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The contents of this report, funded in part through grant(s) from the Federal Highway Administration,
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 South Dakota
Department of Transportation, the State Transportation Commission, or the Federal Highway
Administration. This report does not constitute a standard, specification, or regulation.

The South Dakota Department of Transportation provides services without regard to race, color,
gender, religion, national origin, age or disability, according to the provisions contained in SDCL 20-13,
Title VI of the Civil Rights Act of 1964, the Rehabilitation Act of 1973, as amended, the Americans With
Disabilities Act of 1990 and Executive Order 12898, Federal Actions to Address Environmental Justice
in Minority Populations and Low-Income Populations, 1994. Any person who has questions concerning
this policy or who believes he or she has been discriminated against should contact the Department’s
Civil Rights Office at 605.773.3540.
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1 EXECUTIVE SUMMARY

1.1 Introduction

Prefabricated bridge elements have become an essential part of Accelerated Bridge Construction
(ABC), which is an emerging technology to expedite bridge construction. Among several prefabricated
bridge girder types, precast prestressed double-tee girders are common on county bridges in South
Dakota (SD) because of the ease of construction, the relatively short construction time, and the low
overall cost.

The main goal of the present study was to explore different rehabilitation methods for existing double-
tee girder bridges, since the long-term performance of the conventional double-tee longitudinal
girder-to-girder joint detailing is not adequate. There are more than 700 double-tee bridges in SD that
incorporate this type of joint detailing. A cost-effective longitudinal joint rehabilitation method for
double-tee bridges is needed for implementation in SD. The proposed method should be simple in
construction and improve the structural performance and durability of the joints.

1.2 Problem Description

Double-tee bridges are common on SD local roads. Conventional double-tee girder-to-girder joint
detailing consists of discrete welded steel plate connections in a keyway filled with non-shrink grout.
Based on the findings of a previous study at South Dakota State University (SDSU), bridges
incorporating this detailing (which included all of the existing double-tee bridges at the time of this
writing) may need rehabilitation or replacement. The problem is that longitudinal girder-to-girder
joints are deteriorating rapidly and are insufficient, even for service loads (Wehbe et al., 2016). Several
double-tee girders with only 40 years of service have been replaced because of this issue. A cost-
effective, feasible, and structurally viable longitudinal joint rehabilitation method is needed to upgrade
the existing double-tee bridges and to avoid girder or bridge replacement.

1.3 Research Work

Twenty joint rehabilitation detailing methods were proposed in the present study. Using a rating
system adopted from the literature, four joints methods were selected for further investigation.
Thirteen large-scale beams were tested to investigate the performance of the four selected
rehabilitation methods. Ultra-high performance concrete (UHPC) and Latex Modified Concrete (LMC)
were selected as the filler materials. Two joint rehabilitation methods, “pocket” and “continuous,”
were developed based on the findings of the beam tests and an analytical study. Subsequently, a full-
scale 40-ft long double-tee bridge, consisting of two interior girders, was constructed using the
conventional longitudinal joint detailing then tested under 250,000 cycles of the AASHTO Fatigue Il
loading (equivalent to approximately 46 years of service), using a point load applied at the mid-span.
The point load was offset in the transverse direction to maximize the joint shear demand.
Furthermore, the conventional specimen was monotonically loaded to crack the longitudinal girder-
to-girder joint.

Subsequently, the bridge was rehabilitated using two new details, “pocket” and “continuous,” each
incorporated on one-half of the bridge length. The “pocket” joint consisted of discrete pockets
reinforced with steel bars and filled with UHPC. A UHPC keyway was used to connect the pockets. The
“continuous” joint was reinforced with wire mesh and filled with LMC. The rehabilitated specimen
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was tested under fatigue and strength loading to evaluate the performance of the bridge and to obtain
data to judge the suitability of the proposed joint rehabilitation alternatives. The specimen was first
tested under 500,000 cycles of the AASHTO Fatigue Il loading, which was equivalent to 91 years of
service. Next, the joint was tested under an additional 100,000 cycles of the AASHTO Fatigue | loading
to investigate the joint performance under higher demands. Stiffness tests with a load amplitude equal
to the AASHTO Fatigue | loading were performed during the fatigue testing to monitor the degradation
of the bridge. Finally, the specimen was monotonically loaded to failure.

1.4 Research Findings

Based on these analytical and experimental studies, the following conclusions can be drawn:
e Of 20 rehabilitation alternatives, those with continuous detailing are more durable.

e Thirteen large-scale beam tests showed that at least a 3-in. lap-splice is needed for joints with
UHPC, and 5-in. lap-splice is need for joints with LMC. The minimum splice length ensures bar
fracture.

e Finite element analyses showed that the use of pocket detailing for the rehabilitation of
double-tee bridge girder-to-girder joints is feasible. The joint geometry was optimized through
the analytical study.

e The full-scale bridge test confirmed that the non-shrink grout used in the conventional
longitudinal joint detailing cracks under the AASHTO Service | limit state loading. Therefore,
current double-tee joint detailing is inadequate.

e Hammer-chipping was found to be a viable demolition method.

e Findings from the literature indicate that UHPC and LMC are durable materials. Therefore,
these materials were included in the present experimental study. However, transverse
shrinkage cracks and water leaks were observed in LMC of the continuous joint of the full-scale
bridge before testing. The LMC shrinkage cracks were mainly due to a restrained boundary
condition. The shrinkage cracks had no effect on the structural performance of the bridge, but
it might cause durability issues if this material is incorporated in field. More durable filler
materials such as UHPC may be used for the continuous detailing. No shrinkage cracks were
observed for UHPC.

e Both rehabilitation longitudinal joint detailing, pocket and continuous, did not deteriorate
through 500,000 cycles of the AASHTO Fatigue Il loading and 100,000 cycles of the AASHTO
Fatigue | loading. The rehabilitated bridge test specimen was subjected to a total of 110 years
of service loads. The stiffness of the bridge remained constant throughout the fatigue testing.

e Thefirst flexural crack in the stem of the loaded girder of the rehabilitated bridge was observed
at 53.8 kips, which was higher than the Service | limit state of 51 kips.

e The rehabilitated bridge load carrying capacity of 113.9 kips was higher than the AASHTO
Strength | limit state of 89 kips, indicating sufficient performance for the rehabilitated joints.
The strength capacity of the rehabilitated specimen was 1.5 times higher than a conventional
reference double-tee bridge test specimen.
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e The force-displacement relationship of both girders of the rehabilitated bridge was essentially
the same throughout strength testing, indicating monolithic behavior.

e No structural damage or yielding of the reinforcement was observed in both joint
rehabilitation details during the strength testing.

e The failure mode of the rehabilitated bridge was crushing of concrete in the deck of both
girders at 9.55 in. of displacement in a ductile manner. No damage of rehabilitated joints was
observed at the girder failure.

e The rehabilitation cost of the pocket and continuous joint detailing for a 40-ft long, 30.6 ft wide
double-tee bridge is respectively only 26% and 53% of the superstructure replacement cost of
the same bridge.

Overall, both proposed rehabilitation methods are structurally viable. However, the UHPC pocket
alternative is the cheapest and the most durable solution to extend the service life of double-tee bridge
longitudinal joints for another 75 years.

1.5 Recommendations

Based on the findings of this study, the research team offers the following recommendations.

1.5.1 Recommendation 1: General

Longitudinal joints of prestressed double-tee girder bridges with a girder depth of 23 in. may be
rehabilitated using the preparation and construction detailing specified in the following sections.

Experimental and analytical studies were performed only on 23-in. deep double-tee girder bridges
because they are more common than 30-in. deep double-tee girder bridges in South Dakota.

1.5.2 Recommendation 2: Rehabilitation Methods

Both “pocket” and “continuous” detailing should be allowed for the rehabilitation of longitudinal
joints of double-tee girder bridges.

Two methods for the rehabilitation of double-tee bridge longitudinal joints can be used in field: (1)
“pocket” detailing in which discrete pockets reinforced with steel bars are formed and then are
connected together through a longitudinally reinforced shear key, and (b) “continuous” detailing in
which a continuous longitudinal joint is reinforced with wire mesh. The use of the pocket detailing
method is more economical than the continuous detailing method. The pocket rehabilitation detailing
cost is expected to be approximately 30% of double-tee bridge superstructure replacement cost.

1.5.3 Recommendation 3: Joint Preparation for Rehabilitation

The guidelines as detailed in Sec. 9.1 should be adopted for the preparation of longitudinal joints of
double-tee girder bridges to be rehabilitated using either “pocket” or “continuous” detailing.

The joint preparation method described in Sec. 9.1 of the present report was exercised during the
rehabilitation of a full-scale 40-ft long double-tee bridge test specimen. A contractor was hired to
rehabilitate the bridge longitudinal joint. The proposed method of joint preparation was found simple
and practical. The preparation for the pocket joints was faster and less involved compared to the
continuous joint preparation.
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1.5.4 Recommendation 4: Pocket Rehabilitation Method

The guidelines as detailed in Sec. 9.2.1 should be adopted for the rehabilitation of longitudinal joints
of double-tee girder bridges using “pocket” detailing. Only Ultra-High Performance Concrete (UHPC)
should be used as the joint filler material.

The rehabilitation of longitudinal joints of double-tee girder bridges incorporating “pocket” detailing
should be performed in accordance to the requirements proposed in Sec. 9.2.1. The full-scale testing
of a 40-ft long double-tee bridge in which its longitudinal joint was rehabilitated using UHPC filled
pocket detailing showed that this rehabilitation method is viable and can meet all current AASHTO
LRFD (2013) requirements. Other cementitious materials such as non-shrink grout, fiber reinforced
grout, or Latex Modified Concrete (LMC) should not be used as the joint filler material due to durability
issues.

1.5.5 Recommendation 5: Continuous Rehabilitation Method

The guidelines as detailed in Sec. 9.2.2 should be adopted for the rehabilitation of longitudinal joints
of double-tee girder bridges using “continuous” detailing. Only Ultra-High Performance Concrete
(UHPC) should be used as the joint filler material.

The rehabilitation of longitudinal joints of double-tee girder bridges incorporating “continuous”
detailing should be performed in accordance to the requirements proposed in Sec. 9.2.2. The full-scale
testing of a 40-ft long double-tee bridge in which its longitudinal joint was rehabilitated using LMC
filled continuous detailing showed that this rehabilitation method is structurally viable meeting all
current AASHTO LRFD (2013) requirements but LMC exhibited deep shrinkage cracks with water
seepage. Except UHPC, any other cementitious materials such as non-shrink grout, fiber reinforced
grout, or LMC should not be used as the joint filler material due to durability issues.
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2 PROBLEM DESCRIPTION

The conventional joint detailing currently used for double-tee girders in South Dakota (SD) utilizes
discrete welded connections spaced every 5 ft along the length of the bridge and embedded in a shear
key filled with non-shrink grout (Figure 2-1).
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b. Section Detail of Welded Connection c. Section Detail of Grouted Keyway

Figure 2-1. Conventional Double-tee Girder Longitudinal Joint Detail (after Konrad, 2014)

A common problem with the existing double-tee bridges is the deterioration of the girder longitudinal
joints. The inspection of bridges built less than 40 years ago has revealed that there are large reflective
cracks along these joints causing corrosion of the reinforcement as well as the welded connections.
The corrosion expedited the double-tee girder’s rate of deterioration (Fig. 2-2).

a. Reflective Cracking of Asphalt Overlay b. Spalling and Corrosion from Underside of a Girder

Figure 2-2. Reflective Cracking and Deterioration of Double-Tee Girder Bridges (Konrad, 2014)
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Wehbe et al. (2016) experimentally investigated the behavior of a full-scale conventional double-tee
bridge under fatigue and strength loading (Fig. 2-3). The bridge test specimen consisted of two, 40-ft
long interior double-tee girders connected longitudinally using the conventional joint detailing
discussed above. The fatigue test was carried out by applying a 21-kip half-cycle loading at a frequency
of one cycle per second to the mid-span with a slight offset to maximize the shear force demand on
the joint. The strength testing was done by applying an increasing monotonic loading to the girders to
failure. Water leaked through the girder-to-girder joint at a load cycle of 19,500 during the fatigue
testing (equivalent to 3.5 years of service). The welded connections failed near the mid-span at 62,000
cycles of the fatigue loading (equivalent to 11 years of service). Furthermore, the two girders acted as
individual members under the strength testing, indicating that the girder-to-girder joint is the weak
link in the system. The study concluded that the current double-tee joint detailing is insufficient to
meet current AASHTO service, fatigue, and strength limit state requirements.

Figure 2-3. Full-Scale Conventional Double-Tee Girder Test Specimen (after Konrad, 2014)

Currently, there are hundreds of double-tee bridges in SD utilizing conventional girder-to-girder joint
detailing. A robust and cost-effective rehabilitation technique for double-tee longitudinal joints may
extend the life of those bridges and provide long-term economic benefit to local governments. The
present study was performed to identify potential rehabilitation methods and to assess their
constructability, structural performance, and durability for implementation in SD.
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3 RESEARCH OBJECTIVES

3.1 Review and Evaluate Longitudinal Joint Rehabilitation Methods

Twenty joint detailing alternatives for the rehabilitation of the longitudinal joint of double-tee girder
bridges were proposed in the present study based on an extensive literature review. Of the 20
alternatives, continuous joint details were selected for further study since they are more durable than
rebar dowel connections by minimizing the number of cold joints.

A rating system was adopted from the literature and was modified to identify the best rehabilitation
alternatives (refer to Ch. 6 for more discussion on the rating system). The results from the rating
showed that four of the 20 alternatives were favorable for further testing. Thirteen large-scale beam
tests were carried out to investigate the performance of the selected joint rehabilitation details and to
select the best for full-scale bridge testing. Subsequently, two joint rehabilitation concepts, “pocket”
and “continuous,” were developed and analytically investigated using linear-elastic finite element
analyses to optimize the selected joint detailing (refer to Ch. 6).

The proposed continuous and pocket joint rehabilitation details generally consist of exposing the
transverse reinforcement of the deck (flange of double-tee girders), lap-slicing the double-tee flange
wire mesh with new reinforcement, and using a filler material to complete the joint. Ultra-high
performance concrete (UHPC) and latex modified concrete (LMC) were selected as the filler materials
because of their improved strength and durability.

3.2 Test Longitudinal Joint Rehabilitation Detailing

A full-scale 40-ft long double-tee bridge consisting of two interior girders was constructed using the
conventional longitudinal joint detailing. The bridge was then tested under 250,000 cycles of the
AASHTO Fatigue Il (AASHTO LRFD, 2013) loading using a point load applied at the mid-span (equivalent
to 46 years of service). The point load was offset in the transverse direction to maximize the joint
shear demand. Furthermore, the conventional specimen was monotonically loaded to crack the
longitudinal girder-to-girder joint. Subsequently, the bridge was rehabilitated using the two proposed
details, “pocket” and “continuous,” each incorporated on the one-half of the bridge length. The
“pocket” joint consisted of discrete pockets reinforced with steel bars and filled with UHPC. A UHPC
keyway was used to connect the pockets. The “continuous” joint was reinforced with wire mesh and
filled with LMC.

The rehabilitated specimen was tested under fatigue and strength loading to evaluate the performance
of the bridge and to obtain data in order to judge the suitability of the proposed joint rehabilitation
alternatives. The specimen was first tested under 500,000 cycles of the AASHTO Fatigue Il loading
(equivalent to 91 years of service). Next, the bridge was tested under additional 100,000 cycles of the
AASHTO Fatigue | loading (equivalent to 18 years of service). Stiffness tests were performed to monitor
the degradation of the bridge during both types of fatigue testing. Finally, the specimen was
monotonically loaded to failure.

3.3 Recommend Longitudinal Joint Rehabilitation Detailing

The feasibility and performance of two rehabilitation methods were investigated in the present study:
(1) discrete pockets filled with UHPC and reinforced with steel bars, and (2) continuous joints filled
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with LMC and reinforced with wire mesh. Of the two methods, only the UHPC pocket joint was found
to be both structurally viable and durable. Even though the LMC continuous joint was structurally
viable, it showed shrinkage cracks prior to testing, which may lead to serious durability issues in the
field. Therefore, only the UHPC filled pocket joint detailing was recommended for the rehabilitation
of double-tee bridge longitudinal joints. Continuous joint detailing may be accepted for field
applications if the joint is filled with UHPC. Nevertheless, cost of the pocket detailing is minimal
compared to the continuous joint detailing and the girder replacement.

Rehabilitation of Long. Joints in Double-Tee Girder Bridges 8 May 2018



4 TASK DESCRIPTIONS

The research work presented in this report was comprised of thirteen tasks. This chapter presents a
description of activities performed in each task. Each section of this chapter covers one task of the
project.

4.1 Meet with Technical Panel
Task 1: Meet with the technical panel to review project scope and work plan.

The first technical panel meeting was held on October 8, 2015. The research team presented the
project scope and work plan, along with a preliminary literature review and a few potential
rehabilitation alternatives. Presentation slides were uploaded on the SDDOT FTP research site.

4.2 Interview SDDOT and Construction Company Personnel

Task 2: Interview SDDOT and construction company personnel in South Dakota for feasible
rehabilitation concepts.

A meeting with Journey Construction was held in October 2015 in Sioux Falls to discuss the feasibility
of potential rehabilitation methods. Both continuous and pocket options were identified as
constructible alternatives. A preliminary rehabilitation cost was provided by the company for
comparison with a replacement cost.

4.3 Review Bridge Inspection Data

Task 3: Review bridge inspection data, including condition, pavement type, location, and chloride use,
for in-service double-tee bridges in South Dakota.

The SDDOT provided access to the BrM bridge management website. This database was reviewed to
collect condition information for double-tee bridges. The bulk of data in BrM was not sufficient to
conclusively comment on which bridges are in immediate need of repair, but an empirical equation
was proposed based on the previous test data to identify those bridges (see Sec. 5.1).

4.4 Perform Literature Review

Task 4: Perform literature review for possible concepts for rehabilitating the longitudinal joint, including
joint designs, construction methods, and estimated cost for each method.

The research team conducted a comprehensive literature review on the design and performance of
longitudinal joints and filler materials in new construction. No study was found on the rehabilitation
of the longitudinal joint of existing precast members. Based on the findings of the literature review,
20 feasible rehabilitation detailing alternatives were developed and were evaluated using a rating
system, which included constructability, durability, performance, inspectability, and cost. Chapter 5
includes a summary of the findings of the literature review, and Chapter 6 includes the results of the
joint rehabilitation alternative rating.
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4.5 Prepare Technical Memorandum Summarizing Tasks 1 To 4

Task 5: Prepare and submit a technical memorandum that describes existing double-tee bridges by age,
condition, and sufficiency rating notes, proposes feasible rehabilitation methods, estimates
implementation costs, and recommends rehabilitation on double-tee bridges where applicable.

A technical memorandum was prepared and submitted on February 9, 2016 to the technical panel for
review. The memorandum included the results of Tasks 2 through 4. Since the bulk of information in
the literature was not sufficient and the result of rating was not conclusive to identify the best joint
rehabilitation detailing, an experimental program on large-scale beams was included in the report for
the purpose of obtaining project panel feedback and approval. The report was reviewed by the panel,
and a response to the panel was submitted. The final document was incorporated in the present
report. The report and the response were uploaded on the SDDOT FTP research site.

4.6 Meet with Technical Panel

Task 6: Meet with the project technical panel to discuss the results of the literature review and technical
memorandum and have the panel decide which concept(s) to advance to the testing phase.

A meeting with the technical panel was held on June 14, 2016 to discuss the findings of Tasks 2 through
5. Since the technical panel had approved the beam testing plan proposed in the technical
memorandum (Sec. 4.5), the research team tested all the large-scale beams prior to this meeting. The
findings of the beam tests were included in the presentation. Furthermore, two rehabilitation
methods, pocket and continuous, were proposed for full-scale double-tee system testing based on the
findings of all tasks. In addition, the panel approved the research team’s proposed analytical program
to optimize the detailing of the “pocket” rehabilitation method through finite element analyses.

It is worth mentioning that the construction of two 40-ft double-tee girders were completed prior to
this meeting since the size and detailing of the double-tee girders must have matched with those
tested in the previous study at South Dakota State University (SDSU) (see Sec. 4.10) for comparison.
The construction details and stages were discussed in this meeting. Presentation slides were uploaded
on the SDDOT FTP research site.

4.7 Prepare Technical Memorandum with Joint Designs, Construction Methods, and
Instrumentation and Testing Plans

Task 7: Prepare a technical memorandum detailing joint designs, construction methods, and a complete
instrumentation and testing plan for technical panel review.

A comprehensive testing plan for conventional and rehabilitated double-tee bridge specimens,
including the joint rehabilitation detailing, instrumentation plan, test setup and procedure, loading
protocol, and testing schedule was prepared and presented to the technical panel in two meetings
held on June 14, 2016 and December 6, 2016. The panel approved the proposed testing plan in the
meetings; thus, no technical memorandum was submitted under this task. Presentation slides for both
meetings were uploaded on the SDDOT FTP research site.
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4.8 Construct and Instrument Test Specimens

Task 8: Upon approval of the plan by the technical panel, proceed with construction and
instrumentation of test girders, providing the technical panel at least two weeks’ notice to allow
technical panel members to observe the construction and instrumentation.

Two 40-ft long double-tee girders with conventional longitudinal joint detailing were constructed at
the Forterra facility in Mitchell, South Dakota (SD). The girders were instrumented with strain gauges
to measure the effective post-tensioning forces during construction. After shipping the double-girders
to the Lohr Structures Laboratory at SDSU, load cells, displacement transducers, and additional strain
gauges were utilized to measure the local and global response of both the conventional or
rehabilitated bridge specimen. Instrumentation and construction of the test girders are discussed in
Chapter 7 of the present report.

4.9 Perform Fatigue and Ultimate Tests

Task 9: Perform ultimate and fatigue loading of rehabilitated girders, providing the technical panel at
least two weeks’ notice to allow technical panel members to observe the testing.

The conventional double-tee specimen was first tested under fatigue loading. Subsequent to a
monotonic testing to crack the conventional longitudinal joint at the end of the fatigue testing, the
bridge was rehabilitated using the proposed methods. Then the bridge was tested under both fatigue
and strength loading. The loading protocols were the same as those in the previous double-tee bridge
tests at SDSU (Wehbe et al., 2016) used for comparison.

The technical panel was notified ahead of time of the testing schedule. Detailed information on the
experimental work is presented in Chapter 7 of this report.

4.10 Compare Test Results

Task 10: Compare test results to results of the original and improved joint designs of SD2013-01 to draw
conclusions on constructability, structural performance, and cost.

The experimental results from the conventional and rehabilitated test specimens were analyzed and
evaluated in terms of system performance, constructability, and costs. Force-displacement
relationship, stiffness degradation under AASHTO fatigue loading, observed damage, strain profiles,
and joint rotations and slippage were discussed. Detailed information on the experimental results is
presented in Chapter 8 of this report.

Furthermore, the research team met with the technical panel on May 24, 2017 and presented a
summary of the results, rationale, and proposed construction guidelines. Presentation slides were
uploaded on the SDDOT FTP research site.

4.11 Prepare Marketing Brochure

Task 11: Prepare a marketing brochure for local government highway officials including rationale for
rehabilitation, guidance for determining when rehabilitation is appropriate, and a description of how
rehabilitation is achieved.

A marketing brochure was prepared for local government highway officials. The brochure includes
the need for rehabilitation and step-by-step construction guidelines to rehabilitate the longitudinal
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joints of double-tee bridges. Chapter 9 of this report includes the joint rehabilitation guideline. A
copy of the brochure was uploaded on the SDDOT FTP research site.

4.12 Prepare Final Report

Task 12: In accordance with Guidelines for Performing Research for the South Dakota Department of
Transportation, prepare a final report and executive summary of the research methodology, findings,
conclusions, and recommendations.

The present report is a comprehensive final report prepared by the research team according to SDDOT
guidelines. The report documents all aspects of the project and lists recommendations on
implementation of the alternative systems.

One additional document (Bohn, 2017) was included with the present report in case in-depth
discussion of some subject matter is needed.

4.13 Make an Executive Presentation

Task 13: Make an executive presentation to the SDDOT Research Review Board at the conclusion of
the project.

The research team made an executive presentation to the SDDOT Research Review Board on August
30, 2017.
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5 LITERATURE REVIEW

The literature was reviewed to identify rehabilitation methods for girder-to-girder joints of precast
members. In this chapter, a review of conventional double-tee bridge joint detailing is presented
first. Second, the number of South Dakota (SD) double-tee bridges is presented with respect to their
age. Third, a simple equation to identify bridge candidates for joint rehabilitation is introduced
based on full-scale test data. Fourth, a summary of the findings of the literature review on precast
member joint detailing and joint filler materials is presented.

5.1 Conventional Double-Tee Longitudinal Joints

Conventional double-tee longitudinal joint detailing (Fig. 5-1), which is common in SD, utilizes discrete
welded steel plate connections spaced every 5 ft (Fig. 5-1b) and grouted longitudinal keyways (Fig. 5-
1c) to complete the girder-to-girder connections.
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Figure 5-1. Conventional Double-tee Girder Longitudinal Joint Detail (after Konrad, 2014)

A common problem with existing double-tee bridges is the deterioration of the girder longitudinal
joints. The inspection of bridges built less than 40 years ago has revealed that there are large cracks
along these joints causing corrosion of reinforcement, as well as corrosion of welded connections, thus
expediting the rate of deterioration of the double-tee girders (e.g. Fig. 2-2). Previous experimental
studies by Wehbe et al. (2016) showed that the current joint detailing is insufficient to meet AASHTO
limit state requirements.

5.2 South Dakota Double-Tee Bridges

A database of SD bridges is available through Bridge Management software (BrM), which generally
includes bridge location, geometry, age, and condition. This software was used to collect information
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on double-tee bridges. More than 750 in-service double-tee bridges were identified. Figure 5-2 shows
the age distribution of these bridges with a majority of them from 20- to 45-year old.
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Figure 5-2. South Dakota Double-Tee Bridge Age Distribution

5.2.1 Identification of Double-Tee Bridges for Joint Rehabilitation

At the time of this writing, the BrM database for double-tee bridges is limited to general information
that cannot help in identifying the level of damage of girder-to-girder joints. It is not feasible,
therefore, to comment which double-tee bridge is in immediate need of joint rehabilitation using Brm
database. An extensive research is needed to review all inspection reports to identify double-tee
bridges in need of rehabilitation, which is beyond the scope of this project. Nevertheless, a simple
equation was developed to further help bridge engineers and owners to identify potential double-tee
bridges in which the girder-to-girder joint is most likely damaged and needs rehabilitation.

Based on the full-scale double-tee bridge test data, the number of cycles to fail a girder-to-girder
welded connection in the conventional joint detailing under the fatigue loading was 62,000 (Wehbe
and Konrad, 2016). Therefore, it is feasible to estimate the year in which welded connections of
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double-tee girders fail. Equation 5-1 shows the estimated year of rehabilitation need for longitudinal
joints of double-tee bridges in SD:

Year to Rehabilitate Double-Tee Bridge Longitudinal Joints = 170 / ADTT (Eq. 5-1)

where ADTT is the average daily truck traffic. Beckemeyer and McPeak (1995) provided ADTT values
for three road types in SD with different traffic volumes: low (15), medium (50), and high (200). For
example, a double-tee bridge with an ADTT of 15 probably needs joint rehabilitation after
approximately 11 years of service. Note Wehbe and Konrad (2016) assumed ADTT=15 for double-tee
bridges located on SD local roads.

5.3 Continuous Longitudinal Joints

The Texas Depart of Transportation (TxDOT) frequently uses double-tee girders on many of the state
medium span bridges where construction speed is a concern. Reflective cracking along the joint was
the TxDOT’s concern. The connection detailing used in Texas in 2001 consisted of discrete welded
connections anchored into the concrete with a headed stud every 5 ft. Jones (2001) conducted a study
for TxDOT to investigate the behavior of the existing join detailing and to study the feasibility of
different double-tee girder-to-girder joints under distributed wheel loads. Two longitudinal
connections (Fig. 5-3) were studied by Jones (2001): “simple” and “continuous.”

e The “simple” detail consisted of 0.5-in. steel plates anchored in the precast concrete and
connected by a 1-in. diameter bar welded to the steel plates spaced every 5 ft. The narrow
shear key was grouted from the top of the bridge.

e The “continuous” detail had reinforcement extending out of the double-tee girders into a joint
between adjacent girders. The joint was filled with grout.

The “simple” connection detail was determined to be the most cost-effective alternative.
Subsequently, the “simple” detail was tested for static and fatigue loading. Vehicle loads of 16 kips to
a peak of 24 kips were applied to the specimen for a total of 1.5 million cycles. Overall, no sign of
failure and degradation was reported.
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Figure 5-3. Recommended Longitudinal Joint Detailing (after Jones, 2001)

Graybeal (2010) tested six specimens in which precast deck panels were connected through
continuous joints filled with ultra-high performance concrete (UHPC). The UHPC is an advanced
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cementitious material developed in recent decades with superior properties such as higher strength,
better durability, and improved ductility over conventional concrete. The UHPC also provides an
excellent bond to the reinforcement as well as the existing concrete. Graybeal’s research was focused
on the performance of the longitudinal and transverse connections under both fatigue and static wheel
loads. The connections were fabricated utilizing straight lapped bars, headed bars, and intersecting
hoop bars. Four specimens were built with transverse joints and two with longitudinal joints. Headed
and straight bars were incorporated in the longitudinal connections (Fig. 5-4). Each specimen consisted
of a female-female diamond shaped shear key that was 6-in. wide at the top and bottom. The lap-
splices for the headed bar, the hooped bar, and the straight bar specimens were respectively 3.5, 3.9,
and 5.9 in. Cyclic loads were applied using a servo-hydraulic controlled actuator with a load frequency
of 6 Hz. A sinusoidal loading protocol was used to apply 2 and 16-kip forces for two million cycles and
2 and 21.3-kip forces for the remaining cycles to failure.
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c. Hooped Bars
Figure 5-4. UHPC-Filled Deck Panel-to-Panel Longitudinal Joint Detailing (after Graybeal, 2010)

The specimens with the headed bar in the longitudinal connection withstood two million load cycles
under 2- and 16-kip loads and nearly seven million cycles of 2- and 21.3-kip loads. Throughout the
cyclic testing, no cracks or leaks were observed in the UHPC connections. The same result was
observed for the longitudinal joints with the straight bars. However, additional cyclic loading was
applied to fail the specimen. More than 10.5 million load cycles were applied before the bar crossing
the connection interface fractured (Fig. 5.5). No evidence was observed of bond failure of the UHPC
to concrete or UHPC to rebar.
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Figure 5-5. Failure of Longitudinal Deck Panel-to-Panel Joint with Straight Bars under Fatigue Loading
(after Graybeal, 2010)

Konrad (2014) studied the fatigue performance of the SD conventional (Fig. 5-1) and the new double-
tee girder-to-girder joints (Fig. 5-6) through full-scale testing of double-tee bridges. The concern was
reflective cracking of the longitudinal joints that might affect the structural performance of the bridge
superstructure. The experimental results, based on AASHTO fatigue loading, showed that the discrete
welded steel connections were inadequate. Bridges are designed for a lifespan of 75 years.
Nevertheless, the test result of the conventional bridge showed joint failure at 62,000 load cycles,
equivalent to 11.3 years of service. Figure 5-7a shows the measured girder load-displacement
relationship for the conventional specimen. The failure mode was the headed stud pulling out from
the girders (welded connection failure) at approximately 70 kips. The relative deflection between the
two adjacent girders showed the inability of the welded connections to transfer the shear between
girders. In other words, the conventional longitudinal joints acted as pin connections early in the test.
The new continuous joint detailing (Fig. 5-6) was tested for more than 800,000 load cycles with
insignificant stiffness degradation. The load carrying capacity of the specimen with continuous joint
(Fig. 5-7b) was 1.5 times greater than the conventional specimen. The bridge with the new joint
detailing failed in flexure. The results showed that the proposed connection can provide adequate
load path between the double-tee girders, and the deck system acts monolithically.
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Figure 5-6. Continuous Joint Detailing for Double-Tee Bridges (after Konrad, 2014)
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(after Konrad, 2014)

Haber and Graybeal (2014) performed a series of beam tests to better understand the performance of

deck panel-to-panel connections under extreme demands.

The test variables (Fig. 5-8) were grout

type, lap splicing, reinforcement type, surface preparation, and keyway geometry. The loading
protocols used for the beam specimens were cyclic crack loading, fatigue loading, and monotonic
ultimate loading. The report concluded the following.
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Shear key geometry had minimal effect on the deck panel connection performance.
Exposing the aggregate was the best method to improve the bond strength.

Non-shrink and magnesium phosphate grouts may lead to inadequate performance
regardless of the surface preparation in terms of bond strength and cyclic loading.

Epoxy grout and UHPC were found to be the best filler materials in terms of long-term
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Figure 5-8. Test Variables Used for Precast Deck Panel Connections (after Haber and Graybeal, 2014)
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Jones et al. (2016) performed a survey of state DOTs regarding practical longitudinal and transverse
joints suitable for precast bridge panels. Thirty-two DOTs participated in the survey. The survey
concluded the most common type of longitudinal connections among DOTs are UHPC-filled joints with
spliced reinforcement, and post-tensioned joints filled with standard grout (Fig. 5-9). Also surveyed
was damage of existing deck panel connections for both full-depth and partial-depth deck systems.
The most common issues reported by the participants were cracking of filler materials and joint
leakage.

Longitudinal Reinforcement Details

» Other

® Splicec Reinforcement with
Standard Grout

Splicec Reinforcing with
UHPC

® Longitudinal Post-
tensioning with Standard

Grout
! ® Longitudinal Post-
0 10 20 30 tensioning with UHPC
Number of Bridges

Figure 5-9. Survey Results for Various Longitudinal Joint Detailing (after Jones et al., 2016).

5.4 Dowel Bar Retrofit

One alternative to the continuous joint connection detailing, which might be used for the rehabilitation
of double-tee longitudinal joints, is the use of the dowel bar retrofit technique that has been frequently
utilized by many state DOTs on paved highways. The technique involves saw-cutting a small slot on
both sides of the joint. The material is typically removed by hammer-chipping and cleaned by air-
blasting. A smooth dowel is placed and the slot is then filled with a cement-based material.

Washington State DOT (WSDOT) has been using the dowel bar retrofit technique since 1992 to extend
the lifespan of the pavement beyond the original intended 20 years. Since 1992, WSDOT has
retrofitted over 225 miles of pavement using the dowel bar technique. The study by Pierce et al. (2002)
was to investigate the performance, application, and lessons learned from the 10 years of service of
the dowel bar retrofit. The report concluded that the overall performance of the dowel bar retrofit on
Portland cement concrete was acceptable. However, the following issues were observed.

e Studded tire damage — accelerated wear from the use of studded or chained tires.

e Longitudinal cracking, cracks that intersect dowel bar pockets, typically occur where dowel bar
is placed over an existing longitudinal crack. Failure mode was de-bonding of the filler material
from substrate.

e 45-degree cracking caused by one or both of the following.

o Saw cutting too deeply where the dowel bar is located below mid-depth of the slab.
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o The use of heavy jackhammers that punch through the bottom of the slots during removal
(deep damage in the slab or pavement).

e Spalling caused by misalighnment of the core board. The core board intent is to re-establish the
existing transverse joint and allow for expansion of the filler material.

The study concluded that construction inspection is the primary factor in successful execution of dowel
bar retrofit. Furthermore, one of the most critical parts of the process is the saw-cutting of the slots
to remove the concrete.

The dowel bar retrofit was suggested to be a viable option in the rehabilitating of concrete pavement.
The use of the dowel bar retrofit technique on the rehabilitation of deck longitudinal joints, however,
may be impractical since the deck main reinforcement may be cut.

5.5 Joint Filler Material

5.5.1 Ultra-High Performance Concrete (UHPC)

UHPC refers to a class of advance cementitious composite material with very fine aggregates and steel
fibers. In comparing UHPC to other conventional cement-based materials, UHPC exhibits superior
properties such as strength, durability, and long-term performance. The UHPC uses a very low water-
to-cement ratio along with an optimized matrix. The UHPC can provide an excellent bond with
reinforcement as well as the existing substrate; thus, it significantly shortens the development length
of reinforcing bars. Table 5-1 provides UHPC typical mix design, and Table 5-2 presents UHPC typical
mechanical properties.

Table 5-1. UHPC Typical Mix Design (Graybeal, 2010)

Material Percent by Weight

Portland Cement 28.5
Fine Sand 40.8
Silica Fume 9.3
Ground Quartz 8.4
Superplasticizer 12
Steel Fibers 6.2
Water 52
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Table 5-2. UHPC Typical Mechanical Properties (Graybeal, 2010)

Properties Average Value
Compressive Strength 18.3 ksi
Modulus of Elasticity 6,200 ksi
Split Cylinder Cracking Strength 1.3 ksi
Prism Flexure Cracking Strength 1.3 ksi
Direct Tension Cracking Strength 0.8-1.0 ksi
Long-Term Shrinkage 555 micro-strain
Chloride lon Penetrability 360 coulombs
Freeze-Thaw Resistance 112%

Swenty and Graybeal (2013) investigated different field-cast materials that might be considered to
complete the connection between precast bridge members. The insufficient performance of
connections between precast bridge members generally can be attributed to the filler material and
the joint detailing. The research consisted of a series of tests investigating constructability, material
properties, and bond strength for nine joint filler materials. The report concluded that UHPC is a better
filler material because of the following:

e Sufficient strength,

e Good workability,

e High tensile strength,

e High modulus of elasticity,

e Excellent durability, and

e Lower cost compared to epoxy grouts.

Graybeal (2014) discussed 30 projects in which UHPC was incorporated in precast bridge deck
connections. Currently AASHTO requires a minimum development length of 24 times the bar diameter
(dp) for the joint lap splicing. The UHPC, however, substantially reduces the development length (e.g.
8dy is sufficient to fracture the bar) compared to that of conventional concrete or grout, resulting in
smaller joints. This reduces the cost for reinforcement, fabrication, and field assembly.

Examples of UHPC proprietary products are these: BCV, BSI, Cor-Tuf, CRC, Densit, and Ductal. The
performance and workability of UHPC decreases when UHPC mix temperature is high. The UHPC can
be mixed and placed using conventional methods. Finishing of UHPC is usually done in a closed form
to avoid losing moisture.

5.5.2 Latex Modified Concrete (LMC)

Bridge deck deterioration is a problem when salts are used to de-ice roads. De-icing agents contribute
to the corrosion of the reinforcement in the bridge deck. The use of latex in concrete resists the
penetration of water and salts, and it improves the bar bond with the existing concrete. Latex is an
additive to concrete mixes to reduce the amount of water required to achieve adequate workability
for placement. The lower water content increases the compressive strength of concrete. The latex
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forms an elastic membrane within the concrete matrix, reducing the number of voids and micro-cracks.
Also, the flexural strength and abrasion resistance are improved using latex (BASF, 2011).

Wenzlick (2006) examined the suitability of very high-early strength latex modified concrete (LMC-VE)
for the repair of bridge decks in Missouri. Atrial repair was conducted on I-70 near downtown St. Louis
to verify how well the process of quick repair would work. Compressive tests performed on cylinders
of LMC-VE showed that the strength was 3,000 psi in three hours and 6,000 psi in three days. Chlorine
penetration was 100 coulombs, which is negligible. The study reported that two other projects in St.
Louis County and St. Charles County, Missouri, utilized LMC-VE. Based on the cost difference of 25%
to 53% between regular LMC and LMC-VE, respectively, MoDOT recommends using LMC-VE on bridge
deck repairs in the area of extreme traffic congestion.

The durability of longitudinal joints is a concern for connections between precast bridge girders. The
longitudinal joints may exhibit reflective cracking, which leads to moisture and chlorine corrosion of
the reinforcement. Baer (2013) proposed LMC as a closure material with a better durability. The LMC
was selected because of the high bond to the existing concrete and its familiarity to contractors and
designers. The objective of the study was to determine the performance of LMC as closure material
for a new longitudinal joint connection that features a continuous detailing with spliced reinforcement.
The latex modifier used in this project was Styron Mod A/NA, which was a preapproved modifier for
the South Carolina Department of Transportation (SCDOT). Eclipse 4500 shrinkage reducing admixture
was used to reduce the drying shrinkage. The test mixture was designed for 6,000 psi compressive
strength and exhibited adequate workability (slump of 5 in.). Table 5-3 presents three different mix
designs for LMC utilized by Baer (2013).

Table 5-3. LMC Typical Mix Design (Baer, 2013)

Mix Designs CPTM-1 ‘ CPTM-2 ‘ CPTM-3
WIC ratio 0.33 0.33 0.28
Coarse Aggregate (Ib/yd?) 1,720 1,260 1,260
Fine Aggregate (Ib/yd?) 1,048 1,505 1,596
Latex Modifier (Ib/yd?) 208 208 208
Air Entrainer (fl oz/yd?) 1.5 1.5 1.5
Super Plasticizer (fl ozlyd?) 244 0 0
Water Reducer (fl 0z/yd?) 15 15 15
Shrinkage Reducer (Ib/yd?) 11.55 11.55 11.55

Shrinkage tests were performed at 28 days with a length change of 0.02 % to 0.025%. The connection
with LMC was exposed to two million cycles of fatigue loading. No crack was observed in the joint.
The study concluded that LMC is a viable filler material for longitudinal joints for precast bridge girders.

5.5.3 Other Filler Materials

Champa et al. (1995) studied different grout materials for keyway joints between adjacent box beams,
voided slabs, and bulb-tees. A standard non-shrink grout and Magnesium Ammonium Phosphate
(MAP) mortar were selected for testing. The MAP grout was found to be a better filler material
compared to conventional grouts for use in bridge joint keyways because of:
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e Better bond to substrate,

e Less permeability,

e Internal self-curing after moist curing,
e Better freeze-thaw durability, and

e Lower creep.

The study reported that MAP grout has been successfully implemented in several field applications
involving bridge keyways.

Barde et al. (2006) studied the repair of concrete pavements with rapid-setting materials. These
materials can be placed and cured in a short period of time. In recent years, many high-early strength
repair materials have been developed, both generic and proprietary. The Barde et al. study explored
materials with early high-strength and good durability. A total of 11 proprietary repair materials were
selected for testing. Each material was extended with 3/8-in. pea-gravel and mixed per manufacturer’s
specifications. The specimens were tested for both strength and durability. The tests provided
information on the initial set time, final set time, compressive strength, flexural strength, elastic
modulus, shrinkage, and bond strength. The repair materials exhibited a wide range of properties.
The study recommended the best repair material sources as Fox Industries FX-928, Chemrex SET45
Regular, and Sika Corporation SikaSet Roadway Patch 2000. Further testing for freeze-thaw and
potential corrosion was recommended, however.

French, et al. (2011) evaluated filler materials that could potentially enhance the performance of
longitudinal joints in precast bridge decks. The materials included in the study were sand-epoxy
mortars, LMC, cement-based grouts, non-shrink cement grout, epoxy mortar grout, calcium aluminate
cement mortar, methylmethacrylate polymer concrete, and polymer mortar. The study reported that
epoxy grouts exhibit excellent strength and durability with high strength (20 ksi in 6 hours), low
shrinkage, and low chloride permeability. Epoxy grouts are very expensive and less compatible with
the surrounding concrete, however. The main disadvantage of cement-based grouts was the low
durability that could lead to reflective cracking in the joints. The MAP grouts extended with pea-gravel
performed better than non-shrink grout. The test results showed that MAP as the overnight cure
material (Set 45HW) and HPC mix1 as the 7-day cure material were the best among all of the grout
types in terms of strength and durability.

5.6 Joint Reinforcement

Three reinforcing bar types that might be suitable for double-tee bridge longitudinal joint
rehabilitation are conventional steel bars, headed bars, and wire meshes. Reinforcement to be used
in any rehabilitated longitudinal joint must be able to resist and transfer shear force and bending
moment demands, which mainly depend on the splice length. The AASHTO LRFD (2013) provides
equations for development length of straight and hooked steel bars, and wire meshes. However,
AASHTO requires lab testing for mechanical anchorages. International Code Council Report No. ES
ESR-2935 (2016) provides development length for headed bars.

Of the three reinforcement types, headed bars and wire-meshes are expected to be better for the
rehabilitation of double-tee bridge joints due to short development length or compatibility with
double-tee existing reinforcement.
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5.7 Demolition methods

Saw cutting, jack-hammering, and hydro-demolishing might be used for the rehabilitation of double-
tee bridge longitudinal joints to remove concrete.

5.7.1 Hydro-Demolishing

Wenzlick (2002) performed a study on the rehabilitation of bridge desk using hydro-demolishing. The
study concluded that hydro-demolition is a better alternative for concrete removal from bridge decks
than the conventional methods using jackhammers, since de-bonding and cracking of the rehabilitated
bridge decks using conventional demolishing methods was observed. The study highlighted the major
advantages of hydro-demolition versus jack-hammering as follows.

e Hydro-demolition does not damage the concrete that is to stay in place. Jack-hammering
causes micro-fractures in the concrete surface that leads to poor bond.

e Bond strength of repaired concrete with hydro-demolition is, on average, two times higher
than that repaired with jack-hammering.

e Hydro-demolition exposes the reinforcement with no additional damage, and no additional
operation is needed before casting; whereas, jack-hammering requires sand-blasting of the
reinforcement after material is chipped away.

e Cost for hydro-demolishing in Missouri in 2002 was $12/yd? to $75/yd? compared to $260/yd?
to $300/yd? for conventional removal.

The only disadvantage reported for hydro-demolition was the limited mobilization and availability of
hydro-jets in 2002.
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6 LONGITUDINAL JOINT REHABILITATION ALTERNATIVES

In the previous chapter, two different joint detailing methods (continuous and dowel), different filler
materials (e.g., ultra-high performance concrete), and reinforcement types (e.g., wire mesh) were
introduced. Twenty feasible alternatives for the rehabilitation of double-tee bridge longitudinal joints
were developed using the combination of the above mentioned joint detailing, materials, and
reinforcement. In an attempt to identify the best joint rehabilitation methods, a rating system was
adopted from the NCHRP Report No. 698 (Marsh et al., 2011) and was modified in the present study.
Furthermore, 13 large-scale beams were tested to verify and optimize the best rehabilitation
alternatives prior to full-scale bridge system testing. A summary of the joint rehabilitation alternatives,
the rating system and results, and the beam test results is presented herein. For in-depth discussion,
refer to Attachment A (Bohn, 2017).

6.1 Double-Tee Longitudinal Joint Rehabilitation Alternatives

Both continuous and dowel bar joint detailing might be used for the rehabilitation of double-tee girder-
to-girder joints. Five premix materials were selected as potential joint filler: ultra-high performance
concrete (UHPC), latex modified concrete (LMC), magnesium ammonium phosphate grout (MAP), a
fiber reinforced grout (FRG), and non-shrink grout. Joints can be reinforced with either headed steel
bars or steel wire-meshes to improve joint integrity and performance. With the two connection types,
five filler materials, and two types of reinforcement; 20 feasible rehabilitation alternatives were
developed for the longitudinal joints of double-tee bridges (Table 6-1).

6.2 Rating System, Beam Tests, and Analytical Study

6.2.1 Rating System

A double-tee longitudinal joint rehabilitation alternative consists of three constituents: connection
detailing, filler material, and reinforcement type. A rating system to select the best Accelerated Bridge
Construction (ABC) methods was developed under the NCHRP Report 698, which consists of five levels
of performance (-2, -1, 0, 1, 2) and five criteria (construction risk, performance, durability,
inspectability, and cost). This rating system was adopted and modified in the present study to evaluate
each constituent of a double-tee bridge’s longitudinal joint rehabilitation detailing.
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Table 6-1. Double-Tee Bridge Longitudinal Joint Rehabilitation Alternatives
Alternative ID Alternative Name Joint Filler Material Joint Reinforcement

1 CUH UHPC Headed-Bar
2 cuw UHPC Wire-Mesh
3 CNH NSG Headed-Bar
4 CNwW NSG Wire-Mesh
5 CMH MAP Headed-Bar
6 CMW MAP Wire-Mesh
7 CLH LMC Headed-Bar
8 CLW LMC Wire-Mesh
9 CFH FRG Headed-Bar
10 CFW FRG Wire-mesh
1 DUH UHPC Headed-Bar
12 DUR UHPC Rebar

13 DNH NSG Headed-Bar
14 DNR NSG Rebar

15 DMH MAP Headed-Bar
16 DMR MAP Rebar

17 DLH LMC Headed-Bar
18 DLR LMC Rebar

19 DFH FRG Headed-Bar
20 DFW FRG Rebar

Notes: The rehabilitation alternative names consist of letters referring to:

C - Continuous Joint Rehabilitation, D — Dowel Bar Retrofit, U — Ultra-High Performance Concrete, L — Latex
Modified Concrete, F - Fiber Reinforced Grout, N — Non-Shrink Grout, M — Magnesium Ammonium Phosphate
Grout, H - Headed Bar, W — Wire Mesh, R-Rebar.

Table 6-2 presents the results of the rating. The three numbers under the construction risk, durability,
performance, and inspectability (columns 5 through 8, respectively) are the ratings for the three
constituents of an alternative. The overall rating (column 10) is the summation of all sub-ratings for
an alternative. The results indicated that alternatives with the dowel bar retrofit method are not
adequate for the rehabilitation of the longitudinal joints. Overall, the alternatives with continuous
joints filled with UHPC or LMC were identified as the best methods of joint rehabilitation. The rating
favored the headed bars but the wire mesh was still a potential option. The top four candidates
(highlighted in the table) for the rehabilitation of double-tee longitudinal joints were: continuous joint
with UHPC and headed bars (CUH), continuous joint with LMC and headed bars (CLH), continuous joint
with UHPC and wire mesh (CUW), and continuous joint with LMC and wire mesh (CLW).
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Table 6-2. Rating of Double-Tee Bridge Longitudinal Joint Rehabilitation Alternatives

Alt. Alt. Filler Reinforcement Const. Risk | Durability = Perform.  Inspect. Cost Overall
No. Name Material Type Rating Rating Rating Rating Rating | Rating

1 CUH UHPC Headed-Bar 0,-1,0 2,1,1 2,1,1 0,0,0 2 5
2 cuw UHPC Wire-Mesh 0,0,0 2,0,1 2,-1,1 0,0,0 -2 3
3 CNH NSG Headed-Bar 0,-1,0 1,11 0,11 0,0,0 0 2
4 CNW NSG Wire-Mesh 0,0,0 -1,0,1 0,-1,1 0,0,0 0 0
5 CMH MAP Headed-Bar 0,-1,0 1,11 1,1,1 0,0,0 -2 1
6 CMw MAP Wire-Mesh 0,0,0 -1,0,1 1,-1,1 0,0,0 -2 -1
7 CLH LMC Headed-Bar 0,-1,0 2,1,1 2,1,1 0,0,0 -2 5
8 CLw LMC Wire-Mesh 0,0,0 2,0,1 2,-1,1 0,0,0 -2 3
9 CFH FRG Headed-Bar -1,-1,0 1,1,1 1,1,1 0,0,0 -1 3
10 CFW FRG Wire-mesh -1,0,0 1,0,1 1,-1,1 0,0,0 -1 1
11 DUH UHPC Headed-Bar 0,-1,-1 2,1,-1 2,1,-2 0,0,0 -2 -1
12 DUR UHPC Rebar 0,0, -1 2,0,-1 2,-1,-2 0,0,0 -2 -3
13 DNH NSG Headed-Bar 0,-1,-1 -1,1,-1 0,1,-2 0,0,0 0 -4
14 DNR NSG Rebar 0,0, -1 -1,0,-1 0,-1,-2 0,0,0 0 -6
15 DMH MAP Headed-Bar 0,-1,-1 -1,1,-1 1,1,-2 0,0,0 -2 -5
16 DMR MAP Rebar 0,0, -1 -1,0,-1 1,-1,-2 0,0,0 -2 -7
17 DLH LMC Headed-Bar 0,-1,-1 2,1,-1 2,1,-2 0,0,0 -2 -1
18 DLR LMC Rebar 0,0, -1 2,0,-1 2,-1,-2 0,0,0 -2 -3
19 DFH FRG Headed-Bar -1,-1,-1 1,1,-1 1,1,-2 0,0,0 -1 -3
20 DFW FRG Rebar 1,0,-1 1,0,-1 1,-1,-2 0,0,0 -1 -5

Notes: The rehabilitation alternative names consist of letters referring to:

C - Continuous Joint Rehabilitation, D — Dowel Bar Retrofit, U — Ultra-High Performance Concrete, L — Latex Modified Concrete, F —
Fiber Reinforced Grout, N — Non-Shrink Grout, M — Magnesium Ammonium Phosphate Grout, H — Headed Bar, W — Wire Mesh, R-
Rebar.

6.2.2 Beam Tests

The rating of the joint rehabilitation alternatives resulted in four options, but the best detailing for full-
scale bridge testing could not be determined due to a lack of test data pertaining to the joint
performance. An experimental program (Table 6-3) was executed, therefore, to select the best
detailing for the next phase of the study. Twelve spliced beam specimens were tested to failure,
incorporating different joint rehabilitation alternatives, as well as a reference reinforced concrete
beam specimen (RCS) as the benchmark model (Fig. 6-1 and 6-2). Three variables were investigated
in the experimental program: filler material, reinforcement type, and splice length.
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Table 6-3. Large-Scale Beam Test Matrix

Test Specimen ID Filler Material Splice Reinforcement Splice Length

RCS No filler, 6000-psi Concrete only 4in.X8in, ?Aighx D4.0, Wire None

U-H-3 UHPC No. 3 Headed Bar 3in.

U-H-5 UHPC No. 3 Headed Bar 5in.

U-w-3 UHPC D8.0 X D4.0 Wire Mesh 3in.

U-W-5 UHPC D8.0 X D4.0 Wire Mesh 5in.

L-H-3 LMC No. 3 Headed Bar 3in.

L-H-5 LmMC No. 3 Headed Bar 5in.

L-W-3 LMC 4in. X 8in., D8.0 X D4.0, Wire 3in.
Mesh

L-W-5 LMC 4in. X 8in., D8.0 X D4.0, Wire 5in.
Mesh

LE-H-3 LMC- Extended w/ 3/8-in. Pea- No. 3 Headed Bar 3in.

gravel

LE-W-5 LMC- Extended w/ 3/8-in. Pea- 4in. X 8in., D8.0 X D4.0, Wire 5in.
gravel Mesh

N-W-3 NSG 4in. X 8in., D8.0 X D4.0, Wire 3in.
Mesh

N-W-5 NSG 4in. X 8in., D8.0 X D4.0, Wire 5in
Mesh

Note:

Filler Materials: UHPC (ultra-high performance concrete), LMC (latex modified concrete), and NSG (non-shrink grout),
Test specimens: RCS (reference concrete slab/beam),

Specimen ID: Filler Material (U=UHPC, L=LMC, N=NSG) - Reinforcing (H=Headed steel bar, W=steel Wire) — Splice
Length (e.g. U-H-3= UHPC — No. 3 Headed bar - 3 in. splice)

The geometry selection criteria for the beam test models was based on the two-adjacent prototype
double-tee girders (Figure 6-1). The thickness of the beam was the same as the girder flange thickness.
The length of the beam was approximately 7.5 ft based on the centerline to centerline of the two
exterior stems of the two girders. A 12-in. slice of the prototype bridge was selected as the width of
the test specimens. The test beams were placed on two roller supports simulating the two left stems
of the two girders. A point load was applied approximately at the right edge of the left girder to
maximize the shear demand. The effect of the right exterior stem as a support was ignored to
maximize shear force demands on the joint. The RCS had the same geometry as the spliced beams,
but it was reinforced with a continuous wire mesh with the same size, type, and spacing as those that
are currently utilized in actual double-tee girders.

The beam test model reinforcement followed the prototype double-tee girder mild steel
reinforcement in terms of the total area, but the total reinforcement area in the beams was achieve
by using either wire mesh or headed bars. The concrete mix design was the same as that of actual
double-tee girders used in the field to minimize test variations.
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The beams were fabricated (Fig. 6-3) in the Lohr Structures Laboratory at South Dakota State University
(SDSU). Ready mix concrete was utilized for construction. The fresh concrete temperature was 64°F
with a slump of 6.0 in. The mix design was based on the current double-tee mix design provided by
the manufacturer, targeting 6,000-psi compressive strength at 28-days. After 7 days of curing, the
inner formwork was stripped in order to place the joint reinforcement. A previous study showed that
roughening and pre-wetting the surface for 24 hours increases the bond between two cementitious
materials (Graybeal, 2014). Since the concrete is usually demolished by hammer chipping in South
Dakota, a hammer drill was used to roughen the splice surface (Fig. 6-3a and 6-3b) to best resemble
demolishing conditions.

After surface preparation, cleaning, and placing the reinforcement in the spliced region, the joints were
poured with one of the following a premix LMC, a premix UHPC (with 2% volumetric steel fibers), LMC
extended with 3/8-in. diameter pea-gravel, or conventional non-shrink grout.

c. Original Joint Surface d. Roughened Joint Surface

Figure 6-3. Construction of Beam Test Specimens

The test day compressive strength of the concrete, non-shrink grout, LMC, extended LMC, and UHPC
was approximately 6100, 6100, 8000, 4500, and 20500 psi, respectively. The wire mesh was made of
ASTM A497 deformed wires with a yield strength of 108 ksi. The ASTM A706 headed bars with a yield
strength of 80 ksi were incorporated in the specimens.
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A displacement-based half-cyclic loading protocol with a slow rate of 0.003 in./sec was used for the
testing of the beam specimens. Cyclic as opposed to monotonic loading was chosen to maximize
damage and to investigate the joint performance under large cyclic displacement demands.

The RSC failed by bar fracture. The failure mode of the spliced test specimens was either bar pullout
or bar fracture. Table 6-4 presents a summary of the beam test results including the initial cracking
load, the ultimate load, and the failure mode. The load corresponding to the initial cracking was based
on visual inspection of the test beams. All test specimens with a 5-in. lap-splice (Fig. 6-4a) exhibited
bar fracture except NW5 (a joint reinforced with wire mesh and filled with conventional non-shrink
grout) and LH5 (a joint with headed bars and latex modified concrete). The UW3 (a joint with wire
mesh and UHPC) and UH3 (a joint with headed bars and UHPC) were the only test specimens with a 3-
in. lap-splice exhibiting bar fracture (Fig. 6-4b).

Table 6-4. Mode of Failure and Load Capacity for Beam Test Specimens

Specimen ID Measured Pcrack (kips) ~ Measured Py (kips) Mode of Failure
RCS 8.8 223 Bar rupture in joint
LW5 9.9 20.1 Bar rupture in joint
UW5 13.3 294 Bar rupture in precast concrete segment
LEWS 7.2 16.8 Bar rupture in joint
NW5 3 13.6 Bar pullout

LH5 14.3 16.4 LMC compressive failure
UH5 14.7 29.6 Bar rupture at interface
LW3 12 13.8 Bar pullout

UW3 16.4 32.9 Bar rupture at interface
NW3 9.1 10.4 Bar pullout

LH3 1.7 14.9 Bar pullout

UH3 13.5 285 Bar rupture at interface
LEH3 10.5 12.9 Bar pullout
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Figure 6-4. Load-Displacement Relationships for Beam Test Specimens

The UHPC test specimens had a 30% higher load carrying capacity than the reference specimen. This
may be attributed to the 400% higher compressive strength and additional tensile strength provided
from the 2% volumetric ratio steel fibers. The first crack (Fig. 6-5) then failure (Fig. 6-6) of all specimens
except those incorporating UHPC, occurred inside the joint directly under the applied load where the
bending moment was maximum. In the UHPC specimens, all of the flexural cracking was shifted
outside the joint.

The LH5 had a different failure mode compared to the rest of the specimens in which LMC crushed
directly under the applied load. This was attributed to the lower effective depth for LH5 (3.2 in.)
compared to that for LW5 (3.7 in.), as well as the 50% higher strain capacity for No. 3 headed bar
reinforcement, compared to that of the D8 reinforcement. The combination of the two parameters
resulted in a condition in which the beam concrete (LMC) failed in compression in a brittle manner.
On the other hand, the LW5 exhibited bar fracture. The LEW5 had an effective depth of 3.2 in. that
resulted in 16% lower capacity compared to LW5.

Overall, it can be concluded from the beam test results that either UHPC or LMC might be viable filler
materials for the rehabilitation of double-tee bridges. Full-scale bridge testing will reveal the best
material for field applications. The splice length for UHPC and LMC should be at least 3 and 5 in.,
respectively. The use of non-shrink grout and extended LMC cannot guarantee bar fracture inside the
joint; thus, they should be avoided in the rehabilitation of double-tee bridge longitudinal joints.
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Figure 6-5. Beam Test Specimens at First Cracking
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i. UH3

Figure 6-6. Beam Test Specimens at Failure
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6.2.3 Analytical Study

6.2.3.1 Introduction

The rehabilitation alternative rating and the beam test results confirmed that the continuous joint
detailing is a viable rehabilitation method for double-tee girder-to-girder joints. In an attempt to
minimize the material use and the cost, a modified version of the continuous joint was proposed in
which discrete pockets are connected through a continuous shear key. An analytical study was
necessary to optimize the joint detailing with a capacity that exceeds demands under fatigue, service,
and strength limit states. The performance of the two joint rehabilitation concepts was analytically
investigated using linear finite element analyses as follows.

Option | — “continuous” concept (Fig. 6-7a) in which the girder flange reinforcement will be exposed
along the length of the girder using a demolishing technique to be spliced with a new welded wire
mesh. The joint can be filled with either LMC or UHPC.

Option Il — “pocket” concept (Fig. 6-7b) consisted of discrete pockets exposed by demolishing the
girder flange concrete and reinforcing with steel bars. In between the pockets the damaged material
in the longitudinal joint is removed and replaced with a filler material such as UHPC.

a. Plan View of Option | (Continuous Detailing)

b. Plan View of Option Il (Pocket Detailing)

Figure 6-7. Two Double-Tee Bridge Rehabilitation Concepts

6.2.3.2 Modeling Methods and Loading

Linear Finite Element Analyses (FEA) were performed on two adjacent 23-in. deep double-tee girders
(Fig. 6-8a). The double-tee stems are 18-in. tall, 5-in. wide at the bottom while tapered to 6.125 in. at
the top. The double-tee deck is 5-in. thick and 46-in. wide. The SAP2000 (2016) was selected for the
analytical study. The stems were modeled with frame elements. Pin supports were assigned to the
end of each stem. The deck (the flange of the girders) was modeled using solid shell elements. The
connection between the frame and shell elements was provided utilizing body constraints fixing all
degrees of freedom (DOFs) between the two end nodes. The connection allows the deck and stems
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to act compositely. The section properties for each girder was according to the actual double-tee
section with an area of 426 in2 and a moment of inertia of 18,640 in* about the strong axis. The
compressive strength (f’.) for the deck and stems was 6,000 psi based on the target 28-day compressive
strength of the actual double-tee girder mix design. The concrete modulus of elasticity (E;) was 4,415
ksi.

a. Extruded View of FEA Model for Continuous Joint

b. Link locations and Local Axis for Pocket Detailing

Figure 6-8. Finite Element Analysis of Double-Tee Bridge Rehabilitation Concepts

Point loads were applied at the mid-span of the bridge to produce the peak moment from moment
envelopes calculated for an interior double-tee girder under AASHTO Service |, Fatigue I, and Strength
| limit states. The loads were applied on an area of 10 by 20 in. at the mid-span, adjacent to the
longitudinal joint to maximize the shear load demand on the joint. The area load was to simulate a
truck tire load.

In an attempt to evaluate the performance of the proposed rehabilitation detailing, two analytical
models were created as follows.

i “Continuous” model (Fig 6-8a) in which the longitudinal joint of the girders was monolithically
constructed with shell elements

ii. “Pocket” model (Fig 6-8b) in which the girders were connected by a series of links representing
the pockets spaced along the length of the longitudinal joint

The “pocket” model was constructed using “link” elements consisting of linear springs in all six DOFs
to connect the girders as shown in Fig. 6-8b. The spring properties (Table 6-5) were based on the

Rehabilitation of Long. Joints in Double-Tee Girder Bridges 37 May 2018



properties of UHPC and reinforcement. The UHPC was assumed to have a compressive strength (f unxec)
of 18 ksi, a modulus of elasticity (E.) of 6,200 ksi, and Poisson’s ratio of (v) of 0.2 (Graybeal, 2010). The
axial stiffness (U;) (Eq. 6-1), shear stiffness (U>) (Eq. 6-2), and rotational stiffness (R3) (Eq. 6-3) were
calculated based on assumed properties of Es = 29,000 ksi and As = 0.8 in? for steel bars; Ac = 90 in? and
1 =187.5 in? for the filler material; and a spring length of L =4.25 in. Shear stiffness (Us) and rotational
stiffness (R; and R;) were considered rigid.

AE

U =22 Eq. 6-1
GA

U, = — Eq. 6-2
EI

R, = — Eq. 6-3

Table 6-5. Input for Pocket Springs in Finite Element Analysis

Link Properties Values
Axial Stiffness (U1) 92,800 kip/in
Shear Stiffness (U2) 54,700 kip/in
Shear Stiffness (Us) Fixed

Rotational Stiffness (R+1) Fixed
Rotational Stiffness (Rz) Fixed
Rotational Stiffness (Rs) 273,500 kip-in/rad

The performance of two adjacent double-tee girders connected with pocket detailing (Fig. 6-8b) was
evaluated by comparing the amount of load being transferred to stems of each girder (Figure 6-9).
Three different pocket (link) spacing of 5, 8, and 13 ft were included in the analyses, and the response
was compared to that of a monolithic (continuous) bridge model. Results indicated that the difference
between the stem forces for the monolithic and pocket models increases when the pocket spacing
increases. For example, the end reaction of stem B of the pocket model with a 13-ft link spacing was
30% higher than that in the model with a 5-ft pocket spacing.

The stem force differences in the monolithic model and the model with 5-ft pocket spacing were within
10% for all stems, and the maximum stem forces between the two models were less than 3% in
difference. It can be concluded, therefore, that the pocket spacing of 5 ft results in a monolithic
behavior for a double-tee bridge rehabilitated with the pocket option. This pocket spacing was
selected for further analysis.
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Figure 6-9. Effect of Pocket Spacing on Double-Tee Girder Load Distribution

To better comment on the suitability of rehabilitated bridges with 5-ft pocket spacing, the calculated
stem forces of the rehabilitated bridge were compared with those measured in previous experimental
studies (Fig. 6-10). Two full-scale double-tee bridge models were tested by Konrad (2014), one
specimen with continuous joint detailing (which behaved as a monolithic bridge) and one specimen
with welded plate detailing (conventional double-tee bridge detailing that is currently used in
practice). Results indicated that the girder stem end reactions for the analytical continuous model
were close to those measured in the test (8% difference in the peak stem forces). The peak stem force
calculated for the pocket model was 2.6% lower than that measured in the test for the continuous
joint. Overall, the pocket model performed better compared to the original double-tee specimen with
welded plates in terms of the load transfer mechanism.
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Figure 6-10. Calculated and Measured Double-Tee Girder Load Distribution
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Currently, double-tee bridges with span lengths other than 40 ft are in-service in South Dakota (SD).
To investigate the feasibility of the “pocket” detailing on bridges with different span lengths, the stem
load distribution of “pocket” models with span lengths of 30 to 50 ft were analytically studied (Fig. 6-
11). Results indicated that peak stem load slightly decreases when the span length increases. Overall,
the effect of the span length on the stem peak forces was approximately 10% for the practical span
lengths.
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Figure 6-11. Rehabilitated Double-Tee Girder Load Distribution vs. Span Length

The effect of pocket spacing on the deflection of the rehabilitated double-tee bridges was also
investigated. The parametric study showed that the maximum differential deck deflection between
the two-adjacent double-tee girders is at the mid-span of the bridge. The calculated girder differential
deflections for the rehabilitated double-tee bridges with 5, 8, and 13-ft pocket spacing were
respectively 0.02, 0.03, and 0.05 in. under service limit state loading. The rehabilitated bridge model
with 5-ft pocket spacing, therefore, exhibits a minimal differential deck deflection.

Overall, the finite element analyses showed that “pocket” rehabilitation detailing is a viable solution,
specifically when the pocket spacing is 5 ft. Furthermore, the study confirms that continuous detailing
is another viable solution for the rehabilitation of double-tee longitudinal joints.

6.3 Proposed Rehabilitation Detailing

This section includes the proposed rehabilitation methods for a full-scale prestressed double-tee
bridge test model, which was developed based on the results of the joint rating, the large scale-beam
testing, and the analytical study.

The analytical study showed that both the “pocket” and “continuous” concepts are feasible for the
rehabilitation of double-tee bridges. The “pocket” detailing, however, offers several advantages such
as a 50% reduction in material, significantly lower cost, and better bridge stability during construction.

To investigate the performance of bridges rehabilitated with the proposed detailing, testing was
proposed for a full-scale bridge test specimen consisting of two simple span interior precast
prestressed double-tee girders. Each girder was 23-in. deep, 3.83-ft wide, and 40-ft long. In an attempt
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to evaluate the performance of both joint rehabilitation alternatives using only one test specimen, one
half of the bridge test specimen was rehabilitated with the “pocket” detailing utilizing UHPC, and the
other half of the bridge was rehabilitated with the “continuous” detailing incorporating LMC (Fig. 6-
12). Hammer-chipping demolition technique was selected for concrete removal.

The proposed rehabilitation detailing for the bridge test model is summarized as follows.

Option | — “pocket” detailing

e Prepare 18 by 18 in. pockets to be filled with UHPC. The pocket spacing should not exceed 5
ft (Fig. 6-12) center-to-center.

e Pockets should be reinforced with four ASTM A706/A615 Grade 60 No. 4 bars in both
longitudinal and transverse directions (Fig. 6-13).

e A minimum of 3-in. lap-splice between the pocket reinforcement and the deck’s existing wires
is required to ensure full development (Fig. 6-13).

e A 5.875-in. continuous shear key filled with UHPC and longitudinally reinforced with two No.
4 bars should be provided (Fig. 6-14).

Option Il = “continuous” detailing

e Prepare a 22-in. wide continuous opening to be filled with LMC (Fig. 6-12).

e Continuous joint should be reinforced with ASTM A497 Grade 70, 4 by 4 in. D8/D8 welded wire
mesh (Fig. 6-15).

e A minimum of 5-in. lap-splice between the new and existing reinforcement should be provided
to fully development the wires (Fig. 6-15).

e If wire mesh is not continuous over the length of the bridge, the mesh should be spliced as
shown in Fig. 6-16.
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7 FULL-SCALE BRIDGE TEST SPECIMENS

The experimental and analytical studies presented in the previous chapters showed that both pocket
and continuous detailing are viable rehabilitation options for the longitudinal joints of double-tee
bridges. Full-scale testing of double-tee bridges was needed to confirm the feasibility and suitability
of the rehabilitated joints.

7.1 Design of Bridge Test Specimens

Double-tee bridges located on South Dakota local roads usually consist of eight double-tee girders,
providing two lanes of traffic with a total width of 30 t-8 in. (Fig. 7-1). A 40-ft long full-scale bridge
with only two interior girders (shaded area in Fig. 7-1) was selected for testing in the present study.
The 40-ft span length is common for double-tee bridges. Furthermore, two double-tee bridges with

the same geometry were tested by Wehbe et al. (2016), which are the benchmark models for the
present study.

# 308" i

T T T o L T T

+-3-10"»-3'-10"+-3'-10"+-3'-10"+-3'-10"»-3-10" +-3'-10"+

Figure 7-1. Cross-Section of Typical Double-Tee Girder Bridges

The prototype bridge was designed according to AASHTO LRFD Bridge Design Specifications (2013)
with live loading consisting of a truck or tandem and a lane load. The design live load was based on an
HL-93 truck (two 32-kip axles and one 8-kip front axle spaced 14 to 30 ft apart) or two 25-kip tandem
axles 4-ft apart plus a 10-ft wide 0.64 kIf distributed lane load.

The design led to a double-tee girder (Fig. 7-2) with a depth of 23 in., a width of 46 in., and a length of
40 ft. The deck was 5-in. thick reinforced with a 4 by 8 in. ASTM A-497 D8/D4 welded wire mesh. D8
wires provided 0.24 in? per foot steel reinforcement in the transverse direction of the bridge. Each
stem was 5-in. thick at the bottom tapering to 6.25 in. at the top, and was reinforced with six 0.5-in.
diameter ASTM-416 Grade 270 low relaxation 7-wire strands. The tendons were straight over the
length of the girder (Fig. 7-2b). The tendons were de-bonded 5 ft from each girder end and were
initially pulled 10.75 in., equivalent to 202.6-ksi stress (or 31-kip force) per tendon. The girder shop
drawings are provided in Attachment A (Bohn, 2017).
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Figure 7-2. Detailing of 23-in. Deep Double-Tee Girders
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7.1.1 Conventional Bridge Test Specimen

The longitudinal joint of the conventional bridge specimen (Fig. 7-3) consisted of discrete welded plates
spaced at 5 ft with a continuous grouted keyway. The welded plate detailing (Fig. 7-4) consisted of
two 1% in. X 1% in X 3/16 in. steel angles, each 6-in. long and embedded in the concrete with two 3/8
in. diameter X 4 in. long headed studs. The angles of the two adjacent girders were connected using
1/4 in. thick 1in. by 5 in. steel plates with 3/8 in. field weld. A non-metallic non-shrink grout,
preapproved by South Dakota Department of Transportation (SDDOT) with a minimum compressive
strength of 4,500 psi (SDDOT Standard Specification for Roads and Bridges, 2004), was used to fill the
keyway.

K 40" &
B Grouted Key
/ e o
N \ S7'-8
A Welded Plate Detailing

Figure 7-3. Plan View of Conventional Test Specimen

Grouted KeyJ

a. Cross-Section with Welded Plate Connection (Tendons not shown) b. Welded Plate Detailing

Figure 7-4. Conventional Test Specimen Details

7.1.2 Rehabilitated Bridge Test Specimen

After testing the conventional bridge specimen, the longitudinal girder-to-girder joint was
rehabilitated with two different methods (Fig. 7-5): Ultra-High Performance Concrete (UHPC) pocket
detailing (Fig. 7-6 and 7-7), and Latex Modified Concrete (LMC) continuous detailing (Fig. 7-8).

The UHPC pockets were 5-in. deep (the same as the deck thickness), 18-in. wide, and 18-in. long,
reinforced with a mesh of four No. 4 bars in each direction of the bridge. The pocket spacing was 5 ft,
and the pocket side slope was 45 degrees. The new steel bars were lapped three in. with the exposed
deck D8 wires. This splice length is sufficient to fracture the new reinforcement, based on the beam
test data in Chapter 6. The intermediate UHPC keyway (between the pockets) was 5-in. deep and 5.87-
in. wide with a side slope of 20 degrees. The UHPC keyway was longitudinally reinforced with two No.
4 continuous bars passing the pockets to improve the integrity of the joint.
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The LMC continuous joint was 5-in. deep and 22-in. wide, reinforced with 4 in. by 4 in., D8/D8 welded
wire mesh. The new wire mesh was spliced to the deck’s existing wire mesh with at least a 5-in. splice
length in the transverse direction of the bridge. Two 10-ft long meshes were lap-spliced with No. 4
bars in the longitudinal direction of the bridge to complete the joint and to provide continuity.
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Figure 7-5. Plan View of Rehabilitated Test Specimen
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Figure 7-7. UHPC Intermediate Pocket Rehabilitation Detailing
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Figure 7-8. LMC Continuous Rehabilitation Detailing
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7.2 Fabrication and Assembly

The girders were fabricated in Mitchell, SD. The girders were prepared and cast in four days on a 140-
ft long prestressing bed (Fig. 7-9a). On day one, the prestressing strands were initially tensioned to
3,000 Ib. to remove slack in the tendons, and strain gauges were installed on the tendons. On day two,
the strands were jacked to 31 kips; then wire mesh and longitudinal joint anchors were placed in the
prestressing bed. On day three, the embedded concrete strain gauges were installed in the deck
between wires in the mesh. Subsequently, the girders were cast (Fig. 7-9b). Fresh concrete properties
(e.g. slump, air, density, and temperature) were measured, and 18 standard cylinders were collected.
The girders were covered and steam cured overnight. On day four, the concrete strength was 5,680
psi, which was higher than the minimum release strength of 5,000 psi. Subsequently, the strands were
cut with a torch (Fig. 7-9c¢); then the girders were removed from the prestressing bed (Fig. 7-9d). Strain
data was measured during various stages of construction to determine elastic shortening losses.

c. Cross-section with Torched Stands d. Removal from Formwork

Figure 7-9. Fabrication of Double-Tee Girders

The test girders were stored in the manufacturer’s yard for six months and then delivered to the Lohr
Structures Laboratory at South Dakota State University (SDSU) with a semi-truck trailer. The girders
were unloaded using a 15-ton overhead crane (Fig. 7-10a) and then were placed on reaction blocks
(Fig. 7-10b)
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a. Unloading - b. Placement on Abutment

Figure 7-10. Unloading and Placement of Girders

The girders were surveyed to measure cambers. The camber of girder A and B was 0.85 in. and 0.6 in.,
respectively, with a 0.25-in. differential camber.

7.2.1 Conventional Bridge Joint Completion

The girder steel angles and steel plates were welded in the Lohr Lab (Fig. 7-11a) by a certified welder
to connect the adjacent girders. Subsequently, the keyway was filled with non-shrink grout (Fig. 7-
11b) to complete the joint. The grout was cured for three days and reached a compressive strength of
5,853 psi.

Lt
iS04 Gl P :
a. Welding Steel Plate to Angles Embedded in Girders b. Grouting Girder-to-Girder Keyway

Figure 7-11. Fabrication and Grouting of Conventional Joint Detailing

7.2.2 Rehabilitated Bridge Joint Completion

Since double-tee bridges are common in rural areas, simple and locally available techniques were
sought for the rehabilitation. Saw-cutting and hammer-chipping were then selected in the present
study to rehabilitate the joints.

The continuous joint was demolished and cast in two segments to avoid bridge instability. An actual
double-tee girder with continuous exposed bars at the both sides of the girder may become unstable
in the field. Each segment covered 25% of the bridge length. The rehabilitation began with saw-cutting
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(Fig. 7-12a) the perimeter of the joint to a depth of 1 in. Then, 15- and 30-lb pneumatic hammer
chippers (Fig. 7-12b) were utilized to remove the deck concrete with a 45-degree side slope for both
the continuous (Fig. 7-12c and 7-12d) and pocket joints (Fig. 7-12e).

c¢. Continuous Joint Demolishing — Segment | d. Continuous Joint Demolishing — Segment 11

e. Pocket Demolishing

Figure 7-12. Demolition of Longitudinal Joint of Double-Tee Bridge Test Specimen
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After chipping the concrete and exposing the deck reinforcement, the surface was cleaned with
compressed air, then wetted for 24 hours (Fig. 7-13). Sand-blasting should be used to improve the
bond; however, it was not feasible in this experimental study due to Lohr Lab restrictions.

c. Pocket Joint and Intermediate Keyway d. Wet Burlap

Figure 7-13. Rehabilitated Joint Surface Preparation in Double-Tee Bridge Test Specimen

The formwork for Segment | of the continuous joint was made with plywood with intermediate
blocking (Fig. 7-14a-b). Styrofoam (Fig. 7-14c) was used to separate the segments. A significant LMC
leak was noticed using this method. For Segment Il of the continuous joint, the formwork was modified
using Styrofoam (Fig. 7-14d), and no leak was observed.

The as-built continuous joint reinforcement (Fig. 7-14e) was 4 by 4-in., D8/D8 welded wire mesh with
a total width of 16 in., installed 2.25 in. below the deck surface. A minimum splice length of 5in. was
provided on the both sides of the joint. The pocket reinforcement (Fig. 7-14f) was 12.5-in. long in both
directions and was installed with a clear cover of 2.75 in. from the top of the deck. A minimum splice
length of 3 in. was provided in the transverse direction of the bridge in each pocket.
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a. Top View, Continuous Joint Segment | b. Underneath View, Continuous Joint Segment |
Formwork Formwork

e. Continuous Joint Reinforcement f. Pocket Reinforcement

Figure 7-14. Formwork and Reinforcement of Rehabilitated Joints in Double-Tee Bridge Test Specimen

The continuous joint was poured with a premix LMC using a 12-cubic ft drum mixer (Fig. 7-15a),
batching six 50-1b bags for three minutes. As previously mentioned, the continuous joint was poured
in two segments. Wheelbarrows (Fig. 7-15b) were lifted onto the bridge, using a forklift to pour the
joints. Figure 7-15c shows the finished continuous joint poured with LMC. The pocket joint was poured
with a premix UHPC (with 2% steel fibers). The average batching time for four bags of UHPC was 20
minutes, using a seven cubic ft mortar mixer (Fig. 7-15d). The average static flow of the UHPC was 8
inches. Figures 7-15e to 7-15f show the pouring and the finishing of the pocket joint.

Two-in. standard cubes were cast for LMC, and 3-in. diameter cylinders were cast for UHPC. The
cylinders were sealed and cured at ambient room temperature. The 2-in. LMC cubes were unmolded
after 24 hours and then were placed in a steam room for curing.

After pouring, the joints were covered with wet burlaps and plastic sheets. The test specimen was
cured for 14 days to allow UHPC to gain a compressive strength of 18 ksi.
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e. Pouring UHPC f. Finished UHPC

Figure 7-15. Casting UHPC and LMC in Rehabilitated Joints of Double-Tee Bridge Test Specimen

7.3 Instrumentation, Test Setup, and Loading Protocols

The instrumentation used in the experimental programs consisted of strain gauges, linear voltage
differential transformers (LVDTs), load cells, and string potentiometers (string pots). This section
presents the instrumentation plan of the bridge test specimen.

7.3.1 Instrumentation

Strain gauges were used for measuring the strains of the girders and the joint reinforcement as well as
the girder concrete strains. Twelve gauges were installed on the girder tendons, and six concrete strain
gauges were embedded in the deck.

Thirteen LVDTs were used to measure displacements, slippage, and rotations of critical locations in the
experiment. The four mid-span LVDTs measuring vertical deflection of the stems from the bottom,
were removed during strength testing and were replaced with four string pots to prevent damage of
LVDTs. Two LVDTs were used to measure vertical compression of the elastomeric bearing pads at the
support, to calculate the net mid-span deflections. Six LVDTs were used to measure either vertical or
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horizontal relative displacements between the deck and the longitudinal joint. Two LVDTs (one on the
top of the deck and one at the bottom of the girders) were used to measure the rotation of the girders
in the transverse direction of the bridge.

The end reactions of each girder were determined by placing four 100-kip load cells under each stem
at the south end. The load cells were placed between two 1 by 6 by 6 in. steel plates for adequate
bearing. An elastomeric bearing pad was placed between the plate and the girders to allow free
rotation.

7.3.2 Test Setup

Figure 7-16 shows the full-scale bridge test setup. A 146-kip hydraulic actuator was used to apply point
loads at the mid-span on girder A (Fig 7-16a) with 11-in. offset from the joint centerline. The load was
applied on a 1.5 by 10 by 20-in. steel plate, which was seated above plaster (Fig. 7-16b). The plate area
represents the truck tire loading area. Water dams (Fig. 7-17) were formed above the rehabilitated
longitudinal joint to identify leakage.

146 Kip |
Actuator §

a. Cross-Section View of Test Setup b. Actuator Head with Loading Plate

/W14X257 Column

SS 12x6x1/2 Brace

Test Specimen

c. Elevation View of Test Setup

Figure 7-16. Full-Scale Double-Tee Bridge Test Setup
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Figure 7-17. Water Dams on Rehabilitated Joint of Double-Tee Bridge Test Specimen

7.3.3 Loading Protocol

Table 7-1 presents the loading protocol for the bridge test specimen. Both conventional and
rehabilitated specimens were tested under fatigue loading. The conventional bridge specimen was
first tested under fatigue loading, then under a monotonic loading, to crack the longitudinal joint prior
to the rehabilitation. Strength (ultimate) testing was performed on the rehabilitated specimen to
determine the capacity of the bridge. Figure 7-18 shows the location and the area of the applied load
for all testing phases.

Table 7-1. Full-Scale Bridge Loading Matrix

Testing Phase Bridge Model Load Type Load Amplitude  No. of Cycles
I Conventional Specimen | Cyclic Fatigue 21 kips 250,000
Il Conventional Specimen Monotonic 50 kips
Il Rehabilitated Specimen | Cyclic Fatigue Il 21 kips 500,000
v Rehabilitated Specimen | Cyclic Fatigue | 42 kips 100,000
\ Rehabilitated Specimen Monotonic To Failure
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Figure 7-18. Applied Load Configuration and Location

7.3.3.1 Fatigue and Stiffness Testing

According to AASHTO LRFD (2013), the Fatigue Il limit state loading was sufficient to evaluate the
performance of this bridge for 75 years of service life. The bridge was tested under both Fatigue | and
Il loads, however, to maximize the demand on the rehabilitated joint. The fatigue Il limit state loading
consisted of a sinusoidal 21-kip load applied with a frequency of one cycle per second, which was
applied to both conventional and rehabilitated specimens (Table 7-1). The fatigue | limit state loading
consisted of a sinusoidal 42-kip load applied with a frequency of 0.7 cycles per second. The magnitude
of the loads was determined using the moment envelope from the AASHTO fatigue | and Il limit states
for a two-lane 40-ft bridge. The load frequency was based on the test setup limitations.

The Average Daily Truck Traffic (ADTT) for local roads in SD was assumed to be 15. For the 75-year
design life, 410,625 trucks would pass the bridge. The conventional bridge specimen was tested under
250,000 load cycles. The rehabilitated bridge specimen was first tested under 500,000 Fatigue Il load
cycles (surpassing the required 75-year design life) followed by 100,000 Fatigue | load cycles to
maximize the joint load demands.

A bridge stiffness measurement was taken at intermediate load cycles. The stiffness of the
conventional test specimen was measured at every 10,000 cycles, up to 100,000 load cycles. It was
then measured at every 25,000 cycles to the end of fatigue testing. The stiffness of the rehabilitated
test specimen under the Fatigue Il and Fatigue | loading was measured every at 50,000 and 10,000 load
cycles, respectively.

7.3.3.2 Strength (Ultimate) Testing

The conventional test specimen was monotonically loaded to 50 kips to crack the longitudinal joint
prior to the rehabilitation. The rehabilitated test bridge was monotonically loaded to failure using a
displacement-based controlled point load at the mid-span (Fig. 7-18) with a load increment of 0.1 in.
and a displacement rate of 0.007 in. per second.
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8 EXPERIMENTAL FINDINGS

This chapter includes the results of experimental studies on both conventional and rehabilitated full-
scale double-tee bridge test specimens discussed in the previous chapter. The measured material
properties and performance of both bridge test specimens under fatigue and strength loading are
discussed.

8.1 Materials Properties

Many different cementitious and steel materials were incorporated in different components of the
bridge test specimens. Presented in this section are the material properties for concrete used in the
precast bridge girders, non-shrink grout used in the conventional longitudinal girder-to-girder joint,
ultra-high performance concrete (UHPC) used in the rehabilitated longitudinal joint pockets, and latex
modified concrete (LMC) used in the rehabilitated continuous longitudinal joint, and the steel
reinforcement utilized in the precast bridge girders and the rehabilitated longitudinal joints.

8.1.1 Properties of Cementitious Materials

Presented in this section are the properties of fresh concrete and the compressive strength of precast
concrete, non-shrink grout, UHPC, and LMC.

8.1.1.1 Precast Concrete

The properties of fresh concrete incorporated in the precast double-tee bridge girders measured in
accordance with ASTM C143 (2015) and C231 (2016) are presented in Table 8-1. The requirements
based on the manufacturer’s mix design (Appendix C in Bohn, 2017) for fresh concrete were 6% (+1.5%,
-1.0%) air content and a slump between 4 to 6 in. The girder concrete met the requirements.

Table 8-1. Properties of Precast Girder Fresh Concrete

Temperature (°F) Air Content (%) Unit Weight (Ib/ft?) Slump (in.)

70 55 143.6 5

Standard 6-in. diameter cylinders were used for concrete sampling. The cylinders were steam cured
for 12 hours onsite with the girders; then the cylinders were sealed and stored in the structures lab.
The concrete compressive strength was measured in accordance to the ASTM C39 (2016) procedure.
Tests were performed after 1 day, 7 days, 28 days of casting, and the day of fatigue and strength
testing. Table 8-2 presents the compressive strength for concrete used in the girders. The
manufacturer’s 28-day compressive strength requirement of 6,000 psi was met.
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Table 8-2. Compressive Strength of Girder Concrete

Time (Day) f'c (psi)

1 5,698

7 7,192

28 7,636

Fatigue Test (Phase I) 8,783
Fatigue Test (Phase Ill) 9,230
Strength Test (Phase V) 9,512

8.1.1.2 Non-Shrink Grout

Standard 2-in. cube molds were used for sampling the non-shrink grout. The samples were stored and
cured in a moist room. The compressive strength was measured in accordance with ASTM C109 (2016)
procedures. Compressive tests were performed at 3 days, 28 days, and girder fatigue testing days.
Table 8-3 presents the compressive strength for the non-shrink grout used in the longitudinal joint of
the conventional test specimen. The South Dakota Depart of Transportation (SDDOT) specifies a
minimum 28-day compressive strength of 4,500 (SDDOT, 2004) for non-shrink grout, which was met.

Table 8-3. Compressive Strength of Non-Shrink Grout

Time (Day) f'c (psi)
3 5,853
28 8,519

Fatigue Test (Phase I) 5,853

8.1.1.3 Ultra-High Performance Concrete (UHPC)

Three-inch diameter cylinders were used for sampling UHPC. The samples were sealed and stored in
the structures lab. Compressive strength tests were carried out in accordance with ASTM C39 (2016)
as well as the procedure specified by the UHPC provider. The samples were prepared by saw-cutting
the surface to avoid any point load and were tested without bearing pads since pads cannot be used
for materials stronger than 11,000 psi. Compressive tests were performed at 7, 14, fatigue, and
strength testing days. Table 8-4 presents the compressive strength for UHPC used in the longitudinal
joint of the rehabilitated test specimen. According to Graybeal (2010), the minimum field compressive
strength for UHPC should be 18 ksi, which was met.
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Table 8-4. Compressive Strength of UHPC

Time (Day) f'unec (PSI) ‘
7 11,480
14 19,716
Fatigue Test (Phase ll) 19,716
Fatigue Test (Phase IV) 20,835
Strength Test (Phase V) 21,167

8.1.1.4 Latex Modified Concrete (LMC)

Standard 2-in. cube molds were used for sampling LMC. The samples were stored and cured in a moist
room. The compressive strength was measured in accordance to the ASTM C109 (2016) procedure.
Compressive tests were performed after 3 hours, 7 days, and 14 days of casting as well as the days of
fatigue and strength testing. Table 8-5 presents the compressive strength for LMC used in the
longitudinal joint of the rehabilitated test specimen. The longitudinal joint, incorporating LMC, was
cast in two stages, seven days apart.

Table 8-5. Compressive Strength of LMC

Time (Day) ‘ Phasel, f'c (psi) | Phasell, f'c (psi)

5,457 N/A
7 N/A 7,204

14 7,585 N/A

Fatigue Test (Phase Ill) 7,742 6,992
Fatigue Test (Phase IV) 8,103 7,283
Strength Test (Phase V) 7,571 7,494

8.1.2 Properties of Prestressing Strands

The prestressing strands used in the girders were seven-wire, Grade 270, 0.5-in. diameter low-
relaxation strands, A;=0.153 in2. Table 8-6 presents the measured mechanical properties for the
prestressing strands provided by the manufacturer.

Table 8-6. Tensile Properties of Prestressing Strands

Properties 0.5-in. Strands (ASTM A416)
Yield Strength, f, (ksi) 258.4
Ultimate Strength, f, (ksi) 285.2
Strain at Break, & 74%
Modulus of Elasticity, E (ksi) 28,500
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8.1.3 Properties of Steel Reinforcement

This section presents the mechanical properties of steel wires used in welded mesh and deformed
reinforcing steel bars used in the joints. The mechanical properties were measured in accordance with
the ASTM E8 (2016) procedure.

8.1.3.1 Reinforcing Steel Wires

The continuous joint was reinforced with ASTM A497 Grade 70, 4 by 4 in., D8/D8 weld wire mesh. The
same type of wire was used in the girder flanges. Table 8-7 presents the measured mechanical
properties for the steel wire.

Table 8-7. Tensile Properties of Steel Wires Used in Joints and Girders

Properties D8 Wire (ASTM A497) ‘
Yield Strength, f, (ksi) 117
Ultimate Strength, fu (ksi) 123
Strain at Peak Stress, &u 2.9%
Strain at Break, & 19%

8.1.3.2 Reinforcing Steel Bars

Table 8-8 presents the measured mechanical properties of ASTM A615 Grade 60 No. 4 steel bars used
in the UHPC pockets of the rehabilitated bridge.

Table 8-8. Tensile Properties of Reinforcing Steel Bars Used in UHPC Pockets

Properties No.4 Bars (ASTM A615)
Yield Strength, f, (ksi) 74
Ultimate Strength, fu (ksi) 107
Strain at Peak Stress, & 10%
Strain at Break, & 16%

8.1.4 Properties of Elastomeric Neoprene Bearing Pads

Mingo (2016) tested a 6 by 6 by 3/8-in. elastomeric neoprene bearing pad in compression to determine
the force-displacement relationship of the bearing pads used at the supports (Fig 8-1). The same
neoprene pads were used in this study. The stiffness of the linear region of the force-displacement
relationship was 1,128 kip/in.
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Figure 8-1. Measured Force-Displacement Relationship of Elastomeric Bearing Pad (after Mingo, 2016)

8.2 Bridge Test Results

This section presents the results of the conventional and rehabilitated bridge specimens tested under
fatigue and strength loading.

8.2.1 Conventional Double-Tee Bridge Test Specimen

The conventional double-tee bridge specimen (in which the girder-to-girder connection detailing was
the same as that currently used in practice) was first tested under 250,000 cycles of the Fatigue II
loading (Phase 1) applied at the mid-span. The point load was offset from the longitudinal centerline
of the bridge to apply the force on only one girder and to maximize the shear load demand transferred
between the girders. After the fatigue loading, the conventional bridge specimen was monotonically
loaded as Phase Il of the testing to crack the longitudinal girder-to-girder joint prior to the
rehabilitation. The results of experimental testing of the conventional double-tee bridge specimen is
discussed.

8.2.1.1 Phase I: Fatigue Il Testing of Conventional Double-Tee Bridge

Figure 8-2 shows the measured stiffness versus the number of the load cycles during AASHTO Fatigue
Il testing. The stiffness of the specimen was defined as the slope of the measured load-displacement
relationship. The net mid-span deflection (subtracting the total deflection and the compression of the
bearing pads) of only girder A was used for the stiffness calculation since it was the loaded girder.
Results indicated that the bridge stiffness essentially remained constant during the fatigue Il testing,
and no damage of the longitudinal joint or any other members of the bridge throughout 250,000 cycles
of loading was observed.
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Figure 8-2. Stiffness Degradation during Fatigue Il Testing of Conventional Double-Tee Bridge Specimen

Girder-to-girder joint relative vertical displacements were measured 2.0 ft away from the mid-span
(Fig. 8-3). It can be seen that the measured joint relative displacements were negligible throughout
the fatigue testing indicating no girder-to-girder joint damage.
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Figure 8-3. Longitudinal Joint Relative Displacement for Conventional Double-Tee Bridge Specimen
during Fatigue Il Testing

Girder-to-girder joint rotations (Fig. 8-4) in the transverse direction of the bridge were also measured
1.5 ft away from the midspan. The rotations were measured using two LVDTs: one was installed at the
top of the deck (LVDT TR-1), and another was installed at the bottom of the stems (LVDT TR-2). Results
indicated that the measured joint rotations were negligible throughout fatigue testing indicating the
girder-girder joint did not degrade at this level of loading.
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Figure 8-4. Girder-to-Girder Joint Rotation for Conventional Double-Tee Bridge Specimen during Fatigue
Il Testing

8.2.1.2 Phase II: Joint Crack Strength Testing of Conventional Double-Tee Bridge

After the fatigue Il testing, the bridge specimen was monotonically loaded under a displacement
controlled loading regime to 48.5 kips, where the girder-to-girder joint was cracked. The goal of this
test was to damage the joint prior to the rehabilitation without cracking the girders.

The first crack in the joint was observed in the longitudinal direction of the bridge at the mid-span at
a load of 44 kips (Fig. 8-5). More cracks were observed at the peak load of 48.5 kips, where the test
was stopped to avoid girder cracking.

Girder A

g

44 .
.

Girder B

Girder B

a. First Crack, North of Mid-span b. First Crack, South of Mid-span

Figure 8-5. Girder-to-Girder Joint Cracking of Conventional Double-Tee Bridge Specimen

Figure 8-6 shows the force-displacement relationship for both girders (A and B) at the mid-span up to
48.5 kips at which the deflections of girders A and B were 0.48 and 0.39 in., respectively. Based on the
measured strains, as well as the joint relative displacement data (discussed later in this chapter), the
load at the first joint cracking was estimated to be 38.7 kips. The first joint cracking was observed at
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44 kips. Joint cracking occurred, therefore, before reaching the AASHTO Service | limit state, which
was equivalent to a mid-span point load of 51 kips. This indicates that the current girder-to-girder joint
detailing for double-tee bridges is not sufficient, even for the service loads.
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Figure 8-6. Force-Displacement Relationship for Conventional Double-Tee Bridge Specimen during Joint
Crack Strength Testing

Load cells were used to measure south end reactions of the girders, one load cell per stem. The
reactions were used to determine the girder load distribution based on a percentage of the applied
load (P/2 per girder end). The girder end reactions at the beginning of the fatigue testing, after the
fatigue testing, and at the joint cracking were compared in Fig. 8-7. Results indicated that the load
distribution slightly changed during fatigue testing, but the change was significant when the
longitudinal girder-to-girder joint cracked. In this case, Stem D did not resist any force resulting in an
increase in forces of the other stems. This change in load transfer mechanism may crack the stems at
higher loads or in the field.
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Figure 8-7. Girder Load Distribution for Conventional Double-Tee Bridge Specimen

Figure 8-8 shows the strains of the prestressing strands and concrete in the flange of the loaded girder
(A) during the phase Il testing. The maximum tensile strain at the extreme strand of the interior stem
at the peak load of 48.5 kips was 462 micro-strain (prestressing strains are not included in Figure 8-8).

Rehabilitation of Long. Joints in Double-Tee Girder Bridges 63 May 2018



The estimated initial strain without any losses from 31-kip pre-tensioning is 7,109 micro-strain from
structural mechanics. The yield strain of Grade 270 strands is 8,772 micro-strain. The summation of
the strain demand and the prestressing strains suggested that the strands did not yield. The maximum
compressive strain in the girder flange concrete was 92.1 micro-strain at the peak load of 48.5 kips.
The embedded concrete strain gauges were located 3.5 in. below the girder surface.
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Figure 8-8. Measured Strains of Loaded Girder in Conventional Double-Tee Bridge Specimen during Joint
Crack Strength Testing

Figure 8-9 shows the strain of girder B during Phase |l testing. It can be seen that the maximum tendon
tensile strain in girder B is 29% less than that in Girder A, which was the loaded girder. The maximum
strain in the extreme strand of Girder B at the peak load of 48.5 kips was 329 micro-strain, which was
less than the yield strain, even after adding the initial prestressing strains. The maximum compressive
strain in the girder flange concrete was 80.4 micro-strain at the peak load of 48.5 kips. Similar to Girder
A, the embedded concrete strain gauges were located 3.5 in. below the girder surface.
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Figure 8-9. Measured Strains of Girder B in Conventional Double-Tee Bridge Specimen during Joint
Crack Strength Testing

Girder-to-girder joint relative vertical displacements were measured 2 ft away from the bridge mid-
span. The measured joint relative vertical displacement was 0.001 in. at the peak load of 48.5 kips (Fig.
8-10), which was insignificant. Results indicated that the joint relative displacement decreased at 38.7
kips and higher loads, which can be attributed to the cracking of the longitudinal joint.
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Figure 8-10. Longitudinal Joint Relative Displacement for Conventional Double-Tee Bridge Specimen
during Joint Crack Strength Testing

Girder-to-girder joint rotations (Fig. 8-11) in the transverse direction of the bridge were measured 1.5
ft away from the mid-span. The measured joint rotation was 0.24 degrees at the peak load of 48.5
kips, which was significant compared to that of fatigue loading, confirming that the joint cracked. If
the test were continued by applying larger loads, the rotation would have been increased significantly
in a nonlinear manner. The test, however, was stopped to perform the rehabilitation.
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Figure 8-11. Girder-to-Girder Joint Rotation for Conventional Double-Tee Bridge Specimen during Joint
Crack Strength Testing

8.2.2 Rehabilitated Double-Tee Bridge Test Specimen

After completion of the tests on the conventional double-tee bridge specimen, the bridge’s girder-to-
girder longitudinal joint was rehabilitated using two methods discussed in the previous chapters. The
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longitudinal joint for one half of the bridge was rehabilitated using UHPC pocket detailing and the other
half with continuous LMC detailing. The rehabilitated bridge specimen was initially tested under
500,000 cycles of AASHTO Fatigue Il loading, which is referred to as “Phase Ill” hereafter, followed by
an additional 100,000 cycles of AASHTO Fatigue | loading as “Phase IV.” Finally, the rehabilitated bridge
was monotonically loaded to failure in “Phase V.”

8.2.2.1 Continuous Joint Cracking of Rehabilitated Double-Tee Bridge Prior to
Testing

Several cracks were observed in the transverse direction of the bridge in LMC of the continuous joint
prior to testing (Fig. 8-12). The cracks were spaced 12-in. apart along the length of the continuous
joint. The LMC cracks are attributed to the expansion of the grout during the high-temperature rapid
curing and restrained boundaries (adjacent girders) causing induced stresses at the time of cooling.
No cracking was observed in the UHPC pockets.

Girder A

a. LMC Cracks b. Close-up of LMC Cracks

Figure 8-12. Transverse Cracks in Continuous Joint of Rehabilitated Double-Tee Bridge Specimen
Prior to Testing

8.2.2.2 Phase llI: Fatigue Il Testing of Rehabilitated Double-Tee Bridge

Water was seeping through the LMC continuous joint cracks before the initiation of the fatigue Il
testing (Fig. 8-13a). The water seepage beneath the joint reduced after 500,000 cycles of the fatigue
testing (Fig. 8-13b) perhaps because of the rehydration of LMC when the water penetrated. No
additional leaks or any other damage was observed during the fatigue testing. The pocket joints that
filled with UHPC did not damage or leak during the entire 500,000 cycles of the Fatigue Il testing (Fig.
8-14a and b).
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b. Leak in LMC after Fatigue Testing

c. Before Testing — Top of Bridge d. After Testing — Top of Bridge

Figure 8-13. Damage of Continuous Joint of Rehabilitated Double-Tee Bridge Specimen during
Fatigue Il Testing

L USSR |

c. Before Testing — Top of Bridge d. After Testing — Top of Bridge

Figure 8-14. Damage of UHPC Pocket Joints of Rehabilitated Double-Tee Bridge Specimen during
Fatigue Il Testing
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Figure 8-15 shows the measured stiffness versus the number of the load cycles during the Fatigue |l
testing. The stiffness of the specimen was determined as explained in section 8.2.1.1. Direct
observations indicated that the rehabilitated bridge stiffness essentially remained constant during the
Fatigue Il testing. No damage was observed for the pocket joint, continuous joint, or any other
members of the bridge through 500,000 cycles of loading.
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Figure 8-15. Stiffness Degradation during Fatigue Il Testing of Rehabilitated Double-Tee Bridge Specimen

Girder-to-girder joint relative vertical and horizontal displacements for the rehabilitated bridge were
measured (Fig. 8-16). Results indicated that the measured joint relative displacements were negligible
throughout the Fatigue Il testing, indicating no girder-to-girder joint damage.
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Figure 8-16. Longitudinal Joint Relative Displacements for Rehabilitated Double-Tee Bridge Specimen
during Fatigue Il Testing

Girder-to-girder joint rotations (Fig. 8-17) in the transverse direction of the rehabilitated bridge were
also measured 1.5 ft away from the mid-span. Measured joint rotations were negligible throughout
the Fatigue Il testing, indicating that the rehabilitated girder-to-girder joints did not degrade.
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Figure 8-17. Girder-to-Girder Joint Rotation for Rehabilitated Double-Tee Bridge Specimen during Fatigue
Il Testing

8.2.2.3 Phase IV: Fatigue | Testing of Rehabilitated Double-Tee Bridge

Figure 8-18 shows the rehabilitated joint condition after Fatigue | testing. No new damage or leaks
were observed beyond the LMC, prior to testing the cracks discussed in section 8.2.2.1, including LMC
continuous joints or the UHPC pocket joints throughout 100,000 cycles of the Fatigue | testing.

a. LMC Continuous Joint - underneath of Bridge b. UHPC Pocket Joint - underneath of Bridge

¢. LMC Continuous Joint — Top of Bridge d. UHPC Pocket Joint — Top of Bridge

Figure 8-18. Damage of Rehabilitated Double-Tee Bridge Specimen after Fatigue | Testing
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Figure 8-19 shows the measured stiffness, versus the number of the load cycles, during Fatigue |
testing. The bridge stiffness essentially remained constant during Fatigue | testing.
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Figure 8-19. Stiffness Degradation for Rehabilitated Double-Tee Bridge Specimen during Fatigue |

Testing

Figure 8-20 shows the rehabilitated girder-to-girder joint’s relative vertical and horizontal
displacements during Fatigue | testing. The measured joint’s relative displacements were negligible

throughout the testing, indicating no girder-to-girder joint damage.
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Figure 8-20. Longitudinal Joint Relative Displacement for Rehabilitated Double-Tee Bridge Specimen

during Fatigue | Testing

Girder-to-girder joint rotations (Fig. 8-21), in the transverse direction of the bridge, were also
measured 1.5 ft away from the mid-span. The measured joint rotations were negligible throughout

Fatigue | testing, indicating that the rehabilitated girder-to-girder joint did not degrade.

Rehabilitation of Long. Joints in Double-Tee Girder Bridges

70

May 2018



o
o
a1

‘Rehabilitated Specimen ‘ + *
~ — - _7; 6 7_#
550.04 1| Phase IV, P = 42 kips | 8 ! 3
== ] /\ :; ,“J ,\ ‘:"‘. »l

3 ] i |

§003 t HERn
T ]
1S) 1
o i
g ]
S 001 | -

j,_/v

O A Y Y ! i % T T T T

° S0 100

Number of Cycles, N (x 1000)

Figure 8-21. Girder-to-Girder Joint Rotation for Rehabilitated Double-Tee Bridge Specimen during Fatigue
| Testing

8.2.2.4 Phase V: Strength (Ultimate) Testing of Rehabilitated Double-Tee Bridge

The rehabilitated bridge specimen was monotonically loaded at the mid-span of the bridge under a
displacement controlled loading protocol to failure (Fig. 8-22). The mode of failure of the bridge was
compression failure of the concrete at the girder top flange in a ductile manner, indicating that both
rehabilitated joints were sufficiently strong to avoid connection failure and to make the bridge behave
monolithically. The first crack was observed in the west stem of Girder A (loaded girder) at the mid-
span during loading to 60 kips (Fig.8-22a). New cracks formed, extended, and widened on the stems
of the both girders at higher displacement demands (Fig. 8-22b). Both girders exhibited ductile failure
with a displacement capacity of 9.5 in. (Fig. 8-22c and d). No new damage beyond the LMC prior to
testing cracks discussed in section 8.2.2.1 was observed in the LMC continuous joint or the UHPC
pocket joints at the bridge failure (Fig. 8-22e and f).
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Figure 8-22. Damage of Rehabilitated Double-Tee Bridge Specimen during Strength Testing

Figure 8-23 shows the force-displacement relationship for Girders A and B measured at the mid-span.
Both girders acted similarly in a ductile fashion indicating monolithic behavior for the rehabilitated
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joints. The girders reached and surpassed the AASHTO Service | limit state without cracking indicating
sufficient structural performance. At the peak load of 113.9 kips, the deflection of Girders A and B was
7.56 and 7.14 in., respectively. The bridge failed at the Girder A at a displacement of 9.55 in. and the
actuator load of 111.1 kips. The first girder crack was observed during loading of the bridge to 60 kips.
The load amplitude at which the girders cracked, based on the strain data (discussed later, Fig. 8-25),
was estimated to be 53.8 kips. Overall, both rehabilitation methods were found to be structurally
viable.
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Figure 8-23. Force-Displacement Relationship for Rehabilitated Double-Tee Bridge Specimen During
Strength Testing

Load cells were used to measure south end reactions of the girders, one load cell per stem. The
reactions were used to determine the girder load distribution based on a percentage of the applied
load (P/2 per girder end). The girder end reactions at the beginning of the fatigue testing, after the
Fatigue Il and Fatigue | testing, and at AASHTO service | and strength | limit states were compared in
Fig. 8-24. Results indicated that the load distribution remained approximately the same throughout
all phases of testing showing sufficient girder-to-girder detailing for the rehabilitated joints.

‘IA EB mC ID‘

60.0
\Rehabilitated Specimen ‘ T
0.0 ¥ Load Distribution ] a A — (
: A B C D
(P at Midspan) U Y

I
o
o

N
o
o

End Reactions (% of P/2)
= 8
o o

o
o

Ok Cycles 500k 600K  Service | Strength |
Cycles Cycles LS LS

Figure 8-24. Girder Load Distribution for Rehabilitated Double-Tee Bridge Specimen
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Figure 8-25 shows the strains of the prestressing strands and concrete in the flange of the loaded
Girder A during strength testing. Cracking of girders can be identified using strain data where there
is a sudden increase in reinforcement strains. The first girder cracking occurred at an actuator load of
53.8 kips (Fig. 8-25). Prestressing losses were not measured in this project. The initial strain in the
prestressing tendon resulting from the 31 kip pre-tensioning force was calculated as 7,109 micro-
strain. The yield strain of Grade 270 tendons is 8,772 micro-strain. Therefore, yield in the outermost
prestressing tendon would occur at an actuator load of 71.2 kips, which induces 1,663 micro-strain in
the tendon. The maximum strain in the extreme tendon in the right stem of Girder A at the peak load
of 113.9 kips was 22,317 micro-strain. The maximum measured tendon strain at the girder’s failure
was 30,601 micro-strain. The maximum compressive strain in the concrete was 114 micro-strain at a
load of 60.2 kips. The neutral axis of the section shifted upward when the applied load increased. For
example, the neutral axis at a load of 79 kips was at a depth of 3.5 in. from the top of the girder where
the embedded concrete strain gauges were installed. The unloaded section neutral axis was at a depth
of 7.75 in. from the top of the girder.
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Figure 8-25. Measured Strains of Loaded Girder in Rehabilitated Double-Tee Bridge Specimen during
Strength Testing

Figure 8-26 shows the strains of the prestressing strands and concrete in the flange of Girder B during
the strength testing. The first girder cracking occurred at an actuator load of 55.4 kips (Fig. 8-25). The
yield strain of the extreme tendon was estimated to be 1,663 micro-strain, which corresponds to an
actuator load of 75.6 kips. The maximum strain in the extreme tendon in the left stem of Girder B at
the peak load of 113.9 kips was 23,552 micro-strain. The maximum measured tendon strain at the
girder failure was 31,478 micro-strain. The maximum compressive strain in the concrete was -122
micro-strain at a load of 68.6 kips. The neutral axis of the section shifted upward to a 3.5-in. depth
(location of embedded concrete strain gauges) from the top of the girder at a load of 92.5 kips. It can
be seen that the maximum tendon tensile strain in Girder B is 3% more than that in Girder A, and the
load at first cracking in Girder B is 3% higher than that in Girder A. Overall, both girders behaved
monolithically with the same performance.
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Figure 8-26. Measured Strains of Girder B in Rehabilitated Double-Tee Bridge Specimen During Strength
Testing

Several strain gauges were also installed on the reinforcement of the rehabilitated joints. Figure 8-27
shows the strains of the transverse reinforcement in the UHPC pockets of the rehabilitated bridge
during the strength testing. The reinforcement strains were higher in pocket P4 compared to the other
pockets. The maximum pocket reinforcement strain at the girder failure was 1,839 micro-strain for
the girder exposed steel D8 wires and 1,471 micro-strain for the pocket new No.4 steel bars. For
pocket P3, the maximum reinforcement strain at the girder failure was 132 micro-strain in the exposed
D8 wires and 767 micro-strain in the No.4 bars. The theoretical yield strain of Grade 70 steel wire and
Grade 60 steel bars is 2,414 and 2,069 micro-strain, respectively. None of the UHPC pocket
reinforcement yielded, even at the girder failure meeting joint capacity-protected requirements.
Joints are capacity-protected according to the AASHTO thus they shall not fail before the connecting
member failure.
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Figure 8-27. Measured Strains of Transverse Reinforcement in UHPC Pockets of Rehabilitated Double-
Tee Bridge Specimen During Strength Testing
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Figure 8-28 shows the strains in the transverse reinforcement of the LMC continuous joint during the
strength testing. The strains of one of the steel wires located under the applied load were higher than
the others, mainly due to stress concentration. The strain of this wire at girder failure was 2,949 micro-
strain, which was 20% higher than the wire yield strain. The strain of another wire located 12 in. away
from the point load at the girder failure was 1,272 micro-strain, which was 50% lower than the wire
yielding. Reinforcing steel wires in the rehabilitated continuous joints of double-tee bridges, therefore,
are not expected to yield, even under the AASHTO strength | limit state.
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Figure 8-28. Measured Strains of Transverse Reinforcement in LMC Continuous Joint of Rehabilitated
Double-Tee Bridge Specimen during Strength Testing

Figure 8-29 shows the strain in the longitudinal reinforcement in both the pocket and continuous joints
of the rehabilitated bridge during strength testing. The reinforcement strains were all compressive.
The maximum measured compressive strain at girder failure was -777 micro-strain, which is in the
linear-elastic range.
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Figure 8-29. Measured Strains of Joint Longitudinal Reinforcement in Rehabilitated Double-Tee Bridge
Specimen during Strength Testing
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Figure 8-30 shows the girder-to-girder joint relative displacements during strength testing. The girder-
to-girder relative vertical displacement closest to the applied point (RV-5) at the girder failure was
0.0062 in. Based on the measured data, it can be inferred that the UHPC joint close to the loading
plate and between the two UHPC pockets cracked at an actuator load of 56.8 kips, which was higher
than the AASHTO Service | limit state of 51 kips. However, no crack was observed for the UHPC joint
at this load level. The relative joint displacement was considered insignificant, therefore. The joint
relative vertical displacements were negligible at other locations at the pocket and continuous joints.
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Figure 8-30. Girder-to-Girder Joint Relative Displacement for Rehabilitated Double-Tee Bridge Specimen
during Strength Testing

Girder-to-girder joint rotations (Fig. 8-31) in the transverse direction of the bridge were measured 1.5
ft away from the mid-span. The measured joint rotation was 0.009 degrees, which was negligible, at
the girder failure.
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Figure 8-31. Girder-to-Girder Joint Rotation for Rehabilitated Double-Tee Bridge Specimen during
Strength Testing
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8.3 Performance of Double-Tee Bridges under Different Limit States

8.3.1 Double-Tee Bridge Test Specimens

A full-scale 40-ft long double-tee bridge, incorporating the conventional girder-to-girder joint detailing,
was first tested to crack the joint. Subsequently, the bridge joint was rehabilitated using two methods.
The rehabilitated bridge was then tested under AASHTO Fatigue Il, Fatigue |, Service, and Strength limit
states to investigate the performance of the rehabilitated bridge and to obtain data in order to
comment on the suitability of the proposed joint detailing.

The response of the rehabilitated bridge tested in the present study was compared with that of two
double-tee bridges tested by Wehbe et al. (2016) in which one bridge was built with the conventional
detailing, and the other was constructed with continuous girder-to-girder detailing. The conventional
girder-to-girder joint detailing was the same as that used in the present study, which consisted of
discrete steel plates welded to embedded anchors in a shear key that was then filled with a non-shrink
grout. In the continuous joint detailing (suitable for new construction but not for rehabilitation), the
flange transverse wires were extended outside the double-tee girders, then were lap spliced with the
adjacent girder extended wires along the entire length of the bridge. The joint was completed by
pouring a non-shrink grout. Wehbe et al. (2016) evaluated the performance of both the conventional
girder-to-girder detailing of a double-tee bridge and the new continuous joint detailing through full-
scale testing of double-tee bridges. The geometry, detailing, material properties, and testing
procedures of the bridges tested by Wehbe et al. (2016) were the same as those for the rehabilitated
bridge tested in the present study.

8.3.2 Observed Damage

8.3.2.1 Rehabilitated Double-Tee Bridge

Transverse cracks were observed in LMC utilized in the continuous joint of the rehabilitated bridge
prior to testing (Fig. 8-32). The cracks were spread along the entire length of the continuous joint and
spaced at 12 in. The cracks were deep allowing water to penetrate through the joint. These cracks
had no effect on the structural performance of the rehabilitated continuous joint. No cracks or leaks
were observed in UHPC incorporated into the rehabilitated pocket joint, prior to or during all phases
of the testing. The UHPC was found to be a durable and structurally viable material for this project.

a. LMC Cracks
Figure 8-32. Transverse Cracks of Continuous Joint in Rehabilitated Double-Tee Bridge
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8.3.2.2 Newly Constructed Double-Tee Bridges with Conventional or Continuous
Joints

Wehbe et al. (2016) observed no cracks or leaks in the longitudinal joint of the continuous double-tee
specimen throughout fatigue and strength testing. The longitudinal joint of the conventional specimen
started leaking at 19,500 load cycles, grout spalled at 43,000 load cycles, and the connection failed at
a load cycle of 62,000 during the AASHTO fatigue | testing. The conventional joint failed during the
strength testing by headed-stud pullout before reaching the AASHTO strength limit state
requirements.

8.3.3 Fatigue Performance

8.3.3.1 Rehabilitated Double-Tee Bridge

Approximately 411,000 trucks will pass a bridge located on a SD local road for a 75-year design life
based on an ADTT of 15. The rehabilitated test bridge was subjected to 500,000 cycles of AASHTO
Fatigue Il loading at the mid-span, followed by an additional 100,000 cycles of AASHTO Fatigue |
loading. The point load applied at the mid-span was equivalent to the maximum moment that two
interior double-tee girders would experience under truck loading for limit states specified in AASHTO
(2013). The rehabilitated bridge specimen experienced no stiffness degradation throughout the
fatigue testing (Fig. 8-33 and 8-34). A total of 600,000 fatigue cycles is equivalent to 110 years of
service for a bridge on a local road in SD. No damage beyond those discussed for LMC was observed
in the fatigue testing, indicating sufficient structural performance for the rehabilitated bridge.

8.3.3.2 Newly Constructed Double-Tee Bridges with Conventional or Continuous
Joints

The bridge with the conventional longitudinal joint (Wehbe et al., 2016) degraded rapidly under
100,000 cycles of AASHTO Fatigue Il loading (Fig. 8-33) or 60,000 cycles of AASHTO Fatigue | loading
(Fig. 8-34), confirming that conventional longitudinal joint detailing is not structurally adequate for
long-term performance.

Overall, the double-tee bridge specimens with either rehabilitated or continuous girder-to-girder
detailing performed sufficiently under fatigue loading and are suitable for field applications.
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Figure 8-33. Stiffness Degradation for Different Double-Tee Bridges under AASHTO Fatigue Il Loading
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Figure 8-34. Stiffness Degradation for Different Double-Tee Bridges under AASHTO Fatigue | Loading

8.3.4 Force-Displacement Relationships

Figure 8-4 shows the force-displacement relationships for the rehabilitated double-tee bridge, the
conventional double-tee bridge, and the double-tee bridge with continuous joint detailing. The
AASHTO Service | and Strength | limit states are also included.
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8.3.4.1 Rehabilitated Double-Tee Bridge

The rehabilitated specimen did not crack under the Service | limit state. The first crack of the girders
of the rehabilitated bridge was at a force of 53.8 kips. The load carrying capacity of the rehabilitated
bridge was 113.9 kips, which was 28% higher than the Strength | limit state indicating sufficient
performance. The failure mode of the rehabilitated bridge was compressive failure of the girder flange
concrete at 9.55 in. of displacement in a ductile manner.

8.3.4.2 Newly Constructed Double-Tee Bridges with Conventional or Continuous
Joints

The bridge with the continuous detailing (Wehbe et al., 2016) performed similarly to the rehabilitation
bridge in terms of force-displacement response (Fig. 8-35). The force-displacement relationship was
approximately the same as that for the rehabilitated specimen with 113-kip load capacity and 9 in. of
displacement capacity. The conventional bridge was insufficient, however, since it did not meet
AASHTO limit state requirements. The girders of the conventional double-tee specimen cracked at 40
kips, prior to the Service | limit state of 51 kips. The girder-to-girder joint failed at a load equivalent to
70% of the Strength | limit state where the headed studs of the embedded steel plates pulled out from
the girder concrete.

Overall, the performance of the rehabilitated bridge was found to be acceptable, since it behaved as a
monolithic cast-in-place bridge. Both rehabilitation methods, pocket and continuous joints, are
structurally viable, but UHPC should only be used as filled material due to improved durability.
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Figure 8-35. Force-Displacement Relationships for Loaded Girders of Different Double-Tee Bridges

8.4 Constructability of Proposed Joint Rehabilitation Methods

This section includes a discussion of the constructability of the pocket and continuous joint
rehabilitation methods.
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8.4.1 Method of Demolishing

The perimeter of the pocket and continuous joint was saw-cut using a portable, gas powered diamond-
blade concrete saw. This process was very easy. The longitudinal joint was demolished using hammer-
chipping at a 45-degree inclination. The hammer-chipping was somewhat tedious since the girders
were new and relatively undamaged and built with concrete with a compressive strength of 9,000 psi.
The hammer-chipping was more effective when using a 30-Ib pneumatic hammer-chipper. A 30-lb
pneumatic hammer-chipper should not be used, however, when exposing the reinforcement and
finishing the joint. Some minor spalling of the concrete stem was noticed during demolition (Fig. 8-
36a). The disturbed areas were patched with the filler material using a formwork consisting of
Styrofoam and plywood (Fig. 8-36b). The formwork was installed from the top and removed relatively
easily from the bottom of the bridge. A significant amount of concrete debris fell through the joint
during demolition. To catch falling debris, a catcher could be placed beneath the bridge. Overall, the
hammer-chipping demolition process was found to be a viable method for field applications for both
continuous and pocket joints.

a. Girder Concrete Spalling b. Formwork Placement

Figure 8-36. Joint Preparation for Rehabilitation

8.4.2 Construction of Rehabilitated Continuous Joint

The girder concrete was hammer-chipped in two stages each on 25% of the length of the bridge to
form the continuous joint. This was done to improve the overall stability of the bridge by avoiding
stem-to-deck connection failure. The wire mesh installation was easy and relatively fast. The time to
demolish and prepare the continuous joint was 2.5 times longer than that for the pocket joint.

Premix LMC was used in the continuous joint as the filler material. The mix was simple and fast, since
the premix LMC just requires water. The set time for LMC was only 30 minutes, which requires
advanced planning and proper management of workforce in the field.

8.4.3 Construction of Rehabilitated Pocket Joint

The girder concrete was hammer-chipped to form the pockets. Preparation of the pocket joints was
easier and 2.5 times faster than the continuous joint. The installation of the new reinforcing steel bars
was relatively easy and fast.
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Premix UHPC was used to fill the pockets. The UHPC mix is more involved and time consuming
compared to conventional grout or LMC, since it requires adding premix powder, steel fibers,
plasticizer, and water. Mortar mixers are required for mixing UHPC, and each batch of UHPC can take
up to 20 minutes depending on the size of the mixer. Multiple or large mortar mixers should be used
in field applications for batching UHPC. Unlike LMC, UHPC has a long working time. Static flow of the
UHPC should be checked before placement.

8.5 Cost of Double-Tee Bridge Longitudinal Joint Rehabilitation

The cost of both the pocket and continuous joint rehabilitation methods was compared to the cost of
superstructure replacement for a 40-ft long by 30.66-ft wide double-tee bridge.

The material and fabrication cost provided by the SDDOT for a 46-in. wide and 23-in. deep double-tee
girder is approximately $247 per linear foot. For a 30.66-ft wide bridge having eight girders and seven
longitudinal joints, the total material and fabrication cost is $79,040. Furthermore, crane mobilization,
superstructure demolition and removal, and onsite activity costs should be included (Table 8-9). The
superstructure replacement costs were also verified by a contractor.

Costs of double-tee bridge girder-to-girder joint rehabilitation were estimated by a contractor, who
performed the rehabilitation of the double-tee test specimen in the Lohr Structures laboratory. The
cost of the filler material was assumed to be $88/ft3. The approximate cost of the “pocket” and
“continuous” joint rehabilitation detailing for a 40-ft long and 30.7-ft wide bridge with eight double-
tee girders was $31,685 and $64,856, respectively, which are 26% and 53%, respectively, of the cost
of the bridge superstructure replacement.

Note aforementioned costs are raw and do not include mobilization, markup, taxes, fees, and
insurance costs. A catch system is also needed underneath the bridge to collect debris during
construction. The cost of a metal deck catcher is between $30k to S40k for a 40-ft long 31-ft wide
bridge. The cost of a heavy-duty debris safety net for a 40-ft long 31-ft wide bridge is less than $5,000.
The catcher cost was not included in the neither replacement nor rehabilitation option.

Both rehabilitation methods are structurally viable and are feasible in the field. In conclusion, the
pocket rehabilitation method is the cheapest solution to preserve in-service double-tee bridges. The
pocket rehabilitation method offers approximately 70% cost saving compared to the superstructure
replacement option.

Table 8-9. Rehabilitation vs. Replacement Costs for 40-ft Long Double-Tee Bridges

Type ‘ Item Cost
Girder Material and Fabrication $79, 040
Superstructure Girder Demoalition, Removal, and Construction $25,000
Replacement Crane Mobilization $20,000
Total $124,040
Superstructure Pocket Joint $31,685 (or 26% of Superstructure Replacement)
Rehabllitation Continuous Joint $64,856 (or 53% of Superstructure Replacement)
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9 PROPOSED CONSTRUCTION SPECIFICATIONS

This chapter includes proposed construction specifications for the rehabilitation of double-tee bridge
girder-to-girder longitudinal joints. The proposed rehabilitation details are valid for 23-in. deep
double-tee girder bridges that are reinforced with welded wire fabrics in the flange (deck). Most
double-tee bridges constructed after 2005 meet this requirement.

9.1 Preparation for Double-Tee Longitudinal Joint Rehabilitation

The general requirements for the demolition and preparation of double-tee bridge girder-to-girder
longitudinal joints for field applications are the following:

1. Amaximum 1-in. deep saw-cut shall be allowed around the perimeter of the joints for the ease
in demolition.

2. Hammer-chipping should be allowed for existing concrete demolition if meeting all of the
following requirements:

a. For pocket joint rehabilitation, concrete shall be chipped with a slope of 45°. Concrete
of the intermediate shear keys between the pockets shall be chipped with a minimum
of 20° with respect to a vertical line.

b. For continuous joint rehabilitation, concrete shall be chipped with a slope of 45°.

The use of either 15-lb or 30-lb pneumatic hammer chippers shall be allowed.
However, the 30-Ib hammer chippers shall not be used for demolishing of double-tee
flange existing concrete deeper than 2.5 in. from the surface of the girder. In this case
or in the vicinity of the girder reinforcement, only 15-Ib hammer chippers shall be
used.
3. The use of hydro-demolition shall be allowed to remove existing concrete from the double-tee
girder flange and to form the joint.
4. After forming the joint and exposing the existing reinforcement, the joint surface shall be sand-
blasted and pre-wetted with burlap for at least 12 hours prior to pouring.
5. Formwork shall be water tight and may be installed from the top of the bridge. Nets shall be
installed beneath the bridge to catch falling debris.

9.2 Rehabilitation Methods for Double-Tee Longitudinal Joints

Feasibility and performance of two rehabilitation methods were investigated in the present study: (1)
discrete pockets filled with Ultra-High Performance Concrete (UHPC) and reinforced with steel bars,
and (2) continuous joints filled with Latex Modified Concrete (LMC) and reinforced with wire mesh. Of
the two method, only the UHPC pocket joint was found to be both structurally viable and durable.
Even though the LMC continuous joint was structurally viable, it showed shrinkage cracks, which may
cause serious durability issues in field applications. Therefore, only the UHPC filled pocket joint
detailing should be used for the rehabilitation of double-tee bridge longitudinal joints. Continuous
joint detailing may be an acceptable option for field applications if the joint is filled with UHPC or other
material which does not shrink when used to fill relatively large gaps.
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9.2.1 Pocket Detailing for Rehabilitation of Double-Tee Bridge Longitudinal Joints

Rehabilitation of girder-to-girder joints of double-tee bridges using the “pocket” detailing method shall
be performed according to the following requirements:

1.

Square pockets, each with a minimum side dimension of 18 in., shall be formed meeting the
preparation requirements. For each girder-to-girder joint, one pocket shall be placed at the
mid-span of the bridge, and two pockets shall be placed no more than 24 in. away from the
ends of the bridge (Fig. 9-1). The spacing of pockets between the mid-span and the end-span
pockets shall not exceed 5 ft center-to-center. The pocket shall be filled with UHPC with a
minimum 28-day compressive strength of 18 ksi.

The square pockets shall be reinforced with at least four ASTM A706 (or A615) Grade 60 No. 4
reinforcing steel bars in both the longitudinal and transverse directions of the bridge (Fig. 9-
2b).

A continuous shear key with a minimum width of 5.5 in. shall be formed meeting the
preparation requirements then be filled with UHPC. The UHPC intermediate keyways shall be
longitudinally reinforced with at least two ASTM A706 (or A615) Grade 60 No. 4 bars (Fig. 9-
2c) for the entire length of the bridge. A minimum of 2.5 in. clear cover shall be provided for
the longitudinal reinforcement.

A minimum of 3 in. lap-splice between the pocket reinforcement and the deck exposed wires
shall be provided in the transverse direction of the bridge. This length ensures full bar
development to fracture (Fig. 9-2b and c).
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9.2.2 Continuous Detailing for Rehabilitation of Double-Tee Bridge Longitudinal
Joints

Rehabilitation of girder-to-girder joints of double-tee bridges using the “continuous” detailing method
shall be performed according to the following requirements:

1. Demolition and construction for each longitudinal joint of the bridge using the “continuous”
detailing method shall be performed using segmental construction with quarter-span
increments per joint. Joints shall not be rehabilitated along the length of the bridge all at once.
Two adjacent joints shall not be demolished and rehabilitated at the same time.

2. A continuous opening with a minimum width of 22 in. shall be formed (Fig. 9-3) meeting the
preparation requirements. The joint shall be filled with UHPC with a minimum 28-day
compressive strength of 18 ksi.

3. Other filler materials such as non-shrink grout, latex modified concrete, and fiber
reinforcement concrete shall not be used for the continuous joints due to shrinkage cracking.
New materials with improved durability suitable for filling large gaps may be used with bridge
owner approval.

4. The continuous joints shall be reinforced with ASTM A497 Grade 70, 4 by 4 in. D8/D8 welded
wire mesh (Fig. 9-4).

5. A minimum of a 5-in. lap-splice between the new and existing reinforcement shall be provided
in the transverse direction of the bridge to ensure full development of the wires to fracture
(Fig. 9-4b).

6. If wire meshes must be spliced over the length of the bridge, at least five No. 4 ASTM A706 (or
A615) Grade 60 reinforcing steel bars shall be used to splice the wires in the longitudinal
direction of the bridge with a minimum splice length of 12 in. per wire (Fig. 9-4c).
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10 CONCLUSIONS

The girder-to-girder joints of double-tee bridges, the most common type of bridge on South Dakota
local roads, are deteriorating due to improper detailing. Experimental and analytical programs were
executed in the present study to investigate the feasibility and performance of two rehabilitation
methods for the longitudinal joints in double-tee bridges. Based on this study, the following
conclusions can be drawn.

Of 20 rehabilitation alternatives, those with continuous detailing are more durable.

Thirteen large-scale beam tests showed that at least a 3-in. lap-splice is needed for joints with
UHPC, and a 5-in. lap-splice is need for joints with LMC. The minimum splice length ensures
bar fracture.

Finite element analyses showed that the use of pocket detailing is feasible for the
rehabilitation of double-tee bridge girder-to-girder joints. The joint geometry was optimized
through the analytical study.

The full-scale bridge test confirmed that the non-shrink grout used in conventional longitudinal
joint detailing cracks under the AASHTO Service | limit state loading; therefore, current double-
tee joint detailing is inadequate.

Hammer-chipping was found to be a viable demolition method.

Findings from the literature indicate that UHPC and LMC are durable materials. Therefore,
these materials were included in the present experimental study. However, transverse
shrinkage cracks and water leaks were observed in LMC at the continuous joint of the full-scale
bridge before testing. The LMC shrinkage cracks were mainly due to a restrained boundary
condition. The shrinkage cracks had no effect on the structural performance of the bridge, but
it might cause durability issues if this material were incorporated in field. More durable filler
materials such as UHPC may be used for continuous detailing. No shrinkage cracks were
observed for UHPC.

Both rehabilitation longitudinal joint detailing methods, pocket and continuous, did not
deteriorate through 500,000 cycles of AASHTO Fatigue Il loading and 100,000 cycles of AASHTO
Fatigue | loading. The rehabilitated bridge test specimen was subjected to a total of 110 years
of service loads. The stiffness of the bridge remained constant throughout the fatigue testing.

The first flexural crack was observed in the stem of the loaded girder of the rehabilitated bridge
at 53.8 kips, which was higher than the Service | limit state of 51 kips.

The rehabilitated bridge load carrying capacity of 113.9 kips was higher than the AASHTO
Strength | limit state of 89 kips, indicating sufficient performance for the rehabilitated joints.
The strength capacity of the rehabilitated specimen was 1.5 times higher than a conventional
reference double-tee bridge test specimen.

The force-displacement relationship of both girders of the rehabilitated bridge was essentially
the same throughout strength testing, indicating monolithic behavior.
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e No structural damage or yielding of the reinforcement was observed in both joint
rehabilitation details during strength testing.

e The failure mode of the rehabilitated bridge was the crushing of concrete in the deck of both
girders at 9.55 in. of displacement in a ductile manner. No damage to rehabilitated joints was
observed at the girder failure.

e In comparing the two methods, the rehabilitation cost of the pocket versus continuous joint
detailing for a 40-ft long, 30.6 ft wide double-tee bridge is 26% and 53%, respectively, of the
superstructure replacement cost of the same bridge.

Overall, both proposed rehabilitation methods are structurally viable. The UHPC pocket alternative is
the cheapest and the most durable solution to extending the service life of double-tee bridge
longitudinal joints for another 75 years.
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11 RECOMMENDATIONS
Based on the findings of this study, the research team offers the following recommendations.

11.1 Recommendation 1: General

Longitudinal joints of prestressed double-tee girder bridges with a girder depth of 23 in. may be
rehabilitated using the preparation and construction detailing specified in the following sections.

Experimental and analytical studies were performed only on 23-in. deep double-tee girder bridges
because they are more common than 30-in. deep double-tee girder bridges in South Dakota.

11.2 Recommendation 2: Rehabilitation Methods

Both “pocket” and “continuous” detailing should be allowed for the rehabilitation of longitudinal
joints of double-tee girder bridges.

Two methods for the rehabilitation of double-tee bridge longitudinal joints can be used in field: (1)
“pocket” detailing in which discrete pockets reinforced with steel bars are formed and then are
connected together through a longitudinally reinforced shear key, and (b) “continuous” detailing in
which a continuous longitudinal joint is reinforced with wire mesh. The use of the pocket detailing
method is more economical than the continuous detailing method. The pocket rehabilitation detailing
cost is expected to be approximately 30% of double-tee bridge superstructure replacement cost.

11.3 Recommendation 3: Joint Preparation for Rehabilitation

The guidelines as detailed in Sec. 9.1 should be adopted for the preparation of longitudinal joints of
double-tee girder bridges to be rehabilitated using either “pocket” or “continuous” detailing.

The joint preparation method described in Sec. 9.1 of the present report was exercised during the
rehabilitation of a full-scale 40-ft long double-tee bridge test specimen. A contractor was hired to
rehabilitate the bridge longitudinal joint. The proposed method of joint preparation was found simple
and practical. The preparation for the pocket joints was faster and less involved compared to the
continuous joint preparation.

11.4 Recommendation 4: Pocket Rehabilitation Method

The guidelines as detailed in Sec. 9.2.1 should be adopted for the rehabilitation of longitudinal joints
of double-tee girder bridges using “pocket” detailing. Only Ultra-High Performance Concrete (UHPC)
should be used as the joint filler material.

The rehabilitation of longitudinal joints of double-tee girder bridges incorporating “pocket” detailing
should be performed in accordance to the requirements proposed in Sec. 9.2.1. The full-scale testing
of a 40-ft long double-tee bridge in which its longitudinal joint was rehabilitated using UHPC filled
pocket detailing showed that this rehabilitation method is viable and can meet all current AASHTO
LRFD (2013) requirements. Other cementitious materials such as non-shrink grout, fiber reinforced
grout, or Latex Modified Concrete (LMC) should not be used as the joint filler material due to durability
issues.
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11.5 Recommendation 5: Continuous Rehabilitation Method

The guidelines as detailed in Sec. 9.2.2 should be adopted for the rehabilitation of longitudinal joints
of double-tee girder bridges using “continuous” detailing. Only Ultra-High Performance Concrete
(UHPC) should be used as the joint filler material.

The rehabilitation of longitudinal joints of double-tee girder bridges incorporating “continuous”
detailing should be performed in accordance to the requirements proposed in Sec. 9.2.2. The full-scale
testing of a 40-ft long double-tee bridge in which its longitudinal joint was rehabilitated using LMC
filled continuous detailing showed that this rehabilitation method is structurally viable meeting all
current AASHTO LRFD (2013) requirements but LMC exhibited deep shrinkage cracks with water
seepage. Except UHPC, any other cementitious materials such as non-shrink grout, fiber reinforced
grout, or LMC should not be used as the joint filler material due to durability issues.
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12 RESEARCH BENEFITS

More than 700 double-tee bridges are currently in service on SD local roads. One of the main
concerns pertaining to current double-tee bridges is improper detailing of their longitudinal joints,
causing fast deterioration of double-tee girders. The only option to fix this problem at the time of
this writing is to replace the damaged girders, even though the majority of SD double-tee girders are
only 20 to 45 years old.

The cost-effective rehabilitation methods proposed in the present study for the longitudinal joint of
double-tee bridges can save millions of dollars for SD local governments and bridge owners, since the
rehabilitation cost is only 30% of a bridge superstructure replacement. The lifetime of the bridge
girder-to-girder joints can be extended for another 75 years by incorporating the proposed
rehabilitation methods.
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