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EXECUTIVE SUMMARY

INTRODUCTION

The Michigan Department of Transportation (MDOT) uses the Agency-Developed Element
(ADE) 826 to document the condition of a beam end only when deterioration or repair meets the
definitions in Condition State (CS) Table 9 of the Michigan Bridge Element Inspection Manual
(MiBEIM 2017). The quantity is reported per beam end when the deterioration or repair is within
5 ft of the bearing. Bridge inspection engineers and consultants submit requests for action (RFAs)
due to safety concerns associated with steel and PSC beam end conditions. Region bridge engineers
review RFAs and submit them to the Bridge RFA Coordination Committee (BRFACC) for
deliberation. The RFAs and subsequent decisions are made based on the currently available inspection
guidelines and the experience of inspection engineers, region bridge engineers, and BRFACC
members. Having focused guidelines and tools for bridge inspection engineers, region bridge
engineers, and other members of the BRFACC can streamline the RFA submission and evaluation
process. Additionally, the availability of beam end maintenance and repair guidelines, including
repair details and their impact on load capacity, is vital to overcoming programming and resource
allocation challenges while ensuring public safety and avoiding potentially unnecessary
restrictions on the motoring public. This project was initiated to address this broad scope, and the

findings are briefly discussed in this executive summary.

STEEL BEAM ENDS

Preference for Bolted Repairs over Welded Repairs

Thirty-two (32) scoping reports, inspector comments, bridge plans, and other associated
documents were reviewed to collect condition data on 431 beam ends. Welded repairs are typically
recommended for sections with cracks, buckled webs, buckled flanges, or a combination of these
defects. Repairs recommended at 98% of the 431 beam ends were bolted repairs. The data indicate
a strong preference for bolted repairs due to the challenges associated with field welding

requirements, fatigue concerns, and the difficulty in finding qualified welders.

Section Loss Limits for Repair Recommendations

The review of the literature and the survey of highway agencies indicated inconsistency in the
guidelines used for submitting RFAs for steel beam ends. For example, 1/8-inch section loss, 30%
section loss, and 10% section loss are used by various agencies to submit RFAs. Considering the

statistics presented in Chapter 2, it is recommended to use a 20% web section loss as the limit for
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determining the need for repairs on webs up to 0.625 inches thick, unless unique conditions at the
specific beam end dictate otherwise. Similarly, it is recommended to use a 10% flange section
loss as the limit for determining the need for repairs on flanges up to 1.25 inches thick when a

beam end has both web and flange section losses.

Capacity Prediction of Beam Ends with Holes

Sixty-two percent (62%) of beam end deteriorations are associated with the web area, particularly
affecting the bearing and shear zones near beam supports. The capacity of beam ends with holes
resulting from corrosion was studied. The impact of holes on beam end capacity was evaluated using
the most commonly used beam section in Michigan bridges—the W30x108. Both unstiffened and
stiffened beam ends with various hole configurations documented during bridge inspections were used
in this study. The analysis considered holes within the overhang, holes extending from the overhang
to the bearing, holes located over the bearing, and holes starting at the middle of the bearing and
extending toward the span. Both eigenvalue buckling analysis and post-buckling analysis using the
Riks method were employed to determine failure loads, incorporating web out-of-plane deformations

(imperfections) of 50%, 75%, and 100% of the web thickness to reflect field conditions.

For unstiffened W30x108 beam ends, web crippling controls the failure mode with a nominal
resistance of 231 kips. The finite element analysis showed excellent correlation with AASHTO
(2020) analytical solutions, with failure loads within 3% of the nominal resistance. For stiffened
beam ends, bearing resistance controls with a nominal resistance of 260 kips, while axial resistance
provides a capacity of 470 kips. When holes are located within the bottom 4 inches of the web
height with web crippling controlling, the remaining capacity of the beam end with 100%
imperfection can be calculated using the following load factors:

If HL/N < 0.80: ¢ = 0.50 (retains 50% of original capacity)

If HL/N > 0.80: ¢ = 0.38 (retains 38% of original capacity)
Where HL is the hole length and N is the bearing length.

For stiffened beam ends, the location of holes relative to the bearing stiffener is critical:
e When holes are located on both sides of the bearing stiffener: ¢ = 0.39 (retains 39% of
original capacity)

o For all other hole configurations: ¢ = 0.74 (retains 74% of original capacity)
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The MDOT load rating spreadsheet was updated to incorporate the effects of holes at beam ends,

including:

Addition of beam overhang parameter

Input fields for hole length and stiffener configuration

Automatic calculation of average remaining web thickness

Implementation of capacity reduction factors based on hole geometry and web out-of-plane

deformation magnitudes (i.e., imperfections).

The following recommendations are derived for practice:

Inspection: Measure thickness loss within the deteriorated region on a grid and report the
average value as the thickness loss. Report the thickness loss within the bottom 4 inches
of the web height near beam ends separately for load rating. Report the dimensions of the
holes resulting from corrosion, typically the length and height, and their location with
respect to the beam end and the top of the bottom flange.

Load Rating: Apply the recommended load factors when evaluating beam ends with
documented section loss, considering both hole length and stiffener presence.
Maintenance Planning: Beam ends with hole length-to-bearing length ratios exceeding
0.80 should receive priority for rehabilitation due to significant capacity reductions.
Design Considerations: The presence of end diaphragms with bent plates provides minimal
improvement in capacity for beams with deterioration, suggesting that resources may be
better allocated to direct web repair or stiffener installation.

Further Research: Additional investigation is recommended for holes exceeding 14% of

web height and for the long-term effects of progressive deterioration on beam end capacity.

Longevity and Fatigue Prediction of Bolted Steel Repairs at Beam Ends

Scoping inspections documented fatigue cracking at beam ends with bolted repairs. These bolted

repairs were implemented to address section loss at beam ends, which increases surface roughness and

the potential for fatigue crack development. The fatigue life of steel beam ends with bolted repairs

was evaluated using finite element analysis (FEA) and the fe-safe fatigue analysis software. A

W30x108 steel beam with a 50 ft span and 6 ft beam spacing was selected. The Brown-Miller strain-

based fatigue-life algorithm was used to represent the material behavior.
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The investigation examined multiple analysis cases, including as-designed beams, beams with bolt
holes, beams with pre-existing cracks of varying sizes (0.15ty and tw), and beams with bolted
repairs and pre-existing cracks. Surface finish effects were incorporated through surface finish
factors (K¢) of 1.0, 1.3, and 1.5, representing polished surfaces, 1000 p-in. surface roughness, and

approximately 2000 p-in. surface roughness, respectively.

The presence of bolt holes and a crack size of 0.15tw significantly reduces the fatigue life
compared to the as-designed beam conditions of this particular structure. The critical locations
identified through analysis corresponded well with crack patterns documented during field
inspections. These findings underscore the importance of early crack detection and repair in

maintaining structural integrity.

The study provides fatigue life calculation tables for all 28 Michigan legal truck configurations
and AASHTO fatigue trucks. Using Miner's rule with actual traffic data, engineers can estimate
the remaining fatigue life of similar details. The comprehensive procedure developed in this study
can be applied to other structural details not covered in the AASHTO LRFD specifications,

providing engineers with valuable tools for assessing the fatigue life of steel bridge members.

Impact of Pack Rust on Beam Capacity

The comprehensive review of literature and practice revealed that the impact of pack rust on beam
capacity is the least studied topic. This is primarily due to the challenge of quantifying the section loss
by measuring component deformation, which depends on the section thickness, boundary conditions
(bolt or weld patterns), the amount of corrosion products, the type of corrosion, and the relationship
between the amount of corrosion and the section loss. The current practice is to clean the corroded

details and use the remaining thickness for capacity calculation.

PSC I-BEAM ENDS

RFA and Scoping Inspection Guidelines

MDOT currently uses various templates and guidelines to document PSC I-beam end distress and
deterioration during inspections. A comprehensive review of nineteen scoping inspection reports,
Bridge Safety Inspection Reports (BSIRs) of 267 bridges, several RFA reports, and related
documents from the MiBRIDGE database revealed that existing inspection guidelines are
insufficient for collecting the minimum required data to assess beam end capacity and make

informed decisions regarding maintenance, repair, or load posting.
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To address these shortcomings, inspection guidelines and templates specifically designed for PSC
I-beam ends were developed. The guidelines include a systematic approach to beam end
discretization and detailed documentation procedures for delamination, spalls, and cracking.
These guidelines were developed with consideration for the future implementation of drone and

computer vision technologies to enhance traditional visual inspection methods.

The templates provide standardized data collection formats that include span identification, pier
information, beam numbers, dimensional measurements, and spaces for recommended repairs and
additional observations. This systematic approach ensures consistent documentation across
different inspection teams, facilitating more accurate condition assessments and maintenance

planning.

RFA Decision Matrix

MDOT required improved decision-making tools for evaluating PSC beam end deterioration to
enhance the identification of bridges requiring RFAs. Current RFA guidelines rely on general
condition ratings and visual inspection that lack clear correlations with structural performance,
creating challenges in determining when deteriorated beam ends require immediate attention

versus continued monitoring.

This project addressed the need for a rational, capacity-based assessment method by developing a
comprehensive beam end deterioration classification system using the Strut-and-Tie Method
(STM). The study focused on evaluating the PSC I-beam end capacity, particularly addressing
factors such as exposed prestressing strands, bearing area loss, and structural cracking that
significantly impact structural performance but are inadequately addressed by current inspection

protocols using ADE 826.

The research analyzed disturbed regions (D-regions) at beam ends, considering four primary
failure modes: longitudinal tie failure, bearing face failure, strut-to-node interface failure, and
transverse tie failure. Capacity calculations were validated using experimental data from 16 PSC

I-beam specimens.

The Strut-and-Tie Method was successfully implemented to model complex load transfer
mechanisms at PSC beam ends, providing a superior representation of failure modes compared to

conventional flexural design assumptions. A comprehensive set of Mathcad calculation sheets



was developed and delivered to MDOT for calculating capacities of as-designed, deteriorated, and

repaired beam ends.

Sensitivity analysis revealed that beam end shear capacity is primarily controlled by longitudinal
tie failure and is directly proportional to the percentage of exposed prestressing strands. Beam

section loss without strand exposure has minimal impact on capacity.

A 15% capacity reduction was established as the critical threshold for RFA decisions based on
structural safety considerations. Specific deterioration limits were developed, indicating that
narrow-flange beams, such as AASHTO Type III, can tolerate up to 35% loss of the bottom flange
section before reaching critical strand exposure levels. In contrast, wider-flange beams reach
thresholds at lower section loss percentages. For bearing area loss, a width of concrete spall up to
39% is acceptable at the bottom flange over the bearing, provided no strands are exposed. For

spalls on only one side of the bottom flange, the recommended limit is 20% of the flange width.

The developed capacity-based deterioration classification system should be integrated with the
current condition state definitions, which rely solely on section loss measurements. The
implementation of this classification system is expected to enhance bridge safety while optimizing
maintenance resource allocation by establishing rational correlations between visual inspection

data and structural performance.

Performance of Beam End Preservation and Repair Methods

MDOT has observed that traditional concrete patching methods for PSC beam ends provide only
short-term solutions and may contribute to accelerated concealed corrosion. In response, MDOT
developed Special Provision for Maintenance Repair of Prestressed Concrete Beam for Contract
Identification 25031-214869, 20SM712(A175), which requires cleaning of exposed steel
reinforcement and application of zinc-rich epoxy primer to enhance durability. However, the

performance of this preservation approach had not been evaluated prior to this study.

An experimental study was conducted to assess the effectiveness of various preservation and repair
techniques for deteriorated PSC beam ends through accelerated corrosion testing. A modified,
lower-cost version of the Bureau of Standards M-82 Protocol for Topical and Patch Repairs was
employed to evaluate ten concrete slab specimens (1 ft x 1 ft x 5.5 in.) with embedded reinforcing

steel. The study examined four different preservation and repair methods, including latex modified
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concrete (LMC), zinc-rich epoxy primer for steel, a silane penetrating sealer, and a breathable

concrete surface coating with crack bridging abilities.

The results indicate that patch repair with LMC provides protection only to the reinforcing steel
within the repaired area and offers no protection to adjacent steel elements. A similar limitation
was observed when a silane penetrating sealer was applied over regular concrete repairs,

suggesting limited effectiveness in preventing corrosion beyond the immediate repair zone.

The application of zinc-rich epoxy primer demonstrated reduced corrosion activity in the
surrounding reinforcement in most test cases. The combination of zinc-rich epoxy primer with
concrete surface treatments (either silane penetrating sealer or elastomeric coating) showed
improved performance compared to other methods. Among surface treatments, the elastomeric
coating provided slightly better corrosion control relative to the silane penetrating sealer. The
concrete repair with zinc-rich epoxy primer for steel and concrete surface coating yielded the most
consistent and effective corrosion mitigation across all test scenarios and is recommended for PSC
I-beam ends. Additional testing with a larger number of specimens is recommended to validate

these preliminary findings, as this study was limited in scope.

PSC I-beam End Repair and Capacity Improvement

MDOT recognizes that deteriorated PSC beam ends require systematic repair approaches to restore
structural capacity and extend service life. The repair methods examined during this study range
from basic crack sealing and concrete patching to more comprehensive solutions such as full-depth
reinforced concrete overcasts and fiber-reinforced polymer (FRP) strengthening systems. Field
performance reviews revealed that beam end repairs, which combined reinforced overcasts with
FRP wraps and concrete surface coatings, demonstrated the best long-term durability. In contrast,
unreinforced overcasts and repairs without protective coatings consistently demonstrated poor
performance, with common issues including early-age cracking, coating failure, and delamination
within 2 to 11 years of installation. The use of breathable concrete surface coatings with crack-
bridging properties, combined with FRP strips, significantly enhances repair performance. For
beam ends with span-to-depth (a/d) ratios closer to one, FRP U-wraps provide minimal

improvement in structural capacity.
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The study utilized STM to quantify capacity improvements achieved through overcast repairs.
Capacity calculations revealed that exposing additional strands during repair preparation (chipping
and cleaning) reduces beam end capacity. Three alternative Full-Depth Reinforced Concrete
Overcast (FDRCO) repair details were developed and analyzed: Alternative 1 (typical MDOT
detail), Alternative 2 (with hooked longitudinal reinforcement), and Alternative 3 (incorporating
strand splicing with 90-degree bents). Alternative 3 FDRCO details, which incorporate strand
splicing and 90-degree bents, can restore and potentially exceed the original design capacity. An
alternative repair detail with welded wire fabric and adhesive anchoring is suggested for situations
where maintaining the original beam geometry and vertical clearance is critical. It is recommended
to experimentally evaluate the performance of Alternative 2 and Alternative 3 details before

implementing them on in-service bridges.
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1 INTRODUCTION

1.1 OVERVIEW

The Michigan Department of Transportation (MDOT) uses the Agency-Developed Element
(ADE) 826 to document the condition of a beam end only when deterioration or repair meets the
definitions in Condition State (CS) Table 9 of the Michigan Bridge Element Inspection Manual
(MIiBEIM 2017). The quantity is reported per beam end when the deterioration, or repair, is within
5 ft of the bearing. As shown in Figure 1-1, CS Table 9 defines four condition states for beam end
deterioration solely based on section loss, even though many other conditions and details also
impact the beam end capacity. However, the inspectors can use the CS Table 3 for steel beams,
shown in Figure 1-2, to assess the impact of deteriorations (e.g., corrosion), distresses (e.g.,
cracking), conditions (e.g., distortion, damage, missing bolts), and details (e.g., connections) on
the beam end capacity. Further, as shown in Figure 1-3 and Figure 1-4, the manual includes a
collection of steel beam photographs describing condition states. The manual only provides
pictures or graphics describing steel beam end deteriorations, conditions, and details to support
bridge inspectors’ decisions, and lacks guidance for assessing prestressed concrete (PSC) beam
ends. The available manuals and guidelines lack information and data, particularly on PSC beam
ends, to relate the condition state to beam end capacity.

CS TABLE 9-BEAM END (Deterioration, Contact, Temp Support)

Condition State 1 Condition State 2 Condition State 3 Condition State 4
Defects FAIR POOR
Beam End . Section loss exists and .
(826) ired Structural analysis is determi d nsp i a structural review to
repaired. not yet warranted. etermine remaining section. determine the effect
Beam ends have Beam ends are in . on s'trengt'h' or
Beam End Contact " L. Beam ends are in contact, serviceability of the
been modified to contact. No visible . .
(844) ) distress is observed. element. Arequest for
address contact. distress observed. )
action (RFA) should be
Beam End Temporary submitted requesting
Temporarily support(s) in place | Minor section loss on Moderate section loss on a structural evaluation
Supported and functioningas | temporary support. temporary support. and/or repairs.
(845 SH, 846 FH) designed.

Figure 1-1. Beam end condition state definitions (Source: MiBEIM 2017).



CS TABLE 3 - STEEL

Condition State 1
Defects

Condition State 2

Condition State 3

FAIR

POOR

Condition State 4

doubling plates or similar.

Corrosion . Section loss is evident or pack rust is
Freckled Rust. Corrosion of the steel has
(1000) None. - present but does not warrant structural
initiated. .
review.
Cracking/Fatigue Cracks that have self-arrested or have Identified cracks exist that are not
(1010) None. been arrested with effective arrest holes, arrested and do not require structural

review.

The condition
warrants a structural

Connections

Connectionisin

Loose fasteners or pack rust without

Missing bolts, rivets, broken welds,

review to determine
the effect on strength

vehicular or vessel impact.

caused by vehicular or vessel impact.

1020 lace and . L - R X . X s
( ) functioning as distortion is present but the connection is fasteners or pack rust with distortion or serviceability of
intended in place and functioning as intended. but do not warrant a structural review. the element or
- - - - - — — - - - —— bridge; OR a
Distortion (1900) Distortion not requiring mitigation or Distortion that requires mitigation but .
None. . . X . . structural review has
mitigated distortion. does not require structural review.
Settl been completed and
ettlement - . o L o the defects impact
Substructure None Exists within tolerable limits or arrested Exceeds tolerable limits but does not strength or
Ei(e)(r)noents with effective actions taken to mitigate. warrant structural review. serviceability of the
( ) — - element or bridge.
Scour - Exceeds tolerable limits but is less than
Substructure None Exists within tolerable limits or arrested the limits determined by scour
Elements . with effective countermeasures. evaluation, and does not warrant
(6000) structural review.
Damage The element has
(7000) . The element has minor damage caused by The element has moderate damage severe damage
Not applicable.

caused by vehicular
or vessel impact.

Figure 1-2. Steel beam condition state definitions (Source: MiBEIM 2017).

Figure 1-3. Photographs showing CS for corroded beams and connections with missing bolts (Source:

MIBEIM 2017).
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Figure 1-4. Photographs showing CS of cracked or damaged beams (Source: MiBEIM 2017).

Bridge inspection engineers and consultants submit requests for action (RFAs) due to safety concerns
associated with steel and PSC beam end conditions. Region bridge engineers review RFAs and submit
them to the Bridge RFA Coordination Committee (BRFACC) for deliberation. RFAs and subsequent
decisions are made based on the currently available inspection guidelines, an Excel spreadsheet with
limited features for capacity calculation, and the experience of inspection engineers, region bridge
engineers, and BRFACC members. Providing focused guidelines and tools for bridge inspection
engineers, region bridge engineers, and other members of the BRFACC can streamline the RFA
submission and evaluation process. Additionally, the availability of beam end maintenance and repair
guidelines, including repair details and their impact on load capacity, is vital to overcoming
programming and resource allocation challenges while ensuring public safety and avoiding potentially
unnecessary restrictions on the motoring public. These tools and guidelines also help the Load Rating

Unit (LRU) load rate deteriorated and repaired beam ends.



1.2 OBJECTIVES AND TASKS

The project objectives are to:

1.

