0.0004709263 strain in fop strand level at ultimare
37C;
£ 300

£op 3= —2 3 = (.00046 strain ai top of concrete deck at ultimate

31—C;

. Esiz® {':_T_ 8 l-ﬂ:]' _ . : :
£.335= T 0.0000324237 strain at top of 1_5-inch deck haunch at ultimate
Elal

e le;—9.5

£431= Eai3 {;3 in) =—0.0000484751 strain at 1op of top flange at ultimate
31— C3

ae{ci—14 i

£435= M: —0.0002911714 strain at top of web art uitimate
' d;—¢;

Ty 3:=8+4,+y 3+ E,,=424.12 kip tension force from lowest strand level
Ty3:=4-A.6,5-E,=203.96 kip tension force from 2nd strand level
T33:=2+A,76 3 E,,=8175 kip tension force from 3rd strand level

Ty3:=if(c;>12 in 0 kip,(2+4,+6,4 5+ E,)) = 5.87 kip tension force from top sirand level

Ta=Ty 34 T3+ T35+ Ty 3=7157 kip total tension force from prestress
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Ultimate Moment (8/9):
Test 4.3:

C, i=if c;<8 in

(Ed. 3}2' E cdeck e+ T2 in

else

{Ef 3t Ez'_".J} E ek
2

w372 in

C,=if ;<8 in
|0 &ip
elseif 8 in<c; <95 in

M- Cj r435 fH
2

elseif ;=95 in

(E._._)__:r Cj--]) o - 43 5 m
- :?I .
2

C,=if ;<95 in
|0 &ip
elseif 9.5 in<c;<14 in

('Efi;} ey a2 in

elseif ;=14 in

(’*}3. 3t Ee.f._r) -E,

s07+42 in
3 £l

C,i=if c;< 14 in
0 kip

=0 kip

se
CadEe g

Cj.j:: C',.__;+C_1_3+ C3_3+C4_3:T15.69 .k!.ﬂ

T,;— C,;=0.009027 kip

=0688.51 kip

=27.18 kip

=0 kip

deck haunch

compression force from web

compression force fiom concrefe

equilibrium of forces must = 0 1o find ¢
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Ultimate Moment (9/9):
Test 4.3:

TJ__; 2.5 l'.ﬂ+T_'J_3l4,5 J.H+ Tj__?' 14.5 I.ﬂ+T4_3 +51.5 in
TH

J,yi=63.5 in— L %: 55.79 in

Mg 3 =Apr' Esp3” Epi . {st) =3450.68 kip«fi

&
Butor37= 2= 0.0000539
C; in
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Theoretical Moment-Curvature Overview:

M., =929.43 kip-ft

é.=0.000003263 L

m

Mgy 1=3172.32 kip- ft

1
Duine 1= 0.000041 —
m

M4 2=3224.15 kip-ft

$ui12=0.000044 —

n

M4 3= 3450.68 kip-ft

Puirs 3= 0.000054 L
n

Ultimate Loads from Moment Calculations: (four-point bending tests)

Test 4.1:
a, =742 ft

b,=32.92 fi

L: * Ma.rf!-:‘.!'

= =2-
ultlm f‘.'j . (ﬂ'f +L,_.—.bf}

=453.73 kip

Test 4.2:
a>=32.92 fi

b,=17.42 fi

P Lc =Wy 2

=7. —461.14 kip
ult2m ﬂ_—:'(b_:-l'Lr—ﬂ'_:)

Test 4.3:
a;=23.63 fi

by=16.71 fi

Lc M, uitd 3

—1346.12 kip
ﬂ_;'(b3+£.¢.—ﬂ3)

Puyzm=2»

ultimate load based on moment capacity

ultimate load based on moment capacity

wltimate load based on moment capacity
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Theoretical Strut and Tie Cracking Capacity: (1/)
d:=54 in+95 in=063.5in

b, =6 in

- =020 [Z1]]. Je eksi+ by, +d=5$0.99 kip
d 1000

d 000

L.—L_ . —a; ]
’.fr:-'={0-2—ﬂ.l[ i ]] lﬁ «ksi«b,,~d="80.99 kip

L —-L_ —a
Vy=max|[02-0.1 |2 T | 0.0632|. Je
d 1000
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Shear Capacity: (1/5)
Prestress Transfer/Development Lengths:
dy:=0.6 in diameter of prestressing strand

Jpe
Los=min|50d, .| ——|«d,,|=30 in transfer length
i [ h:[jom _p‘SI (] f 8

Froi= 8y 3 Ep=24431 ksi

L ::[ﬂ]-dhzd&ﬁﬁ in

1000 psi
Ly=L, +L = 6.56 ft development lengih

¥, calculation:

Minimum FV, calculation:

d, = max (h +h+ 1.5 in—CGS,0.8 n[:h +h+ 1.5 r'n:]} =55.86 imdistance fram CGS to max compression fiber
Jee'=Jpe=163.2 ksi effective presiress stress

E]::ﬁ in web width

@:: d,=55.86 in distance from CGS 1o max compression fiber

;,; =60 ksi vield strength of non-prestressed reinforcement
=031 in’ area of non-prestressed longiudinal reinforcement
Ap+fre=49581 kip = 04 (Am o+ A f,} =335.54 kip ACI318-19 {22.5.6.3.1]

V=24~ '\E spsicb -d=753 kip fexure-shear strength ACI 318-19 [22.5.6.3 1¢c]

V., calculation:

F,
fpc i=—2=R801.28 psi compressive stress in concrete ai centroid of composiie section due 1o presiress
4

Vewi= (3.5 2-\[f, -psi+03 f,.) b,d,=21234 kip web-shear strength
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Shear Capacity: (2/5)
a; =89 in
V., calculation Test 1: (using max load from testing) b;=395in
.:x_,]::.’f}—? in=106 in
P, =500 kip

L
V;:=abs [{:w+ l-‘.-‘d“k} [Tf—x, ] =18.03 kip  shear due to DL (uniform SW beam and SW deck)

i

[Pma:ﬂ]
V= Az, (L.—a,+b,)|=3938 kip  shear due 10 ultimate load (from tes1)

L, )
V=V, =V =375.77 kip
[Pma:ﬁ]
M, = A2/, (IT— b, +a;} «h;=3406.21 kip«ft  moment due to ultimate load (from test)
L
(“"“ wa'ecﬁ) '

X
My, = L (L.—x,)=212 kip-ft  moment due to DL (uniform SW beam and SW deck)

2

My =M, — M, =3194.22 kip-ft

My -Gy’
fy=—2l "% —192.17 psi
L'
F, F,ee:Cy
= = 1.27 ksi
fm Acr .lifr

I’ ) L .
M,_.M::[(j ] (6 2\ -pSi+ fre—fir) = 1937.82 kip-fi

= b

VoM
Voyi=0.6 2o\f, epsisb, od,+ Vg +—1 <=L —268.58 kip
M,

max !

V. =min (VN . ’m) =212.34 kip nominal shear strength provided by concrete for Test 1
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Shear Capacity: (3/5)

a,=395 in
V,; calculation Test 2: (using max load from testing) b,=89 in
xXji=x,—7 in=412 in

Pma.r.’:soo kip

=16.45 kip  shear due to DL (uniform SW beam and SW deck)

f—

" i=abs [(u + Weect) (%—xg

( sf max2 )
Vo= + (L‘. —b,+ a_,) =393.8 kip  shear due to ultimate load (from test)
€ /

Vr." = ,’u.’ = Vdg =377:35 kip

[ max2 )
M :=-——i——- (Lc —a,+ bz) «a,=3406.21 kip-ft  moment due to ultimate load (from test)

u?

(\V + “'dev:k) *X> (L‘,

M=
@ 2

—Xg) =232.11 kip«ft moment due to DL (uniform SW beam and SW deck)

Mypri=M,3— My, =3174.1 kip-fi

M- Cy'
fa :=L'b.=210.4 psi

C

r

Mm_,==(éf ) (6 2+ \[f, +pSi+ free—fuz) = 191771 kip -t

’

Vil
Vo= 0.6 Ze\[f, +psi=b,,ody+ ¥+ —2 2 = 267.02 kip

max2

Voi=min (Vm . ‘/‘-,‘_7) =212.34 kip nominal shear strength provided by concrete for Test 2
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Shear Capacity: (4/5)
a;=283.5 in
V,; calculation Test 3: (using max load from testing) b;=200.5 in
xJ:=x;—7 in=300.5 in
Pz =331 kip

L
V43:=abs ((w+ Woeck) (-z-ﬁ—x 3 ) =3.89 kip  shear due to DL (uniform SW beam and SW deck)

( Pma\'.!)
V= TZ_ (Lc —b;+a 3) =191.32 kip  shear due to ultimate load (from test)
c )

Vi=V,3—V,;;=187.43 kip

( Pmax] ]
M= + (L.—a;+b;)+a;=321531 kip-ft  moment due to ultimate load (from test)
(W+ “"deck) *X3 ; .
My;:= == (Lc—x3> =326.59 kip - ft moment due to DL (uniform SW beam and SW deck)

Mypg3:= M, 3— M3 =2888.72 kip - ft

M;-C,’
%:296.05 psi

c

Jazi=

r

Ic . o 3
M= (_C_.) (6 2+ \[f, - pSi+ fyue— f15) = 1823.22 kip-f

b

VieM
Veiz =06 As \/Z'PSi' bw'dp+ ”d_;‘}"—“il——m?i: 144.78 kip

max3

V,3:=min (Vm. s Vk 3) =144.78 kip nominal shear strength provided by concrete for Test 3
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Shear Capacity: (3/5)

V., calculation: (for tests near ends 24-in < x < 144-in)

5.:=12 in spacing for #5 stirrups for 24-in < x < 144-in
A,i=2a (A s} =0.62 in"  area of shear reinforcement (2#5 bars)

_Asted

V. = =86.58 kip nominal shear strength provided by shear reinforcement (for tests near end)

S

¥, calculation: (for tests near midspan 144-in < x < 402-in)
5,5=16 in spacing for #3 stirrups for 144-in < x < 402-in
A,=0.62 in”  area of shear reinforcement (2#5 bars)

= 129.87 kip nominal shear strength provided by shear reinforcement {for tests near midspan)

¥, nominal one-way shear capacity:
V=V +V,,=298.92 kip  nominal shear capacity for Test 1 North end
V=V ,+F,,=298.92 kip nominal shear capacity for Test 2 South end

V=V +V,,=274.65 kip  nominal shear capacity for Test 3 near midspan
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Ultimate Loads from Shear Calculations: (four-point bending tests)

Test 4.1:
a;=T42 ft

b;=32.92 ft
Vo oL,

_ Partte 37954 kip
{:L —a,+ ,)

m’rh =2

Test 4.2:
a,=32.92 fi
b,=742 fi

V. ,-L
M —379.54 kip

Pi=2-
it 2y {:L b-; + Elz]l

Test 4.3:
a;=23.63 fr

b,=16.71 ft
VMJ'LE

P, =2 = =
nilt 3y {:L,_- _ b_; + ﬂ_;)

=475.17 kip

ultimate load based on shear capacity

ultimate load based on shear capacity

ultimate load based on shear capacity
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Failure Mode Based on Comparing Maximum Load to Maximum Theoretical Capacities:

Experimental

Maximum Load:

Theoretical
Maximum Load
(Flexure):

Theoretical

Maximum Load
(Shear):

Test 1 (Shear):

Proes =500 kip

P, =453.73 kip

ulrim

Py =379.54 kip

xp=106 in

Test 2 (Shear):

Py =500 kip

P ., =401.14 kip

wir2m

Pz, =379.54 kip

L.—x,=120in
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Test 3 (Flexure):

Pz =331 kip

P . =346.12 kip

ultim

Posn=475.17 kip

x;=300.5 in



APPENDIX K. PROPOSED GUIDE FOR REPAIR OF PRESTRESSED
CONCRETE GIRDERS

Girder non-
conformance
identified

Located in

bottom flange

!

I

Located in top

flange

!

l

Shorter than 4-ft, not Longer than 4-ft, Shorter than Longer than
in transfer region. not within transfer region, 10-ftand ata 10-ftorata
in bearing zone, with within bearing zone, depth that does depth that does
reinforcement with no exposed not enter the enter the web
exposed, and at a reinforcement, or at a web
depth that does not depth that does enter
enter the web the web
| ;
Repair according to Repair option Rl di Repair option
bottom flange repair not applicable; ﬂane}g):lrre;caci:;)r?cge :l?:;:;i)n not applicable;
Pgﬁmﬁ:;goaﬁo Z;d Thiec Bde Proposed Guide for eject G
Prisstransad Concoati Repair of Prestressed
Girders Concrete Girders
Upon repair, Upon repair.
schedule schedule
inspection inspection
If quality met, If quality met,
accept girder accept girder
with repair with repair

Figure 242. Flowchart. Proposed decision-making flowchart.
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GEORGIA DEPARTMENT OF TRANSPORTATION
OFFICE OF MATERIALS AND TESTING

PROPOSED GUIDE FOR REPAIR OF PRESTRESSED CONCRETE GIRDERS
I.

TOP FLANGE NONCONFORMITY (L <10 FT)

Prestressed girders with top flange nonconformities <10 ft in length with a depth not

extending into the girder web are accepted with repairs that follow the procedure in
this guide.

1. Top flange nonconformities accepted with repairs:
. Top flange nonconformity not located at the end of the girder (Figure 1).

a

Figure 1. Top flange nonconformity not located at the end of the girder.

b. Top flange nonconformity located at the end of the girder (Figure 2).

o =1/ | B i 1o o

. o A

Figure 2. Top flange nonconformity located at the end of the girder.
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2. Top flange repair procedure accepted:

a. Ifa cracked concrete section is being retained by prestressed or
non-prestressed steel reinforcement, carefully remove the loose segment of
concrete to expose a sound concrete surface. If non-prestressed steel
reinforcement is partially exposed, clear a 1-in. area around the reinforcement,
if possible.

b. Chip the sound concrete surface to a 0.25-in. amplitude (Figure 3).

Figure 3. Top flange 0.25-in. amplitude chipped surface.

c. Dirill holes (spaced approximately 6 in. on center; Figure 4) using a 0.25-in.
diameter masonry drill bit with a hammer drill to a depth specified by an
epoxy resin chosen from the GDOT Qualified Products List. Thoroughly
clean all loose debris, dust, and laitance from the concrete surface to be
repaired. Remove dust from the drilled holes using compressed air, ensuring
the epoxy resin manufacturer specifications are met.

Figure 4. Drilled holes for c-bars.
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d. Prefabricate segments of #3 reinforcing bars and bend into a c-bar to a length
that allows full embedment in the drilled hole. Follow the dimensions shown
in Figure 5,
where,

L = Reinforcing bar depth distance required by the chosen epoxy resin
manufacturer specifications.

L, = Distance from surface of nonconformity to end of radius bend, within
the clear cover of the top flange.

L; = Distance from end of first radius bend to top of second radius bend,
within the clear cover of the future composite concrete deck.

L4 = Required straight extension distance for #3 reinforcing bar, 3-in.

R = Allowed radius bend for #3 reinforcing bar.

L,
I
R
L3
/ !
|
= L
Ll ,_MF__,H(H"J,’—’

Figure 5. Top flange c-bar bend schematic.

e. Anchor the c-bars into the drilled holes with the chosen epoxy resin bonding
agent and allow to cure, ensuring the manufacturer’s specifications are met.

f. Use formwork that fits the existing, conforming top flange shape to produce a
uniform, conforming prestressed girder section.

g. Using a concrete mixture proportion that meets or exceeds the existing
concrete girder design strength, cast the repair, ensuring the concrete
surrounding the repair surface is properly consolidated. After the repair
concrete has achieved initial set, create an amplitude on the top of the top
flange repair surface that matches the girder top surface.

h. Cure the repair concrete under moist curing conditions. Allow the repair to
cure for 28 days before inducing any loads on the repair.

326



II. BOTTOM FLANGE NONCONFORMITY, NOT IN BEARING ZONE
(L <4FT)

Prestressed girders with bottom flange nonconformities that are located outside the
bearing zone and transfer length region (60 - d;,) with exposed reinforcement and that
are <4 ft in length with a depth not extending into the girder web are accepted with
repairs that follow the procedure in this guide.

1. Bottom flange nonconformities accepted with repairs:
a. Bottom flange nonconformity with prestressing strands and non-prestressed
reinforcement exposed, with above access for concrete replacement
(Figure 6).

Figure 6. Bottom flange nonconformities with above access
for concrete replacement.

b. Bottom flange nonconformity with prestressing strands and non-prestressed
reinforcement exposed, requiring a chimney formwork for concrete
replacement (Figure 7).

Figure 7. Bottomrﬂage onconformity requiring a chimney formwork
for concrete replacement.

2. Bottom flange repair procedure accepted:
a. If the nonconformance is a honeycombed concrete section, carefully remove
the unsound concrete to expose a sound concrete surface.
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If the nonconformance is a cracked concrete section that is being retained by
prestressed or non-prestressed steel reinforcement, carefully remove the loose
segment of concrete to expose a sound concrete surface. If non-prestressed
steel reinforcement is partially exposed, clear a 1-in. area around the
reinforcement, if possible.

Chip the sound concrete surface to a 0.25-in. amplitude without damaging the
prestressing strands. Thoroughly clean loose debris, dust, and any laitance on
the concrete surface to be repaired.

Use formwork that fits the existing, conforming bottom flange shape to
produce a uniform, conforming prestressed girder section. If a chimney
formwork is required for concrete replacement, size the chimney (dashed
circle, Figure 8) to allow proper flow of self-consolidating concrete (SCC)
into the formwork. Figure 8 shows an example of a chimney formwork with
air vent holes (solid circle, Figure 8), as well as a clear polycarbonate sheet to
allow inspection of proper flow of SCC.

Figure 8. Chimney formwork example.
Upon removing the formwork, an imperfection will remain at the base of the
chimney opening (circle, Figure 9) that will require proper finishing to
achieve a smooth surface that matches the girder surface.

Figure 9. Imperfection due to chimney opening.
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c. Using an SCC mixture proportion that meets or exceeds the existing concrete
girder design strength with a spread of 20 to 28 in., cast the repair. The
aggregate should be the same mineral as the large aggregate in the girder so
that thermal characteristics between the repair and substrate are similar. The
maximum size aggregate should not be larger than 0.5 in. Ensure the concrete
surrounding the repair surface is properly consolidated by tapping on the
formwork exterior with a rubber mallet. Continue to fill the chimney and tap
the formwork until excess concrete flows out of the air vent holes, ensuring
the repair void is properly filled.

d. Cure the repair concrete under moist curing conditions. Allow the repair to
cure for 28 days before inducing any loads on the repair.

III. NONCONFORMITIES NOT SUITABLE FOR REPAIR

Prestressed girders with the following nonconformities are not accepted for repair and
shall be rejected.

1. Bottom flange nonconformities not accepted for repair:
a. End nonconformity with loss of prestressing force, located within the transfer
region of 60 - d;, (Figure 10).

Figure 10. Bottom flange nonconformity within transfer length.

b. End nonconformity with loss of prestressing force, located in the bearing zone
(Figure 11).

c. Shallow nonconformity with no steel reinforcement exposed, located at the
bottom of the girder (Figure 12).
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Figure 12. Bottom flange nonconformity with no exposed reinforcement.
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