Address specific areas of concern for deteriorated steel beam ends, including the capacity
prediction of beam ends with holes, impact on beam capacity due to pack rust between members
of built-up sections, longevity and fatigue prediction of bolted steel repairs, and

recommendations for the use of bolted versus welded steel repairs.

. Characterize and document the types and extent of beam end deterioration in in-service concrete

beams.

. Provide a generalized method for quantifying the capacity of concrete beams with deteriorated

beam ends featuring various levels of deterioration for load rating and bridge design.

. Identify several repair techniques for each concrete beam type and extend the capacity prediction

method to repaired beams to aid in determining the appropriate type and extent of the repair.

The following tasks were completed to accomplish the above-stated objectives:

1.

AN

10.

1.

Document and learn from existing research, including any data from previous lab tests of
beam ends, best practices nationwide for beam end repair and capacity prediction, and
current MDOT practices for beam end repair.

Collect information on existing bridges with damaged and repaired beam ends.

Address the specific areas of concern for deteriorated steel beam ends.

Classify the types and levels of deterioration on concrete beam ends.

Model various types and levels of deterioration on concrete beam ends.

Develop a generalized method for quantifying the capacity of concrete beams with
deteriorated ends for various types and levels of deterioration.

Classify the types of repairs for the varying types of deterioration of concrete beam ends.
Model selected concrete beam end repair options.

Identify repair options and extend the capacity prediction method to these repaired beams.
Develop conclusions and recommendations, including design details for repairs, inspection
guidelines for when an updated load rating is warranted, and procedures for load rating
deteriorated beam ends.

Produce a final report and other deliverables.



1.3 REPORT ORGANIZATION

This report is organized into 10 chapters. It does not have a dedicated chapter for state-of-the-art
literature and practice review. Since this project encompassed a broad range of objectives across
multiple topics, relevant information from the review of state-of-the-art literature and practice is
integrated into each chapter as needed. A survey of state highway agencies was conducted for this
project. The survey questionnaire and summary of responses are documented in Appendices A

and B. The survey results are integrated into various chapters as needed.

Chapter 1 includes the introduction and outlines the research project objectives, tasks, and the

report organization.

Chapter 2 presents MDOT bridge inventory analysis results, the condition of deteriorated beam
ends, repair recommendations, limitations of current guidelines for repair
recommendations, and the performance of repaired beam ends.

Chapter 3 presents guidelines and procedures for documenting RFA and scoping inspections of
PSC I-beams in a format that is helpful for capacity calculation and load rating.

Chapter 4 presents a comprehensive matrix to support the RFA decisions. The matrix was
developed following a comprehensive parametric analysis that considered the impact of
various beam end conditions and details on beam end capacities. The Strut-and-Tie
Method (STM) was employed for modeling both as-designed and deteriorated beam
ends, as well as for capacity calculation.

Chapter 5 presents the performance of beam end preservation and repair methods.

Chapter 6 presents details of beam end repair and capacity improvement methods. The STM was
used for modeling repaired beam ends and calculating capacities.

Chapter 7 describes the impact of holes on the end capacity of steel beams. This chapter provides
recommendations for the capacity calculation of beam ends with holes (complete section
loss).

Chapter 8 describes the longevity and fatigue prediction of bolted steel repairs.

Chapter 9 includes a summary, conclusions, and recommendations.

Chapter 10 presents the cited references.



2 MDOT BRIDGE INVENTORY ANALYSIS

2.1 OVERVIEW

To accomplish project objectives, it was required to collect information on bridges with
deteriorated beam ends as well as those with previously repaired beam ends. The MiBRIDGE
database includes inventory data, element data, bridge plans, information about Requests for
Action (RFAs), subsequent activities completed to address the conditions required for an RFA,

scoping reports, and other relevant documents.

A condition state (CS) is assigned to a beam end based on the level of deterioration within 5 ft of
the bearing and the criteria defined in CS Table 9 of the Michigan Bridge Element Inspection
Manual (MiBEIM 2017). Table 2-1 shows the content of the CS Table 9 in MiBEIM (2017).
According to the criteria provided in the table, CS1 is assigned to the beam ends that were repaired
and are in good condition. CS4 is assigned, and an RFA is submitted when a beam end “condition
warrants a structural review to determine the effect on [the] strength or serviceability of the
element.” The current guidelines rely on the heuristic knowledge of inspectors to determine the
need for an RFA. Thus, this project was initiated to develop a robust set of guidelines, based on the
quantitative assessment of deteriorated beam end capacity, to determine the need for RFAs. Other
deliverables of this project include calculation tools for assessing the capacity of deteriorated and
repaired beam ends, as well as details and procedures for beam end repairs. These deliverables are
expected to enhance bridge safety, promote uniformity in bridge inspection, maintenance, and repair
practices, reduce bridge closures or load restrictions, improve durability and service life, and achieve

cost savings.

To review and document conditions requiring RFAs, findings from scoping inspections,
recommended repairs, and different types of beam end repairs and details, it was necessary to
identify bridges with beam ends in CS1. It was necessary to identify the bridges with beam ends
in CS 2 to CS4 to document different beam end conditions, classify them based on the degree of
deterioration, determine the causes of deterioration, evaluate the impact on beam end capacity, and

assess the performance of repairs.



Table 2-1. Beam End Condition State (CS Table 9, MiBEIM 2017)

Condition State 2

Condition State 3

Defects Condition State 1

FAIR

POOR

Beam End Section loss to
Deterioration |element has been
(826) repaired.

Section loss exists
and has not been
repaired. Structural
analysis is not yet
warranted.

Measurable section
loss that warrants
detailed inspection
to determine
remaining section.

Condition State 4

The condition warrants a
structural review to determine
the effect on strength or
serviceability of the element.
A request for action (RFA)
should be submitted
requesting a structural

evaluation and/or repair.

2.2 AVAILABLE DATA AND ANALYSIS CHALLENGES

MDOT shared two spreadsheets with Bridge Inventory and Bridge Element Inventory data on
January 04, 2023. On January 24, 2023, the 2022 National Bridge Inventory (NBI) data were also
downloaded from https://infobridge.fhwa.dot.gov/ and referred to as the 2022 NBI data in this

report.

According to the Michigan Structure Inventory and Appraisal Coding Guide (MDOT 2022), item
43A is used to define ten different types of structures based on the types of main span materials,
as shown in Table 2-2. The scope of this study is limited to the main span materials represented
by the codes 3, 4, 5, and 6.

Table 2-2. Bridge Main Span Material (MDOT 2022)

Code Materials

1 Concrete
Concrete continuous
Steel simple or cantilever
Steel continuous
Prestressed*
Prestressed concrete continuous™
Timber
Masonry
Aluminum, W.l or C.I.

0 Other

*Post-tensioned concrete is coded as prestressed concrete.

Oo|NO ||~ (WwN

The bridges with the types of main span materials 3, 4, 5, and 6 owned by MDOT were selected
from the NBI and shared datasets. The numbers in each dataset were different for the following
reasons:

1. MDOT inventory has more structures relative to FHWA (NBI data) because MDOT also

stores non-NBI structures, which are not required to be submitted to FHWA. Additionally,


https://infobridge.fhwa.dot.gov/
https://infobridge.fhwa.dot.gov

the FHWA submittal occurs once a year in March, resulting in a lag in their data relative
to the MDOT live database.

2. Pedestrian bridges in NBI were not in the shared datasets.

3. The structures missing from the load rating table were not included in the shared datasets.
Structures with only general rating items, without an in-depth load rating, are excluded
from the MDOT load rating table.

4. Other reasons:

i. Recently reconstructed structures with different main span material types.
ii. Recently reconstructed structures that have not been reported to FHWA.
iii. Recently constructed new structures added to the MDOT inventory.
iv. Recently removed structures from the MDOT inventory.
v. Culverts listed in the NBI data are not included in the MDOT datasets.
vi. Recently changed jurisdictions.
vii. The presence of non-NBI bridges.
viii. Exclusion of unique structures, such as the Blue Water Bridge Authority owned

and maintained structures, from the shared datasets.

Finally, the Bridge Inventory dataset included a total of 5906 NBI and non-NBI bridges owned by
MDOT, with the types of main span materials 3, 4, 5, and 6. The Element Inventory listed a total
of 3526 bridges after removing 161 duplicate records. Since the element level data collection
started recently, 2380 bridges listed in the Bridge Inventory dataset were not listed in the Element
Inventory dataset. As expected, all the bridges in the Element Inventory dataset were in the Bridge
Inventory dataset. The Agency Developed Element (ADE) 826 is used to record beam end
conditions. Column (c) of Table 2-3 shows the number of bridges with beam end deterioration.
Beam end deterioration was predominantly reported in a total of 992 bridges, representing the
types of main span materials 3, 4, and 5. The steel simple structure, the type of main span material
3, has the highest percentage of beam end deterioration (27%). The prestressed concrete, the type

of main span material 5, has the second highest percentage of beam end deterioration (19%).



Table 2-3. MDOT Own Bridges with Beam End Deterioration

MDOT Own Bridges
Ts;t;:,c't\;‘;fn NBI and non-NBI With End Deterioration (ADE 826)
(b) Number of Bridges Percentage (%)
@ © (d)
0 0 0 NA
1 1428 2 0.14
2 181 2 1.10
3 2468 644 26.90
4 416 62 14.90
5 1389 266 19.15
6 10 1 10.00
7 11 0 0.00
8 0 0 NA
9 3 0 0.00
Total 5906 997 16.88

The Element Inventory dataset was further analyzed to evaluate the distribution of bridges in each
MDOT region with repaired and deteriorated beam ends (Table 2-4). According to the criteria
listed in Table 2-1, CS1 is assigned to repaired beam ends in good condition. However, the review
of inspector comments and available documents in the MiBRIDGE database for a selected number
of bridges with CS1 data showed that the CS1 was also assigned for beam ends in good condition
without repairs. Due to this inconsistency in data recording, collecting information on beam end
repairs through the MiBRIDGE database was not practical.
Table 2-4. Beam End Condition State of Structures with Main Span Materials 3 to 6

No. of Bridges in CS2 with No. of Bridges in CS3 with
Beam End Deterioration Beam End Deterioration
Structure Type Main Structure Type Main
3 4 5 | 6 | Total 3 |4| 5|6 | Total
Region (3-6) (3-6)

Bay 82 4 9 |0 95 33 (2| 25|0]| 60 47 | 0| 16| 0| 63 0[0|2]0 2
Grand 62 0 6 |0 68 36 | 0| 3 |0| 66 3 /]0|5]|0 8 0[0[0]0O 0
Metro 54 |18 | 8 |0 80 4 1114 |0 19 7 |0 3]0]| 10 1]1]0/0]|0 1
North 3 0 0 |0 3 8 111010 19 1411100 15 4 10010 4

Southwest | 59 1 2 |0 62 9 | 6| 47 | 0| 152 7 |1[3]|0]| 43 0(0|0]0 0
Superior 0 0 0 |0 0 4 0 0 |0 4 2 |0[1]0 3 1]1]0/0]|0 1
University | 98 3 |26 |0 126 246 | 26 | 95 | 0 | 367 26 | 1|22 0]| 49 7111210 10
BigBridge | 1 2 2 |0 5 1 2 4 |1 8 2 |1]0]1 4 0[1(]0]0 1
Total = 358 [28 |53 |0 439 431 (38|25 | 1| 695 108|418 | 1| 195 13{2(41]0 19

After discussing the challenges of finding the required information with the project consultants
and MDOT RAP, a request for the data and resources listed in Appendix C was submitted. MDOT
provided a compiled list of bridge inspector comments in August 2023 and two datasets related to

steel and PSC I-beam bridges in November and December 2023, respectively. The steel beam
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bridge dataset included 31 scoping reports, 67 shop drawings, 636 original plans, and 13,949
images representing 926 bridges. The PSC I-beam bridge dataset included 19 scoping reports, 214
project letting documents, 38 shop drawings, 338 original plans, and 12,841 images representing
846 bridges. With the additional scoping reports received from the regions, content from a total
of 55 scoping reports, comprising 36 for steel bridges and 19 for PSC I-beam bridges, was utilized
for this project.

Processing a large volume of inspector comments representing 926 steel structures and 846 PSC
structures to identify specific information was a challenge—the sheer volume of information
required efficient data analysis tools and methodologies. Extracting relevant data demanded a
comprehensive approach. Additionally, ensuring the accuracy of information was crucial, as errors
could affect subsequent analysis. This required robust data processing capabilities and advanced
algorithms to streamline the identification process and enhance the overall efficiency of the
analysis. Inspector comments and the text in other documents were analyzed using natural
language processing (NLP) with Python scripting in addition to manually reviewing a large volume
of documents and images in various formats. Relevant data from the compiled text were extracted

using the process shown in Figure 2-1.

Raw text — Raw text split into sentences.

Sentence | — gentences subdivided into words. i s, s
Segmentation

( Tokenization | — Sentences further subdivided Ruseing | at | beem | ends, | some
into words.
Speech — Part-of-speech tags assigned to il | B | ae e e,
tagging
N 1L words.
Entity — Named entity detection for "
detection potential entities
Relatiqns — Relation extraction to find il ies s i v v i s e
detection relationships

Figure 2-1. The process for extracting data from inspector comments.
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2.3 STEEL BEAM END CONDITION AND REPAIR

Thirty-two of thirty-six scoping reports were reviewed to collect condition data on 431 beam ends.
One of the scoping reports was for a single span bridge with beam ends embedded into the
backwall. Another scoping report only included section loss data within the span. Two reports
did not include section loss data, which excluded them from the review. Scoping reports present
data related to beam ends with loss of section, holes, cracks, as well as buckled sections, beam end
contacts, existing repairs, and the recommended repairs. Certain scoping reports document the
rationale for recommending specific repair types and the section loss thresholds used for
recommending bolted repairs. Welded repairs are typically recommended for sections with cracks,
buckled webs, buckled flanges, or a combination of these defects, as shown in Figure 2-2 to Figure
2-4. Repairs were recommended for 197 of 431 beam ends, 193 (98%) and 4 (2%) beam ends
were recommended for bolted and welded repairs, respectively. The data indicate a very high

preference for bolted repairs.

The review of the literature and the survey of highway agencies indicated a high preference for
bolted repairs due to the challenges associated with field welding requirements, fatigue concerns,
and the difficulty of finding qualified welders. Only the Texas DOT stated an extensive use of
welded repairs for steel beam repairs. However, several responses indicated excellent performance
with welded repairs when (i) the reverse side of the plate is seal-welded to prevent moisture ingress
and (i1) full-penetration welds are used. A copy of the highway agency survey questionnaire and

a compiled list of responses are provided in Appendices A and B.

Figure 2-2. Welded repair recommended for the beam end because of 4 to %2-in. web and flange buckling.
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Figure 2-3. Welded repair recommended for the beam end because of  to '2-in. web and flange buckling
with a 3-in. long crack in the web closer to the bottom flange.

Figure 2-4. Welded repair recommended because of a 4.5-in. long crack and 34% section loss.

Although a 20% section loss is commonly used in the reviewed scoping reports as the threshold
for recommending bolted repairs, several scoping reports included bolted repair recommendations
for beam ends with section losses significantly lower than the 20% threshold. The review of the
literature and the survey of highway agencies indicated inconsistency in the guidelines used for
submitting RFAs. For example, 1/8-inch section loss, 30% section loss, and 10% section loss are
used by various agencies to submit RFAs. The MnDOT Bridge Inspection Field Manual
(BIFM2016) provides Condition State (CS) definitions based on the section loss, as shown in
Figure 2-5.
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#881: Steel Section Loss (1 Each)
This element applies to bridges with primary steel members with section loss due to
corrosion. This typically refers to steel superstructure members but could also apply to steel
substructure members (such as pilings) that serve as primary supports. Section loss is
typically expressed as a percentage of the total cross-section area of the member (the
percentages listed below are intended to be general guidelines).
» The presence of flaking rust or pack rust indicates that at least some section loss is
present.
= This element should not be used for culvert structures.
Defect Element Condition States
Structural 2 3
b Fair Poor
o o o . o o More than 10%
A5 € sl_:;?or?;sg éjf IQrJ/sﬂsl cc’vfst;ﬂesz::o; sesc{?c:r? Il[;slnof seation loss of
tension 1 i 9 the fl the effective
ey the flange cross- cross-section e flange cross- flange cross-
section area. area. section area. N
section.
Less than 2% 5% to 10% More than 10%
section loss 2% to 5% section section loss section loss
Webs or (average over | loss (average over | (average over (average over
compression | the full height of | the full height of | the full height of | full height of the
members the web). No the web). No the web). web). Significant
through through corrosion. | Isolated through through
corrosion. corrosion. corrosion.
Stiffeners, Extensive section Severg 5?0."0"
A Moderate loss. Significant
Lacing, or . loss. Isolated NA
Batten Plates section loss. through corrosion. through
corrosion.

Figure 2-5. Condition State (CS) definitions used by MnDOT for steel section loss.

According to the limits set by MnDOT, a section loss exceeding 10% requires further investigation
to determine the necessary repairs. This mismatch in the limits used for deciding RFAs is primarily
due to the process used for calculating section losses. For example, MnDOT uses the web section
loss calculated as the average over the full height of the web. The other practices include,

o Taking measurements over the entire section loss area and reporting the maximum loss.

o Taking measurements over the entire section loss area on a grid and reporting as the

average.
o Taking measurements randomly at several discrete points over the entire section loss

area and reporting as the average.

The analysis of data related to beam ends shows that 62% section losses are reported at the web,
and only 23% of the beam ends include flange and web section losses, as shown in Table 2-5.
Please note that the totals listed in Table 2-5 and other tables do not match because the section
losses reported in the scoping reports included dimensions of the section loss area only for 365
beam ends. As shown in Table 2-6, 33% of the web section losses are limited to a maximum
height of 4 inches, and 69% are limited to 8 inches. As shown in Table 2-7, 77% of web section
losses are limited to a length of 20 inches from the beam end. The length of flange section losses
is mostly limited to 50 inches (Table 2-8). Therefore, bolted repairs are mostly needed to cover a
small area of the beam. Bolted repairs with properly sealed interfaces have demonstrated enhanced

durability.
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Table 2-5. Section Loss Locations at Beam Ends

Location Number |Percentage (%)
Flange 63 15

Web 267 62

Web and flange 101 23

Total 431

Table 2-6. Height of Web Section Loss

Height (in.) Number Percentage (%)

[0, 4] 122 33

(4, 6] 94 26

(6, 8] 38 10
(8,10] 29 8

(10, 15] 21 6

(15, 20] 17 5

(20, 25] 26 7

(25, 30] 13 4

(30, 35) 5 1

Total 365
Table 2-7. Length of Web Section Loss
Length (in.) | Number | Percentage (%)

(0, 5] 90 25

(5, 10] 80 22

(10, 20] 111 30

(20, 30] 46 13

(30, 50] 29 8

(50, 190] 9 2

Total 365

Table 2-8. Length of Flange Section Loss

Length (in.) Number | Percentage (%)

(0, 5] 21 13
(5, 10] 25 15
(10, 20] 31 19
(20, 30] 35 21
(30, 50] 28 17
(50, 70] 10 6
(70, 100] 9 6
(100, 240] 4 2
Total 163

Steel sections associated with these 431 beam ends were selected. The web and flange section loss
percentages of each section were calculated assuming a section loss of 1/8 inch. The web section
loss percentages range from 7% to 35%. However, the 7% and 35% losses are limited to only two
cases each. The section loss of 70% of beam ends ranges from 20% to 24%. The section loss of
more than 90% of beam ends ranges from 20% to 27%. Considering these statistics, it is
recommended to use a 20% web section loss as the limit for determining the need for repairs on

webs up to 0.625 inches thick, unless unique conditions at the specific beam end dictate otherwise.
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Since most of the section losses are limited to a small area on the web closer to the bearing, it is
recommended to take the average of measurements within that area to calculate the section loss.
The section loss percentage of the flanges was calculated using 1/8-inch as the limit. It is
recommended to use a 10% flange section loss as the limit for determining the need for repairs on

flanges up to 1.25 inches thick when a beam end has both web and flange section losses.

As stated previously, repairs were recommended for 197 of 431 beam ends. Bolted and welded
repairs were recommended for 193 (98%) and 4 (2%) beam ends, respectively. Asshown in Table
2-9, bolted repairs were recommended for 150 beam ends because of the web section loss. One
hundred and nineteen (79%) of those beam ends had at least 1/8-inch web section loss. Therefore,
bolted repairs were recommended for 21% of beam ends with web section loss for unknown
reasons. As shown in Table 2-10, bolted repairs were recommended for 43 beam ends because of
the flange section loss. Thirty-six (84%) of those beam ends had at least a 1/8-inch flange section
loss. Therefore, bolted repairs were recommended for 16% of beam ends with flange section loss
for unknown reasons. This data shows that the number of beam ends recommended for bolted
repairs with section loss less than 1/8 inch could have been reduced if clear guidance for
determining the need for repairs had been provided. It is recommended to use 20% web section
loss and 10% flange section loss (in the presence of web section loss) as the minimum limit
requiring beam end repairs, unless unique conditions at the specific beam end dictate otherwise.
These limits should be applied to beam sections with web and flange thicknesses not exceeding
0.625 inches and 1.25 inches, respectively. Include the unique conditions requiring beam end

repairs in the scoping reports.

Table 2-9. Beam Ends with Bolted Repair Recommendations Based on Web Section Loss

Beam End with Bolted
Repair Recommendations

Number Percentage (%)
Above threshold 119 79
Below threshold 31 21
Total 150

Table 2-10. Beam Ends with Bolted Repair Recommendations Based on Flange Section Loss

Beam End with Bolted
Repair Recommendations

Number Percentage (%)
Above threshold 36 84
Below threshold 7 16
Total 43
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2.4 PSC BEAM END CONDITION AND REPAIR

Eight bridges with overcast repairs and four bridges with Carbon Fiber Reinforced Polymer
(CFRP) wrapping were selected for inspection. The findings are documented in Appendix D. The
girder end conditions noted in the respective RFAs and scoping reports were summarized and used
to develop the inspection guidelines presented in Chapter 3, the capacity calculation for developing
the Request for Action (RFA) Decision Matrix presented in Chapter 4, and the repair details
presented in Chapter 6. Additional information from relevant bridge plans, literature, and surveys

of state highway agencies was used to complete the tasks and develop the deliverables.
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3 RFA AND SCOPING INSPECTION GUIDELINES FOR PSC I-BEAM
ENDS

3.1 OVERVIEW

In this study, nineteen (19) scoping inspection reports, Bridge Safety Inspection Report (BSIR)
reports of 267 bridges, several RFA reports, and other related documents in the MiBRIDGE
database were reviewed, documenting the types, locations, and severity of PSC I-beam end distress
and deterioration. A detailed discussion of beam end conditions is provided in Sections 4.5.1 and
4.5.2. Beam end maintenance and repair practices are discussed in Section 6.1. For element-level
inspection, MDOT uses the Agency Developed Element (ADE) 826 to document beam end
conditions and assign condition state ratings. Inspectors utilized various templates and guidelines
to document types, locations, and severity of beam end distress and deterioration during RFA and
scoping inspections. Two such examples are shown in Figure 3-1 and Figure 3-2. Figure 3-1
shows the guidelines and format for documenting the locations and dimensions of delamination,
spall, spall-to-steel, vertical and horizontal cracks, map cracking, and concrete patches. Figure 3-2
shows guidelines for documenting spalls, shear cracks, and exposed strands. Figure 3-3 shows a
tabular format used for documenting the data collected using the guidelines given in Figure 3-2.
As shown in Figure 3-3, the data table includes the span, pier, beam number, dimensions of the
spalls, and the number of exposed strands. The last column of the table includes recommended
repairs and additional observations as notes. However, the available scoping inspection guidelines
are not sufficiently detailed to collect the minimum required data for assessing beam end capacity

and making decisions on maintenance, repair, or load posting.

To address the shortcomings in the current RFA and scoping inspection guidelines, the following
sections present (i) discretization of a beam end into specific zones and (ii) guidelines and
templates for documenting delamination, spall, and cracking at PSC I-beam ends. Please note that
these guidelines were developed with consideration for the potential implementation of drones and
computer vision technologies in the near future to alleviate the challenges associated with typical

visual inspections.
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Figure 3-1. PSC I-beam end condition reporting guidelines (Source: MiBRIDGE SN1718).

Detailed PCl Beam End
Report Instructions

“®MDOT

Michigan Department of Transportation

gl

Notes:

Key:

A: Dimension of spall on bottom flange at sole plate
B: Dimension of spall on bottom flange at beam end
C: Dimension of spall in web

D: Dimension of observed shear cracks

D width: width of shear cracks

E: Are pre-stressing strands exposed?

N: No or Not applicable
X: Pre-stressing strands exposed
": Dimension of spall in inches

Figure 3-2. PSC I-beam end condition reporting guidelines (Source: MiBRIDGE SN4779).

[ Detailed PCl Beam End Report Bridge |D: STR 4779, 41027-506
“M.DQT Date: 08-21-2023
Inspector(s): CAR / IH
Span: 1 Pier: 1
Beam # A B C D D width E Notes
1w 10 12
2w 12 16 2/1 Bolster Block Repair (BBR) - Bearing Undermined
3w 6 10 2 BEBR
A 12 10 BBR - Bearing Undermined
Sw 12 10 1 BBR - Bearing Undermined 30%
Gw 16 5 BBR - Bearing Undermined 50%
7w 14 14 2 BBR - Bearing Undermined 50%
Bw 16 20 1 BEBR
9w 10 16 1 BBR - Bearing Undermined 40%
10w 10 8 1 BBR - Bearing Undermined 50%
11w 12 BBR - Bearing Undermined
12w 12 6 6 2 incipient spall on bottom flange @ midspan

Figure 3-3. A summary of beam end inspection data collected using the guidelines given in Error! Reference s
ource not found. (Source: MiBRIDGE SN4779).

18



3.2 BEAM END ZONES

A PSC I-beam end is divided into several zones, as shown in Figure 3-4.

e Figure 3-4(a) and (b): beam cross-section with three vertical zones (left of the web - LW,
along the web - W, and right of the web - RW).

e Figure 3-4(b and c): five zones along the beam height (bottom flange — BF1, bottom flange
to web transition — BF», web — WB, top flange to web transition — TF», and top flange —
TF)).

e Figure 3-4(c): three zones along the length (overhang portion of the beam — Z;, section
above the bearing footprint — Z», and the section from the edge of the bearing towards the

span up to 5 ft of bearing — Zs.

: : :
T i
TF2} | | | !
we | ! i :
BF2 | i : I
BF1 E i E
2z z :
L@ ! -® :
BW BS
VIEW A-A* SECTION B-B* - sh R
(a) Cross-section (b) Cross-section (¢) Elevation and bottom surface views
with endblock without endblock
Figure 3-4. Definitions of PSC I-beam end zones
LW = Cross-section on the left of the web BS = Beam soffit (from the edge of bearing towards the
W = Cross-section of the web span up to 5 ft)
RW = Cross-section on the right of the web BW = Bottom flange width
TF, = Top flange (rectangular section) Zi = Zone 1, overhang portion at the beam end
TF, = Section between the web and TF, Z, = Zone 2, beam section over the bearing plate
WB =Web Z3 = Zone 3, beam section from the edge of bearing
BF; = Bottom flange (rectangular section) towards the span up to 5 ft of bearing.

BF, = Section between the web and BF,
* Prestressing strand and reinforcement are not shown.
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3.3 INSPECTION GUIDELINES AND TEMPLATES
3.3.1 Spall/Delamination

3.3.1.1 Spall/Delamination at the Soffit

71 72 73 :
BW TSW
RRNNNNE T Sye |
e ! e |
Sie

Y Spalled/delaminated area

Legend:
Sp = spall/delamination depth
St = spall/delamination length along the beam
Sip = distance from bearing to the spall/delamination (consider the shortest distance measured

from bearing)
Sw = spall/delamination width
Swe = distance from the beam edge to the spall/delamination
Nps = number of prestressing strands exposed
Ns = number of non-prestressing steel bars exposed
Nst = number of stirrups exposed

Table 3-1. Inspection Template for Beam Soffit — Spall/Delamination

Beam Soffit — Spall/Delamination

Beam End Type So S. Sce Sw Swe Nes | Ns
yp (in.) (in.) (in) | (in) (in) | (mo.) |(mo.)

Nsr
(no.)

Spall

SpIW_P1W_BIS Dol

Spall

Sp2W_P1W BIS Dol

Spall

Del.

Spall

Del.

B = Beam, Del. = Delamination; P = Pier; S=South; Sp = Span; W= West

Note: The following labels are suggested when a beam end is over an abutment:
AE — East abutment; AW — West abutment; AN — North abutment; AS — South abutment
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3.3.1.2 Spall/Delamination at the Bottom Flange and Web

1 1
1 1
TF1I \ | /

Uz L

o :

1 1

WB | :

1 1

1 I
2 I R

¥ 1 1

BF2 1 1

\d [} 1

Yy ] * NEES T
SHL‘;§ \ Shr BF“T @ ! :SQHUHR

Shv }‘_,| H|_L SRV & —F—SHLVARY

zZ1'  z2 ! Z3

S Swr . N

BW Su /LR‘
StiHrH

RSy Spalled/delaminated area

Legend:
Sur = height of spall/delamination on the left side
Sur = height of spall/delamination on the right side
Surv = vertical distance from the beam soffit to the spall/delamination on the left side
Surv = vertical distance from the beam soffit to the spall/delamination on the right side
St = length of spall/delamination on the left side
Stk = length of spall/delamination on the right side
Swr = depth of spall/delamination on the left side
Swr = depth of spall/delamination width/depth on the right side
Stin = horizontal distance from the beam end to the spall/delamination on the left side
Stru = horizontal distance from the beam end to the spall/delamination on the right side
Nps. = number of prestressing strands exposed on the left side
Ns. = number of non-prestressing steel bars exposed on the left side
Nst. = number of stirrups exposed on the left side
Npsg = number of prestressing strands exposed on the right side
Nsg = number of non-prestressing steel bars exposed on the right side
Nstr = number of stirrups exposed on the right side

Table 3-2. Inspection Template for Beam Bottom Flange and Web (Left Side) — Spall/Delamination

Beam Bottom Flange and Web — Spall/Delamination

Left Side of the Web

Beam End Type SHL SuLv | SLo Swr | Scen | Nest | Nso NsrrL

(in) | (in) | (@in) | (in) | (in.) | (mo.) | (mo.) | (no.)

Spall
Del.
Spall
Del.
Spall
Del.

\B = Beam, Del. = Delamination; P = Pier; S=South; Sp = Span; W= West

SpIW_P1W_BIS

SpIW_P1W_B2S
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Table 3-3. Inspection Template for Beam Bottom Flange and Web (Right Side) — Spall/Delamination

Beam Bottom Flange and Web — Spall/Delamination

Right Side of the Web

Beam End Type Sur | Surv | Stk | Swr | SLru | Nesk | Nsk | Nstr

(in) | (in) | (@in) | (@in) | (in) | (mo.) | (mo.) | (mo.)

Spall
Del.
Spall
Del.
Spall
Del.
Spall
Del.

\B = Beam,; Del. = Delamination; P = Pier; S=South; Sp = Span; W= West

SpIW_P1W_BIS

SpIW_P1W_B2S

3.3.2 Beam End Cracking

3.3.2.1 Cracks at the Bottom Flange and Web

1 1 1 1
1 1 1 1
T T KX : T
: : TF1' \ | /
1 1 | H l
: : TF2) | ! !
1 1 + +
1 1 1 1
Clora
! : we i LZR#\:_ZL \
1 1
1 1 1 1
| Cwr/

d : le i ! o R CrzriaL
1 1
! ' BFZT L Clrgn /
1 1 1 1 7
1 1 Y T T

1 1
H . BF1 i ' CririmiL
] | v v -
1 1

LW 1w RwW zir oz 1 z3

Legend:
CrLir = crack starting location from the beam end on the right side
CrLr = crack ending location from the beam end on the right side
CrLi = crack starting location from the beam end on the left side
Cro. = crack ending location from the beam end on the left side
Cuir = crack starting location from the beam soffit on the right side
Ciar = crack ending location from the beam soffit on the right side
CuiL = crack starting location from the beam soffit on the left side
Cmr = crack ending location from the beam soffit on the left side
Cwr = crack width on the right side
CwL = crack width on the left side



Table 3-4. Inspection Template for Beam Bottom Flange and Web — Cracks

Beam Bottom Flange and Web — Cracks

Type Left Side of the Web Right Side of the Web
Beam End Cwe | Cur [Crar | Cur | Can [ Cwr | Cuir | Cir | Cuir | Chr
(in) | (in.) | (in.) | (in.)) | (@n) | (@in.) | (in.)) | (in.)) | (in.) | (in.)
Longitudinal
SplW_P1W_BIS Transverse
Shear
Longitudinal
SplW_P1W_B2S Transverse
Shear
Longitudinal
Transverse
Shear
B = Beam,; P = Pier; S=South; Sp = Span;, W= West
3.3.2.2 Cracks at the Soffit
710 72 z3 E
BW Chg: ¢CWB
E3 % 3 Chez
1 CLE1 1 1
-~ C = I
BW
Legend:
Cre1 = crack starting location from the beam end
Cre2 = crack ending location from the beam end
Cusi = crack starting location from the beam edge
Cus2 = crack ending location from the beam edge
Cws = crack width
Table 3-5. Inspection Template for Beam Soffit — Cracks
CLE1 CLr2 Chus1 Cus: Cws
Beam End Type (in) | @n) | @n) | (in) (in.)
SplW _PIW BIS Longitudinal
Sp2W _PIW BIS Transverse
Diagonal

B = Beam; P = Pier; S=South; Sp = Span;, W= West
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4 REQUEST FOR ACTION (RFA) DECISION MATRIX

4.1 OVERVIEW
Bridge inspection engineers and consultants submit requests for action (RFAs) due to safety
concerns associated with the conditions of steel and prestressed concrete (PSC) beams. Region
bridge engineers review RFAs and submit them to the Bridge RFA Coordination Committee
(BRFACC) for deliberation. The MiSIM (2019) Table 5.13.13 lists various conditions to be
considered when evaluating the need for RFAs (Table 4-1). For example, the current guidelines
for deciding the need for an RFA for PSC beams include the following:

e In-depth inspection required

¢ Element quantities in Condition State (CS) 4

e 25% or greater reduced bearing surface

e Exposed prestressing strands

e Structural cracking

e Required strengthening or reduced inspection frequency resulting from load rating.

Table 4-1. Concrete and Steel Beam Conditions Requiring the Submission of RFAs (MiSIM 2019, Table

5.13.13)
.
Request for Action
___ Concrete | Steel
X X

In-depth Inspection Required
Element Quantities in Condition State 4 X X
10% or Greater Section Loss or Buckling

25% or Greater Reduced Bearing Surface
Exposed Prestressing Reinforcement

Beam End Contact

Moderate Section Loss on Temporary Support

E A G G G 4

Structural Cracking in Primary Members

x X X x

Cracking in Welded Connections

Required Strengthening or Reduced Inspection Frequency
Resulting from Load Rating

Observed Damage Meeting Type 2 or 3 Criteria

>

Instable Bridge Sign Connection

= X X X
>

Prestressed Concrete Spalling Resulting in Strand Exposure
An in-depth inspection is required when a detailed assessment of structural deterioration is
necessary to ensure safety and develop maintenance decisions. Specifically, this type of inspection
becomes mandatory when the superstructure element, identified by National Bridge Inventory
(NBI) Item 59, receives a condition rating of 6 or lower. Table 4-2 presents the NBI condition

rating guidelines for concrete superstructure elements, ranging from 9 (new condition) to 0 (failed).
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These ratings are used to evaluate the severity of deterioration and determine the urgency of further

action.
Table 4-2. BSIR# 9 Superstructure (SI&A Item 59) for Concrete Material (MDOT 2017)
Code | Condition Description
9 NEW No deficiencies in any of the structural components will affect long-term
performance.
All protective coatings are sound and functioning but with minor weathering
8 GOOD .
of the coating.
Hairline cracks in C.I.P. concrete or sealed cracks spaced at more than 3' with
7 GOOD
no other defects present.
Cracks in C.I.P. concrete 1/16" wide or less or hairline cracks in P.S. concrete
6 FAIR spaced at more than 3'. Minor delamination and spalling with exposed mild
steel reinforcement without section loss or rust staining.
Cracks in C.I.P. concrete 1/16" wide or less or hairline cracks in P.S. concrete
5 FAIR spaced at 1' to 3'. Moderate delamination, spalling, or exposed prestressing
reinforcement without section loss. Minor efflorescence present.
Cracks in C.I.P. 1/16" wide or greater or hairline cracks in P.S. concrete
4 POOR spaced at less than 1'. Moderate delamination and spalling or exposed
prestressing reinforcement without section loss.
3 SERIOUS | Structural cracking or reinforcement section loss may affect load capacity.
) CRITICAL The superstructure will not _support de§1gn loads. Posting, emergency repairs
installed, or temporary shoring is required.
1 IMMINENT | The bridge is closed to traffic due to the potential for superstructure failure,
FAILURE | but corrective action may put it back in service.
The bridge is closed due to conditions. Coordinate with SI&A Item 41 and
0 FAILED . ; . .
notify Bridge Field Services.

Since the NBI inspection does not document the condition of specific bridge elements, the element

level inspection was introduced. As shown in Table 4-3, an Agency Developed Element (ADE)

826 1s used to document CS of beam ends based on the level of deterioration within 5 ft of the

bearing (MiBEIM, 2017). The loss of section at each beam end is the only parameter included in

the CS Table 9, even though exposed strands, bearing area loss, structural cracking, etc., have an

impact on the beam end capacity. Essentially, the current guidelines lack the clarity and rationale

necessary for inspectors to determine a specific CS for beam ends. To alleviate these limitations,

a capacity-based beam end deterioration classification system is needed. This new beam end

deterioration classification system is expected to enhance correlations between visual inspection

data and structural performance, thereby providing a rational process for identifying the need for

RFAs.
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Table 4-3. CS Table 9 with Beam End Condition State Definitions (MiBEIM 2017)
Condition State 1|Condition State 2 | Condition State 3 Condition State 4
FAIR POOR

Defects

The condition warrants a structural

Section loss exists [Measurable section
Beam End Section loss to | and has not been | loss that warrants
Deterioration|element has been [repaired. Structural| detailed inspection
(826) repaired analysis is not yet to determine
warranted. remaining section

review to determine the effect on
strength or serviceability of the element.
A request for action (RFA) should be
submitted requesting a structural
evaluation and/or repairs

The development of this guidance document involved the following key steps:
(1) Selection of a beam end capacity calculation model.
(2) Evaluation of the margin-of-safety as the ratio of experimental capacity and the
factored shear resistance.
(3) Evaluation of the factored shear resistance (capacity) and the factored shear at the
beam end (demand) to establish a capacity-to-demand ratio.
(4) Evaluation of the impact of beam end conditions on capacity to establish limits for

deciding the need for an RFA.

4.2 BEAM END CAPACITY CALCULATION MODEL

The Strut-and-Tie Method (STM) is used to model and analyze disturbed regions, known as D-
regions in structural components, utilizing an idealized truss composed of compression struts and
tension ties. A disturbed region with complex load paths that violate the linear strain distributions
assumed in flexural design develops due to a load and/or geometric discontinuity (AASHTO
LRFD 2020). According to Jang et al. (2022), STM is capable of representing complex load paths
and failure modes (e.g., nodal failure and lateral splitting) at PSC I-beam ends more accurately
than models that use linear strain and planar section assumptions. Additionally, a 3D model with
struts and ties can be used to represent the complex load path within a PSC I-beam cross-section
near the bearing to evaluate the adequacy of confining reinforcement for preventing lateral splitting

at the bottom flange (Ross et al., 2013; Shahrooz et al., 2017).

PSC I-beams, including bulb-tee and Michigan 1800 sections, exhibit significant geometric
discontinuities at the ends, resulting in a complex load transfer mechanism. These regions
typically contain harped strands, debonded strands, and a high concentration of straight strands in
the bottom flange. Beam end deterioration increases the complexity of the stresses developed at
the ends. For these reasons, STM is used in this study to calculate the capacity of beam ends with

as-designed details, deteriorations, and repairs. The STM considers longitudinal tie, bearing face,
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strut-to-node interface, and transverse tie capacities to establish a beam end capacity. A set of
Mathcad calculation sheets was developed to calculate the capacities of as-designed, deteriorated,
and repaired beam ends and delivered to MDOT. A manual describing the content and use of
these Mathcad sheets was developed and submitted to MDOT along with the calculation sheets.

A copy of the manual is provided in Appendix E.

Figure 4-1 shows a model with struts and ties for a beam end with straight strands. The
development of longitudinal tie and strut forces resulting from the applied load at a span-to-depth
ratio of one is illustrated in Figure 4-1(a). As shown in Figure 4-1(b), a CCT (Compression-
Compression-Tension) node is developed above the bearing when a tension tie intersects the node
from only one direction. A compression strut is formed between the load application point and
the centroid of the horizontal bonded strands located above the bearing centerline, as shown in
Figure 4-1(a). The critical section for the development of the tie is located at the intersection of
the centerline of the tie and the boundary of the strut, as shown in Figure 4-1 (b). The distance
from the beam end to the critical section for the development of the tie is /.. According to the

AASHTO LRFD (2020), the transfer length, l¢, is defined as 60 times the strand diameter (db).

'\
Lp=d, Load W,
-+ bl \\x/ S
s i ,’,
’ e AN
, ’ L “
b P ’Emendecy/
/ ¢ zone
s u’j o
Strut P d h,=2y, I; T
i v | Critical section for the
, ra ! _development of tie
’
e
’ n
4o @
) 0=% > Tie I ’ b
v Vo 1, =60d,
B
(a) Strut and tie forces (b) CCT node geometry

Figure 4-1. A model with struts and ties for a beam end with straight strands.

The strut-and-tie model for a beam end with harped strands includes two tension ties (T and T3),
three compressive struts (S1, Sz, and S3), and an additional node, Ny, that connects Si, Sz, and Ts.
The following conditions govern the location of node Np.

(1) The angle 6 between Si and T3 shall be greater than 25 degrees.

(i1) The angle 02 between S> and T, shall not be greater than 90 degrees.

(ii1) The angle 05 between S; and T is maintained at 45 degrees to be consistent with the

configuration used for beams without harped strands.

27



| te=d, [
! L 2
s | [y
S, o )
N, /_/H/ " | Midspan
4 77 J g c.g. of harped strand Hold down
5 4 o point
Lk
g |
AR g :
- 3 Ve
h L
R, hp
(a) Strut and tie forces (b) Harped strands angle

Figure 4-2. A model with struts and ties for a beam end with harped and straight strands (Jang et al. 2022).

4.2.1 Longitudinal Tie Capacity

The failure of a longitudinal tie is abrupt and resembles a brittle fracture. As shown in Figure 4-3,
the failure initiates with the formation of vertical flexural cracks at the bottom of the beam. Crack
widths and lengths increase as the applied load increases, allowing the cracks to propagate
diagonally toward the upper part of the beam, moving in the direction of the applied load. This
progression reflects the transition from flexural to shear behavior. When cracks develop near the
beam ends, strand anchorage is compromised, causing the strands to slip and fail. It can also lead
to crushing of the compression zone due to rotation induced, in part, by strand slippage. This form
of failure is often referred to as “diagonal shear-tension failure” (Shahrooz et al., 2017), “bond-

shear failure”, or “bond-tension failure” (Ross 2012).
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(a) Crack initiation (b) Crack propagation

(c) Failure observed during lab_ofat:orytesting (Shahrooz et al. 2017)
Figure 4-3. Diagonal shear-tension failure at the beam end.

The longitudinal tie force, T, shown in Figure 4-1(b) for a section with straight strands is calculated

using Eq. 4-1.
T:Aps Xﬁe X l)(/l[ Eq 4']
where,

Aps = total area of bonded prestressing strands in the bottom flange
e = effective stress in prestressing steel after losses
l; = transfer length
Iy = distance from the beam end to the location of the critical section for the
development of the tie
For a section with straight strands, the factored shear resistance at the beam end provided by the

longitudinal tie, VuLr s, is calculated using Eq. 4-2.

Vier s=¢ x T xtand =¢ X Vurr s Eq. 4-2
where,
Vit s = the nominal shear resistance at the beam end with straight strands

provided by the longitudinal tie
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0 = the angle between the strut and tie
@ = the resistance factor for tension-controlled members in STM

= 1.0 (Article 5.5.4.2 of AASHTO LRFD (2020))

For a section with harped and straight strands, the tie force developed in straight strands, Ti, is
calculated using Eq. 4-1. The tie force along the harped strand profile, T3, is calculated using Eq.
4-3.
T3 = Anps % fpe % Lini/ly Eq. 4-3
where,
Apps = total area of bonded harped strands

Ly = distance between beam end and N, measured along the harped strand

profile
The vertical component of T3, Vazrt, is calculated using Eq. 4-4.
Varvr = Anps X fpe % sin(Oh) Eq. 4-4

where,
On = the angle between the centerline of the harped strands and the horizontal line
through the hold down point

The forces S1 and S; are calculated considering horizontal and vertical force equilibrium at N.

Considering horizontal force equilibrium at Nj,
Si(Ly—Xi)/Lsi — Sa(Xi/Lsz) = TsLw/(N(Li’ + Hj)) Eq. 4-5
where,
H), = vertical distance between the centroid of the harped strands at the beam end
and at the hold-down point

Ly, = distance from the beam end to the harped strands hold-down point

Lp = distance from the bearing center to the loading point

Ls; = length of strut S;

Ls> = length of strut S>

Xi: = horizontal distance between the bearing centerline and N,
Considering vertical force equilibrium at N,

Si(dy— Yy)/Lsi — Sa(Y/Ls2) = — TsHy/(N(Li> + Hy?)) Eq. 4-6
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where,
d, = effective shear depth of the beam
Y; = vertical distance between the centroid of horizontal strands and Ny,
The force in S3 is calculated considering horizontal equilibrium at the CCT node.
S3= (T1 — S2Xi/Ls2)/(Lp/Ls3) Eq. 4-7
where,
Ls3 = length of strut S3
The reaction force, Ry, is calculated considering the vertical equilibrium at the CCT node.,
R, =8> x sin(@;) + S3 X sin(63) Eq. 4-8
For a section with harped and straight strands, the factored shear resistance at the beam end
provided by the longitudinal ties, VuLt H, is calculated using Eq. 4-9.
Vier H=¢ X (Ry — Varvy) = ¢ X Varr 1 Eq. 4-9
where,
Vit 1 = the nominal shear resistance at the beam end with harped and straight
strands provided by the longitudinal tie
¢ = the resistance factor for tension-controlled members in STM

= 1.0 (Article 5.5.4.2 of AASHTO LRFD (2020))

4.2.2 Bearing Face Capacity

Bearing face failure is observed as concrete crushing or diagonal shear-compression failure.
Figure 4-4 shows beam end crack patterns due to shear-compression failure.
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Figure 4-4. Shear-compression failure of an I-beam: (a) an illustration and (b) a tested beam (Shahrooz et al.

2017).

Even though this failure mode is typically initiated with concrete crushing at the loading point

during laboratory studies, this type of failure is not practical under in-service conditions because
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the concentrated load used in lab tests does not reflect the in-service loads at the beam top flange.
Therefore, the factored bearing face resistance, P;1, is calculated at the CCT node using Eq. 4-10.
Pri= @ X four X Ip X wp Eq. 4-10
where,
feur = limiting compressive stress at the bearing face
=m Xy Xxf’

fe’ = design concrete compressive strength

m = confinement modification factor (Article 5.8.2.5.3a of AASHTO LRFD (2020))

v = concrete efficiency factor (Table 5.8.2.5.3a-1 of AASHTO LRFD (2020))

Iy = bearing length

wp = bearing width

@ = resistance factor for compression in STM

= 0.7 (Article 5.5.4.2 of AASHTO LRFD (2020))

Since the maximum reaction force, Ry, developed at the bearing face is limited by the factored
bearing face resistance, P;1, at that location, the factored shear resistance at the beam end controlled
by the bearing face failure mode, V.sr, is calculated using Eq. 4-11.

Vusr = (Vurr s or Vurr 1 )(Pri/Ry) Eq. 4-11

4.2.3 Strut-to-Node Interface Capacity

The strut-to-node interface is shown in Figure 4-5. The strut-to-node interface failure occurs when
the concrete at the interface between the strut (compression member) and the node (the
convergence point of internal forces) fails to resist the applied compressive stresses. This is also
referred to as the “web base crushing” failure. Figure 4-5(b) shows CCT node dimensions,
including the strut-to-node interface length. At the CCT node, the width of the strut, wy, is equal

to the length of the strut-to-node interface.
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Figure 4-5. CCT node formation between the bearing and the strut.

The factored strut-to-node interface resistance, P2, at the CCT node is calculated using Eq. 4-12.
Pr2= @ X fouz X Wy X wp Eq. 4-12
where,
feuz = limiting compressive stress at the strut-to-node interface
=m xvXxf’
e’ = design concrete compressive strength
m = confinement modification factor (Article 5.8.2.5.3a of AASHTO LRFD (2020))
v = concrete efficiency factor (Table 5.8.2.5.3a-1 of AASHTO LRFD (2020))
wp = bearing width
ws = length of the strut-to-node interface
@ = resistance factor for compression in STM
= 0.7 (Article 5.5.4.2 of AASHTO LRFD (2020))
The length of the strut-to-node interface, wy, is calculated using Eq. 4-13.
ws = (ha % cosO) + (Ip * sin6) Eq. 4-13
where,
ha = height of the back face of the CCT node
Iy = bearing length
6 = angle between strut and tie
The recommended height of the back face of the node, 4., is twice the distance from the beam
soffit to the centroid of the tension steel at the bottom flange (Tuchscherer et al. 2011). The typical
practice of calculating the effective area of the strut-to-node interface is to multiply the bearing

width (wp) and the length of the strut-to-node interface (ws). However, this practice could lead to
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an overestimation of the interface capacity when /4, is greater than the height of the rectangular
section at the beam bottom flange, as shown in Figure 4-6. The figure shows the heights of the
bottom flange (%45), rectangular section (%r), and trapezoidal section (/7) of an [-beam section. The

same figure shows a CCT node with A, > hs.

Web <<

h; Trapezoidal section w
s
hg T h,
’I R Rectangular section
I
J—lb JEE—

Figure 4-6. Variation of beam cross-section along the height of a CCT node.

Because of the above concern, MI 1800, bulb tee, and AASHTO Type I, II, and III beam details
were selected from 14 bridge plans to calculate /4, and compare it with the bottom flange heights
of the respective sections. Table 4-4 lists the selected beam sections, bottom flange dimensions,
bearing length, back face height of the CCT node, and the strut width at the CCT node interface.
As listed in Column (f), 11 out of 15 sections have A, greater than /4z. In all Type I beams, A, is
greater than /. Figure 4-7 shows the CCT node geometry of Type Ib and MI 1800d sections listed
in Table 4-4.
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Table 4-4. CCT Node Dimensions at a Selected Number of Beam Ends

Figure 4-7. CCT node at Type | and M1 1800 beams.

Beam RectaB:g;L(;zr; Fli[g;;?ig dr;tl (m.'i'otal Bearing Back Face Height of | Strut Width at
Section Section. he | Section, hr hg | Length,ls (in) | CCT Node, ha(in) (CCT Node, ws (in.)

(a) (b) (c) (d) (e) (U] ()]
M1 1800a 8.0 6.4* 10.2
MI 1800b 7.0 5.9 9.1
MI 1800c >875 55 11.375 12.2 5.9 12.8
MI 1800d 9.0 10.8 14.0
BT 60x49 12.5 7.2 13.9
BT 36x49 > ? 145 8.0 55 95
Type llla 8.0 7.2 10.8
Type IlIb 8.0 6.4 10.2
Type lllc ! [ 14.5 8.0 9.1 12.1
Type Ilid 8.0 7.7 11.1
Type lla 8.0 7.1 10.7
Type I1b 6 6 12 8.0 6.5 103
Type la 8.0 10.7** 13.2
Type 1b 5 5 10 8.0 10.9 13.3
Type Ic 8.0 10.7 13.2

+ bold text, ha > hg ++ bold and red text, ha > hg
(@) Type Ib (b) MI 1800d

Finite Element (FE) models with a span-to-depth ratio of 1.0 were developed to study the load path

at beam ends. As shown in Figure 4-8with dark blue contours, compressive stress concentrations

are observed at the web-to-bottom flange interface. The principal stress distribution also displays

similar stress concentration at the web-to-bottom flange interface (Figure 4-9). As shown in Figure

4-10, experimental results have shown failure at the web-to-bottom flange interface, which is

commonly known as web base crushing.
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(a) Section 1-1 (b) Section 2-2 (c) Section 3-3 (d) Elevation
Figure 4-8. Principal stress distribution at the end of an MI 1800 beam.
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Ib tee section (Shahrooz et al. 2017).

The effective area at the strut-to-node interface can be calculated by considering the bottom flange
geometry at the beam end if the stress is well distributed across the width of the bottom flange.
Finite element analysis of an MI 1800 beam shows that the compressive stress is well distributed
within the width of the bottom flange (Figure 4-11). Therefore, the width of each cross-section

along the length of the strut-to-node interface can be used to accurately calculate the effective area.
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Figure 4-11. Principal stress distribution within the end region of an MI 1800 beam.

To demonstrate the capacity overestimation and the impact of using the effective area for the strut-
to-node interface, the MI 1800d beam details listed in Table 4-4 are used. As shown in Figure
4-12 and listed in Table 4-4, this beam has a 5.875-in. thick web, 9-in. long and 32.5-in. wide
bearing, and a CCT node with 10.8-in. back face and 14-in. long interface. The strut-to-node
interface area, calculated using a bearing width of 32.5 in., is 455 in.? (i.e., 32.5 x 14). The strut-
to-node interface area, calculated considering the variation of beam bottom flange width along the
interface length, is 379.8 in.? (i.e., 32.5 x 7.6 + (32.5 + 9)/2 x 6.4). The use of bearing width for
this MI 1800d beam to calculate the strut-to-node interface capacity resulted in a 20%
overestimation. For an accurate representation of the strut-to-node interface capacity, this study

considers the variation of the beam bottom flange width for the interface capacity calculation.
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Figure 4-12. CCT node geometry of the MI 1800d beam.

Since the maximum strut force, S, developed at the strut-to-node interface is limited by the factored
strut-to-node interface resistance, Pr, at that location, the factored shear resistance at the beam end
controlled by the strut-to-node interface failure mode, Vusw, is calculated using Eq. 4-14.

Vusvy = (Vurt s or Vurr 1) (Pr2/S) Eq. 4-14
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The strut force (S) developed at the strut-to-node interface with only straight strands, Ss, and with
both straight and harped strands, Ssz, s calculated using Eq. 4-15 and Eq. 4-16.
Ss = \/(TZ + Varr s°) Eq. 4-15

Ssir = \[(S2cos0> + S5 cosbs)’ + (S2sinb: + Sssinbs3)’] Eq. 4-16

4.2.4 Transverse Tie Capacity

The lack of transverse reinforcement to resist lateral tensile forces developed within the bottom
flange over the bearing results in lateral splitting cracks (Figure 4-13). Inadequate transverse tie
capacity can also lead to longitudinal cracking at the beam soffit. Beams without embedded sole
plates or with inadequate confinement reinforcement are particularly susceptible to this failure
mode that promotes the slippage of prestressing strands (Ross 2012). This lateral splitting failure

eventually leads to bond-shear failure, which in turn promotes longitudinal tie failure.

i

Splitting Crack
PN T
Tranzverse > 2‘]
Force ?‘ .
End View Side View
(a) Illustration (b) Lateral splitting cracks

Figure 4-13. Formation of lateral splitting cracks (Ross 2012).

Starting with the 3D STM model presented in Ross et al. (2013), 2D STM models were developed
by Ross et al. (2013) and Shahrooz et al. (2017) to calculate the transverse tie forces developed
within the bottom flange of I-shaped beams. As shown in Figure 4-14, Shahrooz et al. (2017)
described a rational process to determine the load path, including the spacing between the vertical
reactions developed at the beam soffit, considering the bearing pressure distribution across the
bearing width. This figure illustrates the load path through the web and the bottom flange onto the
bearing pad. Shahrooz et al. (2017) developed the 2D STM based on the following assumptions:

1. The STM model is symmetric about the vertical axis of the section.
2. The angle of the inclined struts in 3D STM does not affect the 2D (cross-sectional) STM
configuration because the horizontal strands are sufficient to anchor these struts in the

longitudinal direction of the beam.
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3. All bonded strands resist the generated tie force equally. In addition, each strut is anchored
at a node corresponding to the centroid of a strand group, and the corresponding strut force
is proportional to the number of bonded strands represented by the node.

4. Girders are not skewed at their ends.

ny = bonded strands

in one side of outer
portion of web centroid of strands in
outer portion of bulb

(filled strands)

©Q 0 0.0-00 0 0.0-0
©0.0.0°0 0 0. 0.00 ©

o 0 O
strut B
[}

o olo o/o
I

T

Ch

=
=

Virr(ng/N)

V,zx(1-2n,/N)
Figure 4-14. STM model for transverse tie capacity calculétion (Shahrooz et al. 2017).

In the 2D STM, the distance between the vertical reactions, cb, is defined assuming a uniform
bearing pressure distribution across the bearing width. To validate this assumption, the bearing
pressure distribution of an I-beam was evaluated using a finite element (FE) model. In the FE
model, the elastomeric bearing pad is modeled using spring elements. The spring stiffness was
calculated using the modulus of elasticity of a typical neoprene bearing pad, as presented in Aktan
etal. (2008). The reaction force distribution along the bearing width is uniform, as shown in Figure
4-15, and supports the primary assumption used in the 2D STM. Even though the reaction forces
along the bearing length slightly increase towards the front edge of the bearing, it has no impact
on the assumption used in the 2D STM. In this particular model, the reaction forces along the

bearing length changed from 110 to 117 Ib (= 5%).

120
18 3
16
ns g
m2
110
108 &
106

Spring element within "‘%s, 2 . 2
in,)

the bearing area 6 1

(a) Isometric view of the composite section and a close-up (b) Reaction force distribution within the bearing
view of the bearing footprint footprint
Figure 4-15. Beam geometry and reaction force distribution within the bearing footprint.
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Figure 4-14 shows the geometry of the STM used to calculate the transverse tie force at the beam
end. The nominal shear resistance at the beam end controlled by the transverse tie failure mode,
VaurT, is calculated using Eq. 4-17.
Varr =t/[(ny/N) X {xp/(hg — yp) + (Xp — cb)/Vp}] Eq. 4-17
where,
cp = distance between two vertical reaction force components
= (Wp/2) (I =ny/ N)

N =total number of straight bonded strands

ny = number of bonded strands on one side of the outer portion of the web

wp = width of the bearing

hp = vertical distance between flange bottom surface to web and bottom flange

intersection
t- = resistance provided by the confining steel within L
= f(2As)Lcr/s
Ay = cross-sectional area of a single confinement steel
fy = yield strength of confinement steel
Le: = beam length with confinement steel resisting the tie force
= (ho/4) + Iy

he = height of the composite beam section

Iy = length of bearing

s = spacing of confinement steel over L

Xp = horizontal distance from the beam centerline to the centroid of nystrands in

the outer portion of the bottom flange
vp = vertical distance from the beam soffit to the centroid of ny strands in the outer

portion of the bottom flange

The factored shear resistance at the beam end controlled by the transverse tie failure mode, V7,
is calculated using Eq. 4-18.
Vurr = ¢ X Varr Eq. 4-18
where,
¢ = the resistance factor for tension-controlled members in STM

= 1.0 (Article 5.5.4.2. of AASHTO LRFD (2020))
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43 MARGIN OF SAFETY FOR CAPACITY CALCULATION

To utilize the STM with confidence for practical applications, a correlation between theoretical

and experimental capacities must be established. Therefore, the experimental data and the

associated PSC I and bulb tee beam end details were compiled from the available literature. Table

4-5 presents concrete compressive strength values and beam end details documented in Hawkins
and Kuchma (2007), Shahrooz et al. (2017), and Osborn et al. (2012). Hawkins and Kuchma
(2007) evaluated the capacities of AASHTO BT-63 beams with three different concrete
compressive strengths (10,000, 14,000, and 18,000 psi), different numbers of prestressing strands

(ranging from 24 to 42), and harped and debonded strands. Shahrooz et al. (2017) evaluated the

capacities of AASHTO BT-54 and Type Ill beams with concrete compressive strengths ranging

from 12,200 to 17,400 psi and varying degrees of debonded strands. Osborn et al. (2012) evaluated

AASHTO Type Il beams salvaged from bridges that were in service for 42 years.

Table 4-5. Beam Geometry, Material Properties, and Sectional Details

Beam Concrete Strand
Section | Compressive |Cross-Section [Diameter StianlaRBEAmIE NG Bearing

Source Label |Strength (psi)| Area (in.?) (in.) Total | Harped | Debonded | Length (in.)
(a) (b) (© (d) (e) () (9) (h) (i)
BT-63a 32 0 0 9
BT-63b 32 6 0 9
BT-63c 10,000 38 0 0 9
BT-63d 38 6 0 9
Hawkins | BT-63e 42 0 0 9
and BT-63f 42 0 0 9
Kuchma BT-63g 14,000 1133.00 0.600 42 0 0 9
(2007) | BT-63h 42 0 0 9
BT-63i 42 0 0 9
BT-63j 24 0 0 9
BT-63k 18,000 42 0 0 9
BT-63I 42 0 18 9
BT-54a 17,400 871.83 20 0 12 12
BT-54b 15,200 871.83 0.600 20 0 2 12
Shahrooz et Type Ia 12,600 637.82 16 0 8 12
al. (2017) | Type IlIb 12,200 637.82 16 0 4 12
Type Ilic 13,800 637.82 0.500 18 0 10 12
Type IlId 13,200 637.82 18 0 4 12
Oshornet | Type lla 443.87 12 0 0 8
al. (2012) | Type llb 7100 443.87 0.438 12 0 0 8

Table 4-6 presents (i) beam end factored resistance calculated using STM and relevant resistance
factors from the AASHTO LRFD Article 5.5.4.2, (ii) the actual capacities evaluated through

laboratory testing, and (iii) the Margin of Safety (MoS) calculated as a ratio of the experimental
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capacity and the factored resistance listed in column (f). Columns (b), (¢), (d), and (e) present the
beam end factored resistance associated with each failure mode considered during the application
of STM - longitudinal tie, bearing face, strut-to-node interface, and transverse tie. A resistance
factor of 1.0 is used for tension-controlled failure modes (the longitudinal tie and transverse tie
failure). A resistance factor of 0.7 is used for compression-controlled failure modes (the bearing
face and strut-to-node interface failure). The minimum value from these four potential failure
modes is selected as the beam end factored resistance and listed in column (f). The factored
resistance of a majority of BT sections is controlled by the factored resistance of the transverse tie.
According to Ross (2012), the embedded sole plates provide additional confinement in I and bulb
tee sections, improving the transverse tie resistance by 160% to 171%. However, the study by
Ross (2012) recommends increasing the transverse tie resistance calculated using STM by 150%
in the presence of a sole plate. Since none of the beams listed in Table 4-6 has sole plates, the
factored resistance of the transverse tie is not adjusted. The experimental capacities documented
in the respective literature are listed in column (g). The ratio of experimental capacity to factored
resistance is calculated and presented in column (h) as the Margin of Safety (MoS). The results
show that the actual capacity of beam ends ranges between 100% and 350% of the factored
resistance calculated using STM and AASHTO LRFD resistance factors. Similar observations
were reported by Osborn et al. (2012), who analyzed the capacity of seven decommissioned girders
using STM before experimentally evaluating their capacity. However, their results are not
included in this section because the publication does not explicitly specify whether the nominal or

factored resistances were used for the comparison.
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Table 4-6. Beam End Factored Resistance, Experimental Capacity, and the Margin of Safety

Beam Failure Mode and Factored Resistance (kip) Factored |Experimental | Margins of
Section | Longitudinal | Bearing | Strut-to-Node | Transverse | Resistance Capacity | Safety (MoS)
Label Tie Face Interface Tie (kip) (kip)

(a) (b) (c) (d) (e) (f) (9 (h) = (9)/(f)
BT-63a 545 1872 674 464 464 530 1.1
BT-63b 418 1872 618 245 245 621 2.5
BT-63c 682 1872 666 872 666 686 1.0
BT-63d 493 1872 631 464 464 794 1.7
BT-63e 643 2621 931 677 643 721 1.1
BT-63f 643 2621 931 677 643 859 1.3
BT-63g 643 2621 931 677 643 678 1.1
BT-63h 643 2621 931 677 643 678 1.1
BT-63i 643 2621 931 677 643 669 1.0
BT-63j 426 3370 966 273 273 408 15
BT-63k 682 3370 1197 677 677 671 1.0
BT-63I 422 3370 1197 276 276 563 2.0
BT-54a 130 2660 1211 458 130 452 3.5
BT-54b 305 2324 1133 1362 305 511 1.7

Type llla 110 1630 742 901 110 311 2.8
Type Illb 171 1578 761 2698 171 357 2.1
Type lllc 110 1785 813 901 110 321 2.9
Type Ilid 201 1708 836 4804 201 383 1.9
Type lla 81 501 282 704 81 150 1.8
Type Ilb 81 501 282 704 81 176 2.2

The longitudinal tie and transverse tie are the dominant failure modes of the BT-63 series. The

BT-63a specimen exhibited transverse splitting cracks (Figure 4-16), likely due to the lack of

transverse tie capacity. Although several BT-63 beams have lower transverse tie capacities,

photographs or experimental data are not available in the relevant literature to confirm the observed

failure modes during the laboratory testing of those specimens.

Figure 4-16. Lateral splitting cracks documented at the BT-63a beam end (Hawkins and Kuchma 2007).
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The STM results of BT-54a show longitudinal tie failure as the controlling failure mode. The
picture of BT-54a, shown in Figure 4-17, indicates a vertical crack at the bottom flange that led to

a shear-tension failure associated with the longitudinal tie failure.

Several beam end testing results show inconsistencies between the theoretically identified failure
modes and experimental failures. The controlling failure mode of BT-54b is the longitudinal tie
failure. However, the picture of BT-54b, shown in Figure 4-18, indicates web base crushing.
Similar observations are also documented for Type III beams. The longitudinal tie failure mode
limits the STM capacity of all Type III beams. However, during experimental testing, failure was
primarily observed at the loading point due to bearing crushing, which led to shear-compression
failure (Figure 4-19). Since the large, concentrated loads applied during laboratory testing do not
represent the loading conditions experienced by an in-service bridge beam with a deck, these

beams could have withstood significantly higher loads before failure under typical highway loads.

Vertical flexural crack

Figure 4-17. Shear-tension failure of BT-54a specimen (Shahrooz et al. 2017).

= < ey I

Figure 4-18. Failure patterils of BT-54b -épecimen (Shahrooz et al. 2017).
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Failure at the loading point Failure at the loading point

(a) Type Illa | (b) Type I1Ib
Figure 4-19. Shear-compression failure at Type III beam ends (Shahrooz et al. 2017).

The MoS ranges between 1.0 and 3.5, depending on section geometry, detailing, and the difference
between the actual prestress transfer length and the values used in the STM calculations. The MoS
of the BT-63 series ranges from 1.0 to 2.5. The BT-54a stands out with a notably high MoS of
3.5. This section only had 8 bonded strands but exhibited a significantly high experimental
capacity. The calculated STM capacity by Shahrooz et al. (2017) is higher than the values
presented in this report. This difference is primarily due to the 30dy transfer length used in their
analysis based on experimental and finite element analyses. This shorter transfer length, compared
to the 60d, calculated as per the AASHTO LRFD guidelines, increases the beam end capacity. In
this report, the 60d, transfer length is used to be consistent with other studies and derive
conservative results to represent beam end factored resistances. Type III beams exhibit
consistently high MoS values, ranging from 1.9 to 2.9. The MoS of Type II beams, despite their

age and reduced strand count, ranges from 1.8 to 2.

The AASHTO Type beams exhibit consistently high MoS values ranging from 1.8 to 2.9,
indicating that their beam end resistance can exceed theoretical capacities by at least 180%. In
contrast, BT-63 beams show a wide range of MoS values. For 50% of the sections included in this
comparison, the experimental capacities did not exceed 110% of the theoretical capacities, while
20% showed identical theoretical and experimental capacities. The results show that STM did not
underestimate the capacities, and the method can be used confidently for developing RFA

guidelines.
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44 CAPACITY-TO-DEMAND RATIO (CDR)

A pool of 15 PSC beams (from 14 bridges) was selected, representing MI 1800, Bulb Tee (BT),
and AASHTO Type beams, to calculate the beam end capacity-to-demand ratio (CDR). Table 4-7
shows a summary of bridge details, beam end details, and the factored shear at the beam end. Table
4-8 presents the factored shear resistance corresponding to each beam end failure mode, the
minimum factored shear resistance (highlighted in bold) selected to represent beam end factored

shear resistance, and the capacity-to-demand ratio (CDR).

In this section of the report, the capacity represents the factored shear resistance calculated using
STM and the AASHTO LRFD resistance factors, whereas the demand represents the factored
shear at the beam end. The scope of analysis is limited to the interior beams of the selected bridges.
The factored shear was calculated using bridge plan details of the respective bridges. A total of 15
PSC I-shape and bulb tee beams were selected. Eleven of the selected beams had harped strands,

and five of them contained debonded strands.
Table 4-7. Bridge and Beam End Details and the Factored Shear

Beam Strands at Beam End Bearing Desi
: : esign Factored Shear
Length | Spacing | Diameter Length Load (Demand) (kip)

Section |  (ft) (ft) (ft) | Total | Harped | Debonded | (in.)

(a) (b) (© (d) (e) () (9) (h) (i) ()
MI 1800a | 132.87 8.05 0.600 42 4 8 8.0 HS25 357
M1 1800b| 133.53 6.89 0.600 34 6 2 7.0 HS25 309
MI 1800c | 133.53 6.89 0.600 34 6 2 12.2 HS25 322
M1 1800d| 110.00 9.67 0.600 32 2 10 9.0 |HL-93 Mod. 353
BT 60x49| 109.25 | 7367 0.600 44 0 10 125 |HL-93 Mod. 335
BT 36x49| 85.25 6.90 0.600 32 5 0 8.0 |HL-93 Mod. 266
Type Illa| 65.10 6.50 0.500 26 6 0 8.0 HS 20-44 160
Type lllb | 67.83 6.25 0.500 24 4 0 8.0 HS 20-44 167
Type Illc | 64.50 6.21 0.438 36 8 0 8.0 HS 20-44 160
Type Illld | 65.83 6.00 0.438 30 4 0 8.0 H15-44 131
Type lla | 57.00 6.08 0.438 24 6 0 8.0 H15-44 106
Type llb | 49.33 6.25 0.438 20 4 0 8.0 H15-44 100
Type la* | 34.70 6.25 0.500 12 0 0 8.0 HS 20-44 102
Type Ib | 35.20 6.00 0.438 14 0 0 8.0 H15-44 78
Type lc | 35.50 6.08 0.438 12 0 0 8.0 H15-44 79

*Except Type la, all other Type |, I1, and 111 are constructed with an end block at the beam end.
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Table 4-8. Beam End Factored Shear Resistance, Factored Shear, and the Capacity-to-Demand Ratio (CDR)

Beam | Failure Mode and Factored Shear Resistance (kip) | Factored Shear| Factored Shear
Section | Longitudinal| Bearing [Strut-to-Node| Transverse Resistance (Demand) CDR
Tie Face Interface Tie* (kip) (Kip)
(@) (b) (©) (d) (e) (f) (h) ()=g/h
M1 1800a 368 1068 646 344(516) 368 357 1.03
M1 1800b 296 942 576 152(227) 227 309 0.74
M1 1800c 430 1561 776 180(270) 270 322 0.84
M1 1800d 303 1188 732 NA 303 353 0.86
BT 60x49 562 1831 969 758 562 335 1.68
BT 36x49 315 1315 741 1191 315 266 1.18
Type llla 210 723 443 1240 210 160 1.31
Type IlIb 240 723 425 8079 240 167 1.44
Type Illc 274 723 497 884 274 160 1.71
Type Ilid 240 723 471 803 240 131 1.83
Type lla 161 592 360 939 161 106 1.52
Type Ilb 138 592 346 784 138 100 1.38
Type la 168 526 340 833 168 102 1.65
Type Ib 143 526 374 NA 143 78 1.84
Type Ic 122 526 371 NA 122 79 1.54
+ Values in the bracket represent (tie capacity x 1.5), the capacity adjusted in the presence of a sole plate.
The factored shear resistance controlled by the transverse tie failure mode is not defined (i) when bottom
flange strands are located within the web portion and (ii) when (x, — cp) is negative.

Out of all four M1 1800 beams, M1 1800b and c have the lowest factored shear resistance controlled
by the transverse tie failure mode. As noted in Section 4.3, following the recommendation by Ross
(2012), these factored shear resistance values are multiplied by 1.5 and compared with the rest to
identify the controlling failure mode and the beam end factored shear resistance.

Even after increasing the factored shear resistance by 1.5 times, this failure mode still governs in
two of the four MI 1800 beams, resulting in a CDR of less than 1.0. This is primarily due to a
wider bottom flange relative to web thickness in MI 1800 beams and with strands mostly
distributed within the outer portions of the bottom flange, as shown in Figure 4-20(a). As shown
in Figure 4-14, n/N and X, increase when most of the strands are located within the outer portions
of the bottom flange, resulting in a lower shear resistance controlled by the transverse tie failure
mode, as illustrated by Eq. 4-17. As an example, the M1 1800b, shown in Figure 4-20(a), has all
of the beam end bottom flange strands in the outer portions of the flange, resulting in a 152-kip
factored shear resistance. On the contrary, M1 1800d, shown in Figure 4-20(b), has a majority of
the bottom flange strands located within the footprint of the web, resulting in a negative value for

(Xp - Cb). As aresult, the transverse tie failure mode is not a concern for this beam.
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Figure 4-20. Beam end strand pattern of MI 1800

A similar observation is documented in Shahrooz et al. (2017) for deep NU girders with wider
bottom flanges, where most of the strands are located in the outer portions. Longitudinal cracking
due to the large transverse tie force was observed (Figure 4-21). These cracks typically do not

impact the longitudinal tie resistance unless they interact with the strands.

Figure 4-21. Development of longitudinal cracking in a beam with wider bottom flanges and most of the
strands located in the outer portions of the flange (Shahrooz et al. 2017).

The MI 1800d beam shows a CDR of 0.86. Its capacity is limited by the factored shear resistance,
which is governed by the longitudinal tie failure mode. The factored shear demand of MI 1800a
and d is similar, but the number of bonded strands in MI 1800a and d beams is 30 and 20,
respectively. Since the number of bonded strands controls the longitudinal tie failure mode, the

MI 1800d beam has a lower factored shear resistance compared to the MI 1800a beam.
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All the sections except MI 1800 listed in Table 4-8 possess an adequate factored resistance with a
CDR greater than 1.0. The BT 60x49 and BT 36x49 have a consistently high CDR of 1.68 and
1.18, respectively. The AASHTO Type 111, 11, and I display a good overall CDR, ranging from
1.31 to 1.84. Therefore, to develop the RFA guidance, a minimum reserved capacity of 115% is
used for all beam types except MI 1800. For MI 1800 beams, it is recommended to calculate the
factored shear demand and resistance for the specific beam under consideration to determine the

reserved capacity.

4.5 IMPACT OF BEAM END CONDITIONS ON SHEAR CAPACITY

The most common beam end conditions are classified into two groups: (1) spall and/or
delamination at the beam soffit in front of the bearing and (2) spall and/or delamination at the
bottom flange. The MoS and CDR calculations indicate that the beam end shear capacity is
sensitive to various parameters, including the total number of strands, the presence of harped
strands, the percentage of debonded strands, the bearing length, and the transfer length. The
number of bonded prestressing strands and the remaining bearing area are reduced due to spall and
delamination at the beam end. Hence, the sensitivity of beam end shear capacity to beam end
condition is evaluated to determine the limits for deteriorated beam ends to support loads safely
and to develop guidelines for RFA decisions. As stated previously, a minimum reserved capacity

of 115% is used for all beam types, except MI 1800, to establish the thresholds for RFA decisions.

To perform the sensitivity analysis, three representative beam types were selected: MI 1800, Bulb
Tee (BT), and AASHTO Type III sections. These beam types cover a range of [-beams and strand
configurations commonly used in Michigan bridges. Figure 4-22 illustrates the selected beam-end

sections and strand patterns.
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Figure 4-22. Beam end sections with strand arrangement.
4.5.1 Beam End Shear Capacity with Spalls at the Beam Soffit in Front of the Bearing
Figure 4-23 and Figure 4-24 present spalls at the beam soffit in front of the bearing. Figure 4-23(a)
has two beam ends. Beam 1 has a 100% section loss while Beam 2 has approximately a 40%
section loss along the beam width direction. The beam end shown in Figure 4-23(b) has a deeper
section loss, with approximately a 30% loss across the beam width. Beam ends shown in Figure
4-24 have section losses with exposed strands and stirrups. Inspection guidelines and templates
were developed for documenting such conditions during scoping and RFA inspections (Figure
4-25). The ratio of the width of the spall (Sw) and the width of the beam soffit (BW) defines the

percentage of section loss at the soffit.

(@)

Figure 4-23. Section loss at the beam soffit without exposing strands or reinforcement.
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(a) (b)
Figure 4-24. Section loss at the beam soffit with exposed strands and stirrups.
BW: bottom flange width
Sp: spall/delamination depth
St: spall /delamination length along the beam
Ste: distance from sole plate to the spall /delamination
Sw: spall /delamination width

71 72 73 i . .
: ; _— ' Swe: distance from beam edge to the spall /delamination
BW ‘ &\\\ | Bw Z:: zone 1, overhang portion at the beam end
S ! | 1 Swe . Z,: zone 2, beam section over the bearing plate
[ ' [ * H . .
BW [l S, Z3: zone 3, beam section from the edge of bearing
Swp towards the span up to 5-ft of bearing

Figure 4-25. Beam end discretization and variables for documenting section loss and/or delamination at the
beam soffit.

Figure 4-26 presents the impact of beam soffit section loss and strand loss on beam end shear
capacity. These three graphs present the following information:

(1) The vertical axis represents the capacity reduction as a percentage.

(i1) The top horizontal axis represents the section loss as a percentage of the width of the beam
soffit.

(ii1) The bottom horizontal axis represents the exposed stands as a percentage of the total
number of straight strands in the bottom flange and the lower portion of the web.

(iv) The capacity loss percentage is approximately proportional to the percentage of exposed
strands (i.e., ineffective strands due to spall, delamination, cracking, or a combination
thereof).

(v) Shallow section loss at the beam soffit without exposed strands has no impact on the beam
end capacity. As shown in Figure 4-27, a 6-in. wide shallow spall resulted in a 17% section
loss without exposing strands. This section loss did not result in a capacity loss as indicated
by point A in Figure 4-26(a). Even having a 100% section loss without exposed
prestressing strands does not reduce the beam end shear capacity. However, if a similar

section loss, as shown in Figure 4-28, exposes 14% of the strands (four bonded strands in
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Capacity Reduction (%)

the bottom flange), the beam end shear capacity decreases by 12%, as represented by point
B in Figure 4-26(a). A similar capacity reduction is represented by point C, representing
the combined effect of section and strand loss. For a 15% capacity reduction,
approximately 17% of the strands must be exposed, along with a 23% section loss.

(vi) For a capacity reduction of 15%, both MI 1800 and bulb tee (BT 36x49) beams require
about 17% exposed strands and 23% section loss (Figure 4-26(b) and (c)). However,
beams with narrow bottom flanges, such as the AASHTO Type III, require more than 35%

section loss to expose 17% of strands to have a 15% capacity reduction.

Section Loss at Beam Soffit, S,/BS (%)

Section Loss at Beam Soffit, S,/BS (%)
0 5 10 15 A 20 25 0 5

10 15 20 25
0 < 0 -
5 g,
c
2
g
10 B c g 10
12
2
E
15 % 15
—e—Section loss + exposed strands [$) —— Section loss + exposed strands
2 —e—Exposed strands only —e—Exposed strands only
20
0 5 10 15 20 25 0 5 10 15 20 25
Exposed Strands (%) Exposed Strands (%)
(a) MI 1800 (b) BT 36x49
Section Loss at Beam Soffit, S,/BS (%)
0 5 10 15 20 25 30 35 40 45 50

0 -

——Section loss + exposed strands
—e—Exposed strands only

Capacity Reduction (%)
S

20

0 5 10 15 25 30 35 40 45 50

Ex%%sed Strands (%)
(c) Type IIT
Figure 4-26. Capacity reduction due to the loss of a section at the beam soffit.
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Figure 4-28. Beam soffit section loss corresponding to points B and C in Figure 4-26(a)

4.5.2 Beam End Shear Capacity with Spalls at the Bottom Flange

Figure 4-29 to Figure 4-31 show spalls at the bottom flange. Morcous et al. (2020) define spalls

at the beam end as moderate, extensive, and severe based on the following conditions

e Moderate: spall greater than 1 in. but less than 2 in. deep and less than 6 in. in diameter

o Extensive: spall greater than 2 in. but less than 4 in. deep or greater than 6 in. in diameter
e Severe: spall deeper than 4 in

Figure 4-29 shows examples of section loss in front of the bearing and above the sole plate without
exposed steel and/or bearing area loss. Figure 4-30(a) and (b) show moderate and extensive spall

with bearing area loss but without exposed strands or steel. Figure 4-31(a) and (b) show moderate
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spall with exposed strands. Figure 4-31(c) and (d) show severe spall with exposed strands.
Inspection guidelines and templates were developed to document such conditions during scoping
and RFA inspections (Figure 4-32). The section loss is defined as the length of section loss in the
width direction relative to the total flange width. The bearing area loss is calculated as the loss of
area within the bearing footprint relative to the total bearing area. The percentage of strand loss is
defined as the ratio of exposed strands to the total number of straight bonded strands in the bottom

flange and the lower part of the web.

.

(aj Section loss in front of the bearing B (l:;) S'ebfion loss at the beam end
Figure 4-29. Section loss without exposed steel and bearing area loss.

() Moderate spall . (b) Extensive spall
Figure 4-30. Spalls with bearing area loss.
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‘ () Severe pall (d) Severe spall
Figure 4-31. Bearing area loss with exposed strands and stirrups.

Sne: height of spall/delamination on the left side
Sur: height of spall/delamination on the right side
Shev: vertical distance from the beam soffit to the
spall/delamination on the left side
Surv: vertical distance from the beam soffit to the
spall/delamination on the right side
Stru: horizontal distance from the beam end to the
spall/delamination on the left side
Stru: horizontal distance from the beam end to the
spall/delamination on the right side
| ‘ Sti: length of spall/delamination on the left side
_.J' ! Str: length of spall/delamination on the right side
Swr: depth of spall/delamination on the left side
Swr: depth of spall/delamination width/depth on the right
side
Figure 4-32. Beam end discretization and variables for documenting section loss and/or delamination at the
beam bottom flange.

4.5.2.1 Thresholds for Bearing Area Loss

For sections similar to the one shown in Figure 4-20(b), a large section of the bottom flange outer

SLLH:’LRH

S Spalled/delaminated area

portion could spall without exposing strands. For such sections, the maximum width of the
concrete spall over the bearing is calculated by considering the factored bearing face resistance

using Eq. 4-10 and listed in Table 4-9. For this calculation, beam sections and minimum bearing
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length listed in Table 4-7 are used. The maximum factored shear for each section is taken from
Table 4-8. The resistance factor of 0.7, confinement modification factor of 1, concrete efficiency
factor of 0.45, and concrete compressive strength of 7.5 ksi are considered. The maximum factored
shear listed in column (d) of Table 4-9 is used as P,; in Eq. 4-11. The resulting minimum concrete
bearing width for each section is calculated and listed in column (e). The maximum width of the
concrete spall is calculated and shown in columns (f) and (g). As per the results shown in Table
4-9, irrespective of the beam type, the maximum width of concrete spall of 39% is possible at the
bottom flange over the bearing without compromising the beam end factored shear resistance. For
cases with spalls on only one side of the bottom flange, a maximum width of concrete spall of 20%

1s recommended.

Eq. 4-10 2 Pr1 = ¢ X feur % Iy X wp

Required minimum concrete bearing width = Py; /(¢ X feur % Ip) Eq. 4-19

Table 4-9. Thresholds for Maximum Width of Concrete Spall

Beam |Bottom flange Min. bearing | Max. factored | Required min. | Max. width of concrete
. . . length from shear from | concrete bearing spall
section S widthiGRe) 8 o Ble 427 (inl) || Table 4.8\ (Kips) ||| wid¢h/(int) (i) %)
(a) (b) (©) (d) (e) () = (b)—(e) | (2) = (/(b)
MI 1800 35.5 7 357 21.35 14 39
BT 60 x 49 40 8 335 17.72 22 55
Type III 22 8 167 8.84 13 59
Type II 18 8 106 5.61 12 66
Type 1 16 8 102 5.40 10 62

4.5.2.2 Impact of Section and Strand Loss

Figure 4-33 presents the impact of bottom flange section loss and strand loss on beam end shear
capacity. These three graphs present the following information:

(1) The vertical axis represents the capacity reduction as a percentage.

(i1) The top horizontal axis shows the section loss and bearing area loss as a percentage. The
section loss is calculated as (Swr + Swr)/BW. The bearing area loss is calculated as (Swr
X SLL + Swr % SLr)/(Bearing Area).

(ii1)) The bottom horizontal axis represents the percentage of exposed strands, calculated
relative to the total number of straight strands located in the bottom flange and lower
portion of the web.

(iv) Capacity reduction is approximately proportional to the percentage of exposed strands

(i.e., ineffective strands due to spall, delamination, cracking, or a combination thereof).
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(v) As discussed in Section 4.5.2.1, except for certain beams with bottom flange strands located
within the footprint of the web, as shown in Figure 4-20(b), a large section loss without
exposing prestressing strands is not possible. As shown in Figure 4-34, a 2-in. wide spall
on both the left and right sides resulted in a 10% section loss without exposing strands.
This section loss did not result in a capacity reduction as indicated by point A in Figure
4-33(b). However, when a 20% section loss, as shown in Figure 4-35, exposes 7% of the
strands (two bonded strands in the bottom flange), beam end shear capacity decreases by
6%, as indicated by point B in Figure 4-33(b). A similar capacity reduction is represented
by point C, which is the combined effect of a 20% section loss and a 7% strand loss.

(vi) As shown in Figure 4-36, a 2-in. wide and 8-in. long spall on both the left and right sides
of the web resulted in a 9% bearing area loss without exposing strands. This bearing area
loss did not result in a capacity loss as indicated by point D in Figure 4-33(b). This
calculation used an 8-in. long and 40-in. wide bearing, and excluded the section loss within
Z1 (one-inch long segment). As shown in Figure 4-37, a 26% bearing area loss exposes
15% of the strands (4 bonded strands in the bottom flange). As represented by point E in
Figure 4-33(b), the 15% strand loss alone contributes to a 15% reduction in the capacity.
When the combined effect of 26% bearing area loss and 15% strand loss is considered, the
reduction of beam end shear capacity remains at 15%, as indicated by point F on the graph.
This highlights the impact of exposed strands on the capacity compared to the significance
of the bearing area loss. As indicated by point G on the graph, the bearing area loss of 11%
also results in a 15% reduction of beam end shear capacity. This is because the bearing
area loss of 11% represented by Swr/wL = 6 in. and Srrar = 4 in. also exposes 15% of the
strands (4 bonded strands in the bottom flange).

(vii) The above results and the calculations presented in Section 4.5.2.1 indicate that the width

of the spall over the bearing (i.e., Swi and Swr) as a percentage with respect to the bottom

flange width is a better measure than the bearing area loss for developing RFA guidelines.
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Capacity Reduction (%)
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Sectionand Bearing Area Loss at Beam Side (%)

Section and Bearing Area Loss at Beam Side (%)

(c) Type IIT
Figure 4-33. Capacity reduction due to bottom flange section loss.
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Figure 4-34. Bottom flange section loss corresponding to point A in Figure 4-33(b).
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Figure 4-35. Bottom flange section loss corresponding to points B and C in Figure 4-33(b).
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Figure 4-36. Bottom flange section loss corresponding to point D in Figure 4-33(b).
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4.5.3 Summary of Sensitivity Analysis

As indicated by the sensitivity analysis, longitudinal tie failure is the governing failure mode in all
the analysis cases. The capacity reduction due to exposed strands is proportional to the percentage
of exposed strands. The beam end shear capacity is not affected by the section loss and/or bearing
area loss without exposed strands, since it is not practical to have a significant section loss in
typical PSC I-beams without exposing prestressing strands. As previously discussed, a 15%
capacity reduction is used as the threshold for RFA decisions. Based on the sensitivity analysis,
deterioration thresholds corresponding to this 15% capacity reduction have been established for
various beam types (Table 4-10). For example, a 15% capacity reduction is observed if 17-18%
of the strands are exposed at the beam soffit. To expose 17—18% of the strands at the beam soffit
requires a section loss in the range of 22—-37%. This variation is observed because the relationship
between section loss and strand exposure depends on the arrangement of the strands within the

beam cross-section.

Since the use of the width of the spall over the bearing (i.e. Swr_ and Swr) as a percentage with

respect to the bottom flange width is a better measure than the bearing area loss for developing

RFEA guidelines, only the strand loss and section loss are considered for defining the thresholds to

set the limits beyond which a detailed assessment is required to establish the load capacity. As

long as the conditions remain within these limits, the beam can be considered to perform safely

without requiring an RFA.
Table 4-10. The Threshold for Different Beam End Conditions Corresponding to the 15% Capacity

Reduction
X

Location Condition* Mz;:;o“ BT(::::) e T’;l;/f')l it R(a:zge
Beam soffit Exp(_)sed stranc.:ls 17 17 18 17-18
Section loss with exposed strands 23 22 37 22-37
Exposed strands 17 15 17 15-17
Beam side Section loss with exposed strands 22 30 32 22-32
Section loss only 39 55 59 39-59

+ Exposed strands include ineffective strands due to longitudinal cracking.

4.6 CLASSIFICATION OF BEAM END DETERIORATION

The classification of beam end deterioration shown in Table 4-11 is based on the type, location,
and extent of damage. It is used to determine the appropriate CS in accordance with inspection
guidelines. The range for CSs is decided based on the analysis presented in Section 4.5, which

evaluates the impact of various deterioration scenarios on beam end capacity.
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Table 4-11. Classification of Beam End Deterioration by Condition State (CS)

Type of . 1 Condition
Locati C R Zo
Deterioration ocation ase ange €1 State (CS)
(A) Depth N/A cs2
< clear cover of stirrups
(B) Depth No strands are exposed, cs2
= clear cover of stirrups | but section loss < 20% ’
Beam soffit’ < 15% of bottom flange | Z3
. strands are exposed CS3
| (© Deptfh q and < 35% section loss
= clear cover of strands > 15% of bottom flange
CS4
strands are exposed
(A) Depth N/A Ccs2
< clear cover of stirrups
(B) Depth Section loss < 10% and
. CSs2
Spall = clear cover of stirrups | no strands are exposed
Delalfl?nation < 40% section loss cS?
without exposed strands*
< 15% of the bottom
1 © DePtglt d flange strands are exposed CS3
= clear cover of strands :
[Bottom flange and < 30% section loss gé‘
side? > 15% of bottom flange ’
Z3 Cs4
strands are exposed
< 15% of bottom flange
strands are exposed and CS3
<30% section loss
D) Depth Section loss = 40% and
> clear cover of strands ) i CS4
no strands are exposed.
> 15% of
> 15% of bottom flange CSs4
strands are exposed
! Do not use these limits for MI 1800 beams. The capacity of MI 1800 beams should be evaluated on a case-
by-case basis using the provided Mathcad calculation sheets and compared with the factored demands.
2 Clear cover is measured from the beam soffit.
3 Clear cover is measured from the vertical side of the bottom flange.
4 Use 20% as the limit when the bottom flange spall is only on one side.

4.7 CONDITIONS REQUIRING A REQUEST FOR ACTION (RFA)

The RFA thresholds are developed based on the analysis results that account for the impact of
deterioration, along with applicable inspection and rating criteria discussed throughout the report.
Specifically, the thresholds outlined in Table 4-12 are aligned with the CS definitions established
in Section 4.6, where capacity reductions were directly correlated with the extent of strand

exposure and section loss.
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Table 4-12. PSC I-Beam End Conditions Requiring a Request for Action (RFA)

Request for Action PSC I-Beam End

In-depth inspection required
Element conditions at CS4
Exposed (ineffective) strands > 15% of the bottom flange strands

Section loss > 40% and no strands are exposed.
(Section loss >20% and no strands are exposed if the spall is on one side of the bottom flange)

Shear cracks impacting the beam end capacity

X

X
X
X
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5 PERFORMANCE OF BEAM END REPAIR AND PRESERVATION
METHODS

5.1 OVERVIEW

This section describes the evaluation of repair and preservation methods for deteriorated PSC beam
ends. The corrosion of prestressing strands and mild steel leads to concrete delamination and
spalling, conditions predominantly observed at the beam ends. Traditional patching techniques
have proven to be short-term solutions that do not contribute to capacity. The review of MDOT
inspection data and literature suggests that concrete patching contributes to concealed corrosion at
a faster rate, ultimately leading to delamination and spalling of the repairs. According to the
MDOT Special Provision for Prestressed Concrete Beam End Repair (20RC712(A385)), Latex
Modified Concrete (LMC) is commonly used for beam end repairs (MDOT 2021b). Further,
MDOT recently decided to use penetrating sealants instead of concrete surface coatings (CSCs) to
protect concrete. The use of a zinc-rich epoxy primer to protect exposed steel is also a more recent
practice introduced in the Special Provision for Maintenance Repair of Prestressed Concrete Beam
for Contract Identification 25031-214869, 20SM712(A175) (MDOT 2021a). This study was
initiated to assess the effectiveness of these repair and preservation methods and develop
recommendations through accelerated corrosion testing conducted using a modified version of the

Bureau of Standards M-82 Protocol for Topical and Patch Repairs (Bureau of Reclamation 2014).

A total of ten (10) concrete slab specimens of 1 ft x 1 ft x 5.5 in. were fabricated using a typical
concrete mix with Type 1 cement. Each specimen includes Grade 60, three #4 rebars at the top
mat and a 4 x 4 heavy steel mesh at the bottom mat, acting as a cathode for the macrocell setup.
Figure 5-1(a) shows the arrangement of #4 rebars within the specimens. Figure 5-1(b) shows a

cross-section of the specimen perpendicular to the rebars.
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Figure 5-1. Schematic of concrete slab specimens.

Table 5-1lists repair and preservation methods and materials selected for this study. Two slab
specimens were used for each test case. The first two test cases were to evaluate the performance
of LMC as a repair material, both with and without penetrating sealants. The other three test cases
were designed to assess the performance of zinc-rich epoxy primer, both with and without
penetrating sealants and CSC. For these three cases, a regular concrete mix with Type I cement
was used as the repair material to avoid the influence of LMC on the performance of the zinc-rich
epoxy primer. The concrete surface coating, silane penetrating sealer, and the zinc-rich epoxy
primer were selected from the MDOT Materials Source Guide (MDOT 2024). ZINC CLAD®
4100 was selected due to its high zinc content (=89 wt%), which was expected to provide adequate
protection against steel corrosion even when the coating is damaged. The specific CSC and
penetrating sealant were selected based on the recommendations in Attanayake et al. (2022).
Protectosil® BH-N silane penetrating sealant forms a breathable hydrophobic barrier and prevents
moisture and chloride ingress. Benjamin Moore Ultra Spec® Masonry Elastomeric Waterproofing
Coating Flat 0359 was selected because its 100% acrylic elastomeric formulation can bridge minor
surface cracks (up to 0.03 in.) and create a flexible, breathable coating to protect concrete from

moisture intrusion.
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Table 5-1. Test Cases, Repair and Preservation Methods, Materials, and Specimen Labels

Test Case |Repair and Preservation Selected Materials Specimen Label
1 Patch repair w/o concrete Latex Modified Concrete (LMC) with S1
surface treatment unprotected rebar. S6
) Patch repair + concrete surface |LMC with unprotected rebar and silane S2
treatment 1 penetrating sealer (Protectosil® BH-N) S7

Type 1 concrete mix as the patch repair material

ir + zinc-ri N . o

3 Pgtch repair + zinc-rich epoxy and zinc-rich epoxy primer (ZINC CLAD® 4100) 53

primer on exposed steel as the rebar protector S8
. L Type 1 concrete mix as the patch repair material,
+ - S .

4 P?itr;l;rrii a;rx Ozslélg Srtlecéll ipoxy zinc-rich epoxy primer (ZINC CLAD® 4100), S4
p P and silane penetrating sealer (Protectosil® BH- S9
concrete surface treatment 1 N)

Type 1 concrete mix as the patch repair material,
Patch repair + zinc-rich epoxy |zinc-rich epoxy primer (ZINC CLAD® 4100), S5

5 primer on exposed steel + and coating surface coating (Benjamin Moore 310

concrete surface treatment 2 |Ultra Spec® Masonry Elastomeric
Waterproofing Coating Flat 0359)

5.2 SPECIMEN PREPARATION

The process started with the assembly of formwork with inside dimensions of 1 ft x 1 ft x 5.5 in.
A total of 30 pieces of #4 rebars were cut to a length of 16 in., and a wire wheel was used to ease
and smooth the edges at both ends of the rebars. Both ends of the Rebar-2 and one end of all other
rebars (Rebar-1 and Rebar-3) were drilled. Threads were tapped to a depth of /2 in. Stainless steel
hex-head bolts (1/4-20 thread, 1.5 in. length) with two nuts were installed at the threaded ends, as
shown in Figure 5-2(a). A wire wheel was used to remove mill scale for up to 3 in. at both ends
of each rebar. All rebars were then cleaned with xylene and air-dried for at least 30 minutes. Next,
a 3-in. length was marked from both ends to define a 10-in. long central region that would remain
uncovered between the two shrink tube terminations. Electroplater tape, approximately 2-in. wide,
was wrapped starting at the 3-in. mark and extended toward the end of the rebar, as shown in
Figure 5-2(b). Shrink tubing was then applied using a heat gun. Green shrink tubes are used for
Rebar-2, while black ones are used for the other rebars for identification purposes (Figure 5-2(c)).
The shrink tube extended approximately 2 in. beyond the end of the rebar to enclose the retaining

nut, providing a space for epoxy sealing.
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(a) Rebars with bolts and nuts at the  (b) Elctrplater tape wrapping at  (c) Rebars with shrink tubes at both
ends both ends ends
Figure 5-2. Rebar preparation.

As shown in Figure 5-3, a 4 X 4 heavy steel mesh was placed at the bottom of each specimen,
maintaining a 0.5 in. cover from the panel's bottom surface. A 12 in. long copper wire was welded

to each steel mesh to serve as an electrical connection. Top rebars were placed in the formwork,

maintaining a 1-in. clear cover from the top surface to accelerate the corrosion process.

.

(a) Top view (b) Side view
Figure 5-3. A formwork with rebar and wire mesh arrangement.

Table 5-2 shows the design of the concrete mix used for specimen fabrication. The specimens
were moist cured for the first 7 days and dry cured for 21 days. At the end of the moist curing
period, all surfaces, except the top and bottom, were sealed with an epoxy paint. All cylinders

prepared for compressive strength testing were kept in a 100% moist condition until the day of

testing.
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Table 5-2. Typical Concrete Mix Design with Type I Cement

Material Quantity (per yd®)
Coarse aggregate (SSD) (Ib) 1,488
Fine aggregate (SSD) (Ib) 1,557
Cement—Type I (Ib) 656
Air entraining admixture (fl 0z) 5.07
Water reducing admixture (fl 0z) 58.67
Water (Ib) 246
Water-cementitious material ratio 0.38

Two ponds were attached to the top of the specimen, one covering the entire top surface and the
other isolating the area over Rebar-2. At 28 days of concrete age, the entire top surface area was
ponded with a 5% NaCl solution for two weeks. Afterwards, only the top surface area over Rebar-
2 was ponded with the same solution. A constant current of 30 mA was applied starting at 42 days
of concrete age to accelerate the corrosion of Rebar-2, and this voltage supply was maintained
until the cracks were visible on the surface. Approximately six weeks after the start of ponding,

cracks were visible on both sides and the top surface over Rebar-2 (Figure 5-4).

(a) Front view (b) Top view
Figure 5-4. Concrete cracking near the corroded Rebar-2.

5.3 IMPLEMENTATION OF REPAIR AND PRESERVATION METHODS

Following concrete cracking, the ponding was removed and two 2.5-in. deep saw cuts were made
parallel to Rebar-2, isolating a 2-in. wide concrete section with Rebar-2 to facilitate the removal

of Rebar-2 and the surrounding concrete (Figure 5-5).

67



(a) Front view ' (b) Top view (c) Removed concrete
Figure 5-5. The removal of corroded Rebar-2r and the surrounding concrete.

Following concrete removal, two core samples were extracted from each specimen, as shown in
Figure 5-6 to evaluate chloride content at the rebar depth. One core was extracted starting from
the surface that was exposed after the removal of Rebar-2. Another was taken from an area near
Rebar-1. The cores were sliced at 0.5 in. intervals and oven-dried for 24 hours, as shown in Figure
5-6(c). The slices were ground into powder, and the particles passing the US sieve #20 were used
for chloride testing. The chloride content was evaluated using the acid-soluble chloride content
test method described in ASTM C1152 (ASTM C1152 2023). The core holes were filled with

Sikadur® VPC mix to restore integrity before continuing with the repair and preservation activities.

o k a ."v' Pl o L
(a) Coring locations (b) A core sample (c) 0.5 in. thick slices
Figure 5-6. Coring before repair.

et 5 .

-~

Before placing the repair materials, the vertical sawcut surfaces were chipped and cleaned to
enhance bonding. Since the same Rebar-2 was used in the repair, it was cleaned before being
placed in the repair. A wire wheel was used to effectively remove rust and corrosion products.
Chemicals were not used for cleaning the rebar to replicate typical field cleaning conditions
encountered during bridge repair work. The condition of Rebar-2 before and after cleaning is

shown in Figure 5-7.
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(a) Before cleaning (b) After cleaning
Figure 5-7. The condition of Rebar-2 before and after cleaning.

For test cases 3, 4, and 5, the cleaned Rebar-2 was coated with a zinc-rich epoxy primer to provide
additional corrosion protection, as shown in Figure 5-8. The primer comprises three components
(Parts A, B, and F-zinc dust), as shown in Figure 5-8(a). Parts A and B were thoroughly mixed
with a Jiffy Mixer before adding the zinc dust (Figure 5-8(b)). A brush was used to apply the
primer (Figure 5-8(c)).

i 7 <

4

o e = = o g @ = E W
(a) Mixing components (b) Mixing (b) Coating application (c) Drying
Figure 5-8. Preparation and application of the zinc-rich epoxy primer coating on Rebar-2.

After coating Rebar-2, the patch repair was performed by casting the designated repair material to

restore the original cover thickness. Figure 5-9 shows the specimen after patch repair.

- (a) ront view (b) Top view
Figure 5-9. Specimen after patch repair.

Specimens for Test Cases 2 and 4 were protected using a silane penetrating sealer (Protectosil®

BH-N), which requires a 28-day curing period for the substrate concrete before application. The
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application of the selected CSC requires a minimum of 7 days of curing of substrate concrete. The
concrete top surface was sandblasted at the end of the required curing ages. Both the penetrating

sealant and the CSC were applied using a brush (Figure 5-10).

(a) Silane penetrating sealer application a (b) Coatin application
Figure 5-10. Application of silane penetrating sealer and CSC on the top surface of the specimens.

Following the application of concrete surface treatments to the top surface, all the side surfaces
were sealed using an epoxy paint. A pond was attached to the entire top surface of each specimen,
and a junction box was connected to the rebars (Figure 5-11). At 28 days of patching, the entire
panel was ponded with a 5% NaCl solution for two weeks. The NaCl solution was drained for a
short period after one day to take the initial reading of the half-cell potential and the voltage across
the 1 Q resistor. Afterwards, the wet-dry cycles were continued, and the data were collected at 14,
42, 70, 98, 126, 154, 182, and 210 days after the start of ponding over the repaired specimens.
Therefore, the ages of the concrete patch repairs at the time of data collection are 29, 42, 70, 98,

126, 154, 180, 210, and 238 days.

(b) Junction box
Figure 5-11. Repaired specimen with a pond and a junction box.
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5.4 RESULTS AND DISCUSSION

5.4.1 Concrete Strength

The concrete mix with Type 1 cement was used to fabricate the slabs and repair six out of 10 slabs.
This concrete mix is referred to as R1 in this report. The same mix used for the repairs is referred
to as R1-Repair. The LMC mix was used to repair four slabs and is referred to as LMC-Repair.
Standard 4x8 in. cylinders were prepared from each mix to perform compressive strength tests in
accordance with ASTM C39. The cylinders were kept in 100% moist conditions until the day of
testing. Table 5-3 presents concrete compressive strength results. The R1 mix developed a
compressive strength of 6030 psi in 3 days and 8100 psi in 28 days. The R1-Repair mix reached
a strength of 5900 psi in 7 days and 8420 psi in 28 days. The LMC-Repair mix developed a
compressive strength of 5960 psi in 7 days and 7530 psi in 28 days. Both repair mixes exceeded
the required 7-day and 28-day compressive strengths of 3200 psi and 4500 psi, respectively. The
required minimum strengths are defined in Table 1004-1 of the MDOT Standard Specifications
for Construction (MDOT 2020). These results indicate that both R1-Repair and LMC-Repair

mixes develop sufficient compressive strength over time to be viable for beam end repairs.

Table 5-3. Compressive Strength of Concrete Used for Specimens and Repairs

Mix ID Age (Days) | Strength (psi)
3 6030
7 6660
Rl 14 7300
28 8100
7 5900
R1-Repair 14 7860
28 8420
7 5960
LMC-Repair 14 7220
28 7530

5.4.2 Chloride Content in Concrete

Several methods are available to measure chloride content in concrete. The acid-soluble and
water-soluble chloride contents are evaluated following ASTM C1152 and C1218 procedures,
respectively. The ASTM C1152 procedure is used to measure the total chloride content. This
includes the amount freely available to contribute to steel corrosion and the amount bound to
aggregates and hydrated cement. The threshold total chloride content to initiate steel corrosion is
500 ppm (parts per million). The ASTM C1218 procedure is used to measure the water-soluble
chloride content, the amount freely available to cause steel corrosion. This test does not evaluate

the bound chloride in aggregates and hydrated cement. The chloride content evaluated according
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to ASTM C1218 can yield higher chloride content and highly variable data, depending on factors
such as aggregate crushing, particle size, core extraction time, and temperature (Concrete
Construction 1998). For this study, the acid-soluble chloride content is evaluated in accordance

with ASTM C1152.

Table 5-4 presents the average total chloride content evaluated within 1 to 1.5 in. depth from the
top surface before and after repair. The total chloride content at Rebar-2 exceeded the threshold
value of 500 ppm before the concrete was removed for repair, indicating active corrosion at this
location. In contrast, the chloride content at Rebar-1 remained below the threshold, ranging from
a minimum of 49 ppm to a maximum of 191 ppm. This indicates that while the Rebar-2 was
exposed to chloride levels high enough to initiate corrosion, the adjacent areas had relatively lower

chloride concentrations.

After repair, chloride test results reveal that chloride concentrations at Rebar-2 locations were
consistently higher, ranging from 408 ppm to 2096 ppm, compared to those near Rebar-1 locations.
Except for two specimens (one from each Test Cases 4 and 5), all Rebar-2 values exceeded the
500 ppm threshold, indicating a potential risk of corrosion. In contrast, chloride levels at Rebar-1
remained below the threshold, ranging from 139 ppm to 383 ppm. The type of concrete surface
treatment, the steel protection system, or a combination thereof applied to these specimens

influenced the chloride content at Rebar-1 and Rebar-2.

Test Case 5, which included CSC on the top surface, exhibited the lowest chloride concentrations
at both Rebar-2 (408 ppm) and Rebar-1 (139 ppm), indicating the effectiveness of CSC in
mitigating chloride ingress. A similar trend was observed in Test Case 4, which used a silane
penetrating sealer, further supporting the benefits of surface treatments in reducing chloride
intrusion. In contrast, Test Cases 1 and 3, where no surface protection was applied, showed
elevated chloride concentrations, reaching up to 1025 ppm at Rebar-2 and 383 ppm at Rebar-1,
highlighting the importance of applying concrete surface protection. Notably, Test Case 2 showed
the highest chloride content (2096 ppm) despite the use of a penetrating sealer. This anomaly is
attributed to the presence of a cold joint between the repair and existing concrete, as shown in

Figure 5-12, which likely compromised the effectiveness of the surface treatment.
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Table 5-4. Total Chloride Content Test Data

Average Total Chloride Content Within 1 to
Test Case Sample ID 1.5 in. Depth from the Top Surface (ppm)
Before Repair After Repair

S1-B2* 543 720
S1-B1 173 189

! S6-B2 1267 932
S6-B1 189 383
S2-B2 1732 1202
S2-Bl 157 172

2 S7-B2 1380 2096
S7-Bl 182 157
S3-B2 761 1025
S3-Bl 160 189

3 S8-B2 668 550
S8B1 163 175
S4-B2 1547 443
S4-B1 191 166

4 S9-B2 1562 557
S9-B1 167 139
S5-B2 1176 408
S5-B1 49 188

3 S10-B2 1065 612
S10-Bl 163 168

*S1-B2: S1 = specimen number 1; B2 = rebar number (Rebar-2)

(a) Front view A (b) Top surface
Figure 5-12. Specimen S7 with a cold joint on the top surface.

5.4.3 Half-Cell Potential (ASTM C876)

ASTM C876 (2015) defines the limits for the potentials measured with a copper-copper sulfate
reference electrode to identify the probability of reinforcing steel corrosion. Table 5-5 presents a
summary of the ASTM limits and definitions. As shown in the table, the likelihood of not having

corrosion is greater than 90% when the half-cell potential is more positive than -200 mV. When
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the measurements show more negative potentials than -350 mV, the probability of having steel

corrosion is greater than 90%.

Table 5-5. Half-Cell Potential Limits for Evaluating Corrosion Potential (ASTM C876)

Corrosion Potential for the Copper-

e ACEl LGB L () Copper Sulfate Reference Electrode

>-200 Probability of no corrosion > 90%
-200 to -350 Uncertain
<-350 Probability of corrosion > 90%

The half-cell potential of the top three rebars for each specimen is presented in Figure 5-13. Before
repair, across all test cases, Rebar-2 showed a more negative value than -350 mV, confirming
active corrosion activity in the deteriorated region. In contrast, Rebars 1 and 3 (side bars) mostly
showed values more positive than -350 mV, indicating a lower likelihood of corrosion before

repair.

After repair, Test Case 1, showed that Rebar-2 continued to show half-cell potentials more
negative than -350mV, with the time exceeding -500 mV, as shown in Figure 5-13(a). This
indicates the presence of corrosion activity at Rebar-2 and confirms that LMC patching alone is
insufficient to mitigate corrosion. In contrast, Rebars 1 and 3 remained near the -350 mV
threshold, suggesting a lower likelihood of corrosion with time. In Test Case 2, a similar pattern
of half-cell potentials is observed, as shown in Figure 5-13(b). Rebar-2 showed a more negative
value, and other bars showed more positive values compared to Test Case 1, which is due to the
application of the penetrating silane sealer on the top surface. In Test Case 3, Rebar-2 from
specimen S3 exceeded the corrosion threshold of half-cell potentials. At the same time, the other
rebars showed improved performance due to the application of the zinc-rich epoxy primer, as
shown in Figure 5-13(c). As discussed later in Section 5.4.5 of this report, Rebar-2 exhibits
corrosion over 25% of the surface area. This variation in the results of Test Case 3 highlights the
need for more careful and consistent application of the zinc-rich epoxy primer coating on the rebar
to ensure adequate corrosion protection. Test Cases 4 and 5 showed similar results in terms of
corrosion protection. Test Case 5 performed the best among all cases, with all bars showing more
positive than -350 mV threshold of half-cell potential, indicating no active corrosion, as shown in
Figure 5-13(e). Test Case 4 showed comparable performance, except for Rebar-3 in specimen S9,
which exceeded the corrosion threshold, as shown in Figure 5-13(d). The combination of zinc-

rich epoxy primer and elastomeric surface coating provided the most effective protection.
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Figure 5-13. Variation of half-cell potential with respect to the age of concrete.

5.4.4 Integrated Current

Following the Bureau of Standards M-82 procedures, the top rebars were connected to the WWR
through 1 ohm (Q) resistors through switches in a junction box. The voltage across the 1 Q resistor
was measured. The current passing through the resistor was calculated and recorded as a time

series. The data was used to calculate the integrated current. According to ASTM G109 (2023),
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an integrated current of 150° C is sufficient to produce an adequate amount of corrosion for visual
evaluation. An integrated current above zero represents anodic current, meaning the steel is losing
electrons and starting to corrode. Conversely, an integrated current below zero indicates a cathodic
current, where the steel is gaining electrons, and this can restrain or protect the bar receiving the

current.

In Test Case 1, where LMC repair was used without any protective treatment on the rebar, Rebar-
2 consistently exhibited anodic behavior, with a positive integrated current reaching approximately
2100 C, while the adjacent side bars (Rebars 1 and 3) showed cathodic responses, with negative
integrated currents up to -600 C (Figure 5-14a). A similar trend was observed in Test Case 2,
where LMC repair was protected with a silane-penetrating sealer. Rebar-2 demonstrated more
noticeable anodic behavior, with integrated current values exceeding 8000 C, and the side bars
exhibited stronger cathodic responses, with integrated currents reaching up to -2000 C (Figure
5-14b). Rebar-2 of both Test Cases 1 and 2 reached the integrated current threshold of 150 C at
40 days and 35 days of repair, respectively.

In Test Case 3, the R1-Repair patch was used in combination with a zinc-rich epoxy primer applied
to the rebar without any additional surface protection on the concrete. Specimen S8 demonstrated
the expected behavior, with the epoxy primer effectively protecting Rebar-2 and enhancing the
performance of the side bars against corrosion. The center bars exhibited slightly positive
integrated current at the beginning, and gradually started showing negative integrated current,
while the side bars showed steady negative integrated current, indicating the effectiveness of the
primer (Figure 5-14). In contrast, specimen S3 showed behavior similar to that observed in Test
Cases 1 and 2. Despite the application of zinc-rich epoxy primer to the center bar, it consistently
exhibited anodic behavior with a positive integrated current reaching approximately 2000 C at 240
days of repair, while the adjacent side bars showed cathodic responses with negative integrated
current values up to -700 C (Figure 5-14). As discussed later in Section 5.3.5 of this report, Rebar-
2, removed from the S3 specimen, exhibited corrosion over 25% of the surface area. This variation
of Test Case 3 demands additional investigations to identify the possible reasons for this

observation.
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In Test Case 4, where R1-Repair was combined with zinc-rich epoxy primer and a penetrating
silane sealer, both center and side bars exhibited a steady increase in integrated current (Figure
5-14). The center bars initially exhibited a slightly positive integrated current, and then gradually
began to show a negative integrated current, indicating the effectiveness of the primer. However,
the Rebar-1 showed a minimal positive integrated current of 53 C at 238 days of repair, suggesting
the initiation of corrosion. As discussed late in Section 5.4.5 of this report, Rebar-1, removed from

the S9 specimen, exhibited corrosion over 5% of the surface area.

Test Cases 4 and 5 results show a similar pattern for all four specimens. In Test Case 5, where a
surface coating was used instead of a silane sealer, the integrated current values in the bars
exhibited cathodic responses, with negative integrated currents reaching up to -200 C at 238 days
of repair, as shown in Figure 5-14e. Yet none of the rebars showed any positive current at the end
of the test cycle, which indicates that the coating provided slightly better corrosion protection than
the silane penetrating sealer, resulting in more stable electrochemical performance throughout the

specimen.
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(d) Test case 4: R1-repair + zinc-rich epoxy primer + (e) Test case 5: R1-repair + zinc-rich epoxy primer +

silane sealer coating

Figure 5-14. Variation of integrated current against the age of patch repair.
5.4.5 Rebar Condition at the End of Testing
Test results of Cases 1 and 2 exhibited chloride contents exceeding 500 ppm within a 1.0 to 1.5 in.
depth near Rebar-2, half-cell potential more negative than -350 mV, and integrated current values

greater than 150 C. Based on these observations, Rebar-2 in Test Cases 1 and 2 was classified as

having 100% of its surface area corroded. As shown in Figure 5-15, Rebar-2 removed from those
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four specimens (S1, S6, S2, and S7) confirms the conditions. Similarly, in Test Case 3, only Rebar-
2 from S3 specimen showed signs of corrosion, with approximately 25% of the surface area
affected under light to moderate corrosion conditions (Figure 5-15). Rebar-2 recovered from the
other test specimens showed no signs of corrosion, indicating the effectiveness of the applied

preservation methods.
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(a) Top view (b) Bottom view
Figure 5-15. Condition of Rebar-2 removed from the repaired area.

Visual inspection revealed no signs of corrosion on Rebars 1 and 3. However, Rebar-1 from
specimen S7 exhibited light corrosion over approximately 10% of the surface area (Figure 5-16).
Rebar-1 from specimen S9 showed less than 5% corrosion over the surface area (Figure 5-17). In
both specimens, the half-cell potentials were more negative than -350 mV, but the integrated

current and chloride content values were below the corrosion threshold limit.

(a) Top view (b) Close—up view of the top corrocied area
Z
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(c) Bottom view (d) Close-up view of the bottom corroded area
Figure 5-16. Condition of Rebar-1 from S7 specimen.
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(a) Bottom view (b) Close-up view of corroded area
Figure 5-17. Condition of Rebar-1 from S9 specimen.

5.5 CONCLUSIONS AND RECOMMENDATIONS

The findings indicate that patch repair with only LMC (Test Case 1) or LMC with a silane
penetrating sealer (Test Case 2) is not effective in protecting embedded steel from corrosion. In
Test Cases 1 and 2, the corrosion threshold of an integrated current of 150 C was reached at 40
and 35 days after patch repair, respectively. The application of a zinc-rich epoxy primer protects
the coated bars within the repaired area. It also reduces the corrosion potential of the surrounding
rebars. The combination of the zinc-rich epoxy primer with a concrete surface treatment, either a
silane penetrating sealer or CSC, demonstrated improved performance compared to other methods.
Considering the surface treatments used in this study, the elastomeric coating provided a slightly
better corrosion control relative to the silane penetrating sealer. Overall, the integration of patch
repair, zinc-rich epoxy primer, and surface coating yielded the most consistent and effective
corrosion mitigation across all test cases and is recommended for implementation. Additionally,
it is recommended that further testing be conducted to validate the findings, as this study was

limited to a small number of specimens.
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6 BEAM END REPAIR DETAILS AND CAPACITY IMPROVEMENT

6.1 OVERVIEW

The MiSIM (2019) Table 5.13.12 lists the recommended actions for deteriorated or damaged
concrete beams, such as providing temporary support, crack injection, beam end patching, and
overcasting (encasement). The published literature provides an extensive list of maintenance and
repair options for deteriorated PSC I-beam ends, including epoxy injection, patching, overcasting,
cleaning and coating of exposed steel, fiber-reinforced polymer (FRP) wrapping, cathodic
protection for widespread corrosion, and the application of waterproof coatings or silane
penetrating sealers. Section 712.3(U) of the MDOT Standard Specifications for Construction
describes the epoxy injection procedures for crack repair (MDOT 2020). Moreover, Appendix
A4: Concrete Standard Repair Program of the Structural Fabrication Quality Manual (SFQM)
outlines a standard procedure for repairing concrete cracks using epoxy injection during
fabrication (MDOT 2023). Section 712.03(0) of the MDOT Standard Specifications for
Construction describes the procedures for concrete patching on bridge decks and other surfaces
(MDOT 2020). Needham (1999) presents repair details and procedures for overcasting
deteriorated PSC I-beam ends. Needham (2000) describes construction challenges associated with
overcasts and suggests guidelines to overcome them. Section 6.4 of this report describes the field
performance of concrete patch repair and overcasting documented during field inspections.
MDOT typically uses Latex Modified Concrete (LMC) as a PSC beam end repair material, and
the Special Provision for Prestressed Concrete Beam End Repair with LMC, 20RC712(A385)
outlines the requirements (MDOT 2021b). The mix design of LMC is provided in Table 703-1 of
the MDOT Standard Specifications for Construction (MDOT 2020). The MDOT Special
Provision for Fiber Reinforced Polymer Shear Strengthening System, 20BR712(A295), provides
guidelines for furnishing and installing fiber-reinforced polymer (FRP) sheets for the repair of
prestressed concrete bridge beams (MDOT 2021c). The MDOT Special Provision for
Maintenance Repair of Prestressed Concrete Beam for Contract Identification 25031-214869,
20SM712(A175) directs contractors to remove delaminated and unsound concrete and apply a
zinc-rich epoxy primer to protect exposed reinforcement (MDOT 2021a). This special provision
lacks clear guidelines for handling beam end conditions with exposed strands and advises the
contractor to seek additional consultation for handling such situations. The typical MDOT practice

is to patch repair beam ends with exposed strands. The Special Provision for Maintenance Repair
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of Prestressed Concrete Beam for Contract Identification 25031-214869, 20SM712(A175) is new,
and the performance of zinc-rich epoxy primer for protecting steel with and without concrete
repairs is unknown. Therefore, an experimental program was developed, utilizing a modified,
lower cost version of the Bureau of Standards M-82 Protocol for Topical and Patch Repairs, to
evaluate the durability performance of zinc-rich epoxy primers, repair materials, concrete surface
coatings, and silane penetrating sealers. Chapter 5 presents the experimental program details,
results, and recommendations. The MDOT Special Provision for Concrete Surface Coatings,
20RC710(A285), outlines the requirements for applying concrete surface coatings as well as

guidelines for selecting suitable coating materials (MDOT 2021d).

Shield and Bergson (2018) presented full-depth overcast repair details and procedures using
shotcrete. Shafei et al. (2020) evaluated the bond strength of concrete patch repairs using ultra-
high-performance concrete (UHPC) and high-early-strength concrete (HESC). However, the
repair procedure demonstrated by Shafei et al. (2020) is not practical to implement under field
conditions due to the lack of space at the beam ends. Harries et al. (2009) present various repairs
for high-load-hits (HLHs), including concrete patching, epoxy injection, fiber reinforced polymer
(FRP) wrapping, near-surface mounted FRP, steel jacketing, tendon splicing, external
posttensioning, or a combination thereof. NCHRP Reports 226 and 280 (Shanafelt and Horn 1980
and 1985), Feldman et al. (1996), Waheed et al. (2005), and Tabatabai and Nabizadeh (2019)
present repair methods for different levels of PSC beam damages at mid span. Aktan et al. (2002)
and Morcus et al. (2020) classified the deterioration levels of PSC I-beams and listed preventative
maintenance or repair methods. Table 6-1 lists different repair methods applicable to deteriorated
PSC I-beam ends. The type of repair for each beam end must be selected on a case-by-case basis

due to the varying details, conditions, and space constraints of each beam end.
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Table 6-1. Repair Methods for PSC I-Beam Ends

Repair Method Application Figure
Epoxy injection Seal structural or hairline cracks Figure 6-1
Concrete patching Shallolw lr_Jcalized spalls and minor Figure 6-2
delamination.
Partial-depth overcast Deteriorated concrete is removed up Figure 6-3
Partial-depth overcast with to a specified de:pth and_ replaced with _
FRP wraps new concrete w1th‘ or without Figure 6-4
additional steel reinforcement.
Deteriorated concrete is removed up
to the full beam height and a specified
Full-depth overcast length (typically, the greater of beam Figure 6-5
height or 3 ft.). Overcast the end with
new concrete and steel reinforcement.
Full-depth overcast with FRP | Full-depth overcast is provided as Fioure 6-6
wraps described above, and FRP is applied gt
externally to increase shear strength
FRP wraps and/or maintain the integrity of the Figure 6-7
overcast.
Exposed strands and mild steel are
cleaned and coated with zinc-rich
epoxy primer. The beam end is either
Cleaning and coating of steel cleaned and protected with a concrete | Figure 6-8
surface coating or with an overcast,
depending on the impact of beam end
deterioration on shear capacity.
:;l:fl::' E zﬁzgzl;%:f?;l:rs Appli.ed to prevent moisture and Figure 6-6
chloride ingress. Figure 6-7

coatings

(a) General view
Figure 6-1. Epoxy injected cracks in a PSC I-beam.

(b) A close-up view
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(a) The sole plate is in good condition (b) Corroded sole plate
Figure 6-2. Concrete patching at the beam end soffit and in front of the sole plate.

(a) Overcast with a varying height (b) Overcast at the bottom flange
Figure 6-3. Partial-depth overcast.

(a) Overcast up to the top ﬂange‘ (b) Overcast up to mid:height
Figure 6-4. Partial-depth overcast with FRP wraps.
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(a) Elevatio (b) Isometric view
Figure 6-5. Full-depth overcast.

(a) Isometric view (b) Isometric view showing a leaky deck
Figure 6-6. Full-depth overcast with FRP wraps.

(a) Elevation view (b) Bottom surface
Figure 6-7. FRP repair without overcast.
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(a) General vie ‘ (b) lose—up view
Figure 6-8. Cleaning and coating of exposed steel at the beam soffit.

6.2 BEAM END DETAILS

The load transfer mechanism, rate of deterioration, and the selection of various repair methods
largely depend on the beam end details. Beam end details can be classified into two groups based
on their location: abutment ends and pier ends. At the abutment, as shown in Figure 6-9, three
different configurations are commonly used (1) independent backwall, (2) dependent backwalls,
and (3) independent backwall with sliding slab. When the beam end is not embedded into the
backwall, it is considered as a bridge with an independent backwall, as shown in Figure 6-9(a), or
an independent backwall with a sliding slab shown in Figure 6-9(c). When the beam ends are
embedded into the backwall, it becomes a dependent backwall, as shown in Figure 6-9(b).
Dependent backwalls are used in integral or semi-integral abutments. The dowel bars used in

integral abutments are expected to transfer shear from the bridge superstructure to the substructure.

Three different superstructure details are used at the piers: (1) expansion joints, (2) link slabs, and
(3) beam ends encased in end diaphragms (Figure 6-10). Expansion joints and link slabs are used
in simple span bridges. Typically, full-depth or partial-depth concrete end diaphragms, as shown
in Figure 6-11, are provided with these simple spans. Full-depth end diaphragms extend from the
underside of the deck to the bottom flange (Figure 6-11a). The partial-depth diaphragm is provided
within the web (Figure 6-11(b). These concrete end diaphragms hinder ventilation around beam
ends and make it challenging to inspect and repair them. Although it is possible to use steel end
diaphragms, this is not a common practice. The use of steel end diaphragms enhances ventilation

around beam ends and provides adequate space for inspection and repair.
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Figure 6-9. Various details at the bridge abutments.
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(a) Simple span superstructure  b) Simple span superstructure (c) Continuous for live load superstructure with
with an expansion joint with a link slab beam ends embedded in the end diaphragm
Figure 6-10. Superstructure details at the pier.

End diaphgram I

(a) Full-depth concrete end diaphragm (b) Partial-depth concrete end diaphragm
Figure 6-11. Concrete end diaphragm configurations at piers.
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6.3 REPAIR DETAILS

6.3.1 Epoxy Injection

Epoxy is a high-strength adhesive material commonly used for bonding concrete surfaces (ACI
2003). It forms a durable bond that enhances structural integrity and is particularly effective for
sealing cracks. By sealing cracks, epoxy prevents moisture and chloride ingress through the
cracks, thereby reducing the risk of corrosion to prestressing strands and reinforcing steel. Tests
have shown that epoxy-repaired cracks are often stronger than the surrounding concrete; therefore,
if the underlying cause of distress is not addressed, new cracks could develop adjacent to the
repaired ones (Mansur and Ong 1985). Epoxy injection has been a popular and effective repair
strategy for decades. A survey conducted more than four and half decades ago by Shanafelt and
Horn (1980) revealed that twenty state Departments of Transportation (DOTs) in the U.S. used
epoxy injection to seal cracks in prestressed beam bridges. The study recommended using epoxy
injection for cracks wider than 0.003 in. Additionally, durability can be improved by applying a
preload prior to epoxy injection. Various highway agencies define different crack width limits for
epoxy injection. Attanayake et al. (2022) reviewed crack sealing and epoxy injection guidelines

published by multiple agencies and developed the summary shown in Figure 6-12.

Alaska DOT o o o)

TDOT IS L L LTSS L LIS LSS LSS LSS LS AL LSS LSS IS I II IS IS SIS IS IS IS SIS

oDoT VPP IT PP PP PP PP IPITITITITITITITI T I T T T F I T I PP 777

. IDOT === o e 7777777777777

BNon—aggrcsswc------------------------------
(]

State DOTs

E' Aggressive [

Other
agencies

MDOT [ Il I I L L L PP PP PP LA AL L L L L LA L L L &

o uw @ P oo u [ 8 (=]
8 8 8 8 58 & 8 = &
o (=] (=] (=] oo o o (=] [=]
Crack width (in.)
[[] No treatment 5| Penetrating sealant [ crack sealing Epoxy/crack injection

AXis is not 1o scale

Figure 6-12. Crack sealing and epoxy injection practices of state highway and other agencies (Attanayake et
al. 2022).

The Ohio DOT (ODOT 2019), Tennessee DOT (TDOT 2018), and Alaska DOT (Alaska DOT
2016) do not require treating cracks narrower than 0.002 in., 0.005 in., and 0.013 in., respectively.

The IDOT (2020) requirement is to apply a protective coating or a concrete penetrating sealer for
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beam ends and the visible surfaces of the fascias when the cracks are narrower than 0.007 in. and
the short-term visible crack growth has subsidized. ALDOT (2015) defines crack repair methods
based on aggressive and non-aggressive exposure conditions. An aggressive environment shall be
considered to be a marine environment or an environment with the potential for sulfate or acid
attack. For a non-aggressive environment, ALDOT recommends using epoxy injection for crack
widths between 0.012 in. and 0.025 in. For aggressive exposure, cracks wider than 0.006 in. are
treated with epoxy injection. ACI (2023) recommends repairing 0.002 to 0.250 in. wide cracks
using epoxy injection. Section 712-3.9 of the MDOT Construction Manual (MDOT 2025)
includes recommendations for epoxy injection of cracks when the crack width is equal to or greater
than 0.002 inches. Even though several DOTs define an upper limit for crack widths, MDOT has
not defined such a limit. Section 712.3(U) of the MDOT Standard Specifications for Construction
(MDOT 2020) describes the epoxy pressure injection procedure for crack repair. The Structural
Fabrication Quality Manual (SFQM), Appendix A4: Concrete Standard Repair Program (MDOT
2023), outlines the standard procedure for epoxy injection of cracks in precast beams at the

fabrication yard.

6.3.2 Patch Repair

The patch repair is a common method documented in the literature for deteriorated PSC beam
ends. Patching is typically used for shallow-depth repairs. MDOT uses patch repair of beam ends
when strands are exposed, but the load capacity is not compromised. It is intended to restore the
surface condition and enhance durability without increasing the beam capacity. Section 712.03(0)
of the MDOT Standard Specifications for Construction (MDOT 2020) describes concrete patching
procedures for bridge decks and other surfaces. Cracking and spalling of shallow patches and
unreinforced repairs are documented in biennial inspection reports, scoping reports, and the
observations summarized in Appendix D, following inspections of several bridges with beam end
repairs. For beam ends with shallow spalls, MDOT prefers to clean and protect both steel and
concrete surfaces with coatings, as outlined in the Special Provisions for Maintenance Repair of
Prestressed Beams 20SM712(A175) and the Special Provision for Concrete Surface Coatings,
20RC710(A285). Attanayake et al. (2022) evaluated the breathability and crack-bridging ability
of concrete surface coatings and recommended the application of breathable coatings with crack-
bridging ability for improved durability. Attanayake et al. (2022) also suggested using hybrid

protective systems, incorporating penetrating sealers and concrete surface coatings, to enhance
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durability. Where needed, patch repairs can be protected with FRP sheets installed in accordance
with the MDOT Special Provision for Fiber Reinforced Polymer Shear Strengthening System,
20BR712(A295).
6.3.3 Overcast Repair
Overcast is typically used for severe beam end deterioration and involves placing a new reinforced
or unreinforced layer of concrete over the existing surface after removing damaged material.
Unlike patching, overcast increases the cross-sectional area at the beam end. The types of
overcasts can be classified as follows from the information gathered from literature, MDOT
scoping reports, field inspections, and the survey of bridge inspection engineers, construction and
field services engineers, and design and load rating engineers:

(1) full-depth reinforced concrete overcasts,

(i1) full-depth reinforced concrete overcasts with FRP wraps,

(ii1) partial-depth unreinforced concrete overcasts,

(iv) partial-depth reinforced concrete overcasts, and

(v) partial-depth concrete overcasts with FRP wraps.

6.3.3.1 Full-Depth Reinforced Concrete Overcasts

The MDOT’s current full-depth reinforced concrete overcast (FDRCO)repair details for PSC I-
beam ends reflect the recommendations by Needham (2000). The recommended overcast length
is the greater of beam height (H) or 3 feet. The overcast typically extends 3 inches beyond the
bottom flange of the original cross-section. Figure 6-13 illustrates the overcast repair details in

Needham (2000) for a PSC I-beam with an end block.

Figure 6-14 presents the FDRCO repair detail used in the bridge (STR 3832) carrying Williamston
Road over [-96 EB, located in the city of Lansing in Ingham County, Michigan. The repair was
performed at the ends of AASHTO Type III beams. For an unknown reason, the overcast length
is limited to 2.5 feet, which is shorter than the recommended minimum length of 3.75 feet (the

height of the beam) by Needham (2000).

Shield and Bergson (2018) documented FDRCO repair details and procedures implemented by the
Minnesota DOT for AASHTO Type III beam ends. They used shotcrete instead of cast-in-place

concrete, as shown in Figure 6-15.
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The capacity contribution of an FDRCO repair depends on several factors, including the
development length of reinforcement, the configuration and anchorage details of the added
reinforcement, and the number and length of the exposed strands re-embedded within the overcast
concrete. These factors collectively influence the effectiveness of the repair in restoring or
enhancing beam end capacity. Section 6.5.1 of this report provides a detailed discussion about the

capacity improvements achieved through overcast repairs.
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6.3.3.2 Full-Depth Reinforced Concrete Overcasts with FRP Wraps

FDRCO repairs with FRP U-wraps have been used in the bridge (STR 7412) that carries US-131
SB and M-46 SB over Tamarack Creek, located in Montcalm County, Michigan. Figure 6-16
presents the repair details of AASHTO Type III beams. It is not recommended to use FRP strips
on new concrete until the new concrete has reached 28 days of age. As discussed later in Section
6.3.4, FRP U-wraps that are located within a length equal to the height of the beam measured from
the bearing centerline (i.e., within a span-to-depth (a/d) ratio of one) do not contribute to the shear
capacity. These U-wraps control the development of shrinkage cracks and prevent concrete spall.
FRP wraps with a concrete surface coating serve as a protective layer, reducing the risk of moisture
and chloride ingress, and subsequently preventing the corrosion of embedded reinforcement,

thereby extending the service life of the overcast repair.
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6.3.3.3 Partial-Depth Unreinforced Concrete Overcasts

Twelve and 36 beam ends of the bridge (STR 3832) have been repaired with FDRCOs and partial-

depth unreinforced overcasts, respectively Figure 6-17 presents the partial-depth unreinforced

overcast details. This repair is not expected to improve the structural capacity of the beam ends.
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Figure 6-18 presents the partial-depth reinforced overcast repair details implemented in the bridge

(STR 8012) that carries Giddings Road over I-75 in the city of Auburn Hills in Oakland County.

As shown in the figure, rebars are inserted through the holes in the web. This repair includes

closed-loop confining steel for the bottom flange section located in front of the bearing, as well as

an inverted U-shaped steel over the bearing.
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Rich et al. (2023) repaired an AASHTO Type I beam end using a reinforced concrete partial-depth
overcast. As shown in Figure 6-19, the width of the overcast is 34 in. and provides an adequate
space to use 7 in. wide bearings at each end, thereby developing an alternative load path to avoid
the transfer of loads through the original bearing because of severe concrete deterioration and sole
plate corrosion. The total bearing area of these two pads equals the total area provided by the
original design. The repair extended 24 inches along the length of the beam to cover the
deteriorated section at the end. However, this repair did not perform well due to a lack of confining
steel and failed at a much lower load than the original design load. The design details shown in
Figure 6-19 and the failure pattern shown in Figure 6-20 highlight the impact of not having

properly designed and fabricated confining steel at the end.
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Figure 6-19. Partial-depth overcast with alternative load path (Rich et al. 2023).

(a) Side view o " (b) End view
Figure 6-20. The failure of the repaired beam end (Rich et al. 2023).
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6.3.3.5 Partial-Depth Concrete Overcasts with FRP Wraps

Partial-depth overcasts with FRP wraps have been used to repair the ends of AASHTO Type 11
beams of the 1-94 EB over the Dancer Road bridge (STR 10942) in Washtenaw County, Michigan.
Figure 6-21 presents the details of the partial-depth unreinforced overcast. This repair method

does not improve the structural capacity of deteriorated beam ends.

f

e

‘ (a) South elevation (b) Bottom flange soffit

Figure 6-21. Partial-depth unreinforced concrete overcast with FRP wraps.

6.3.4 FRP Repair

MDOT repairs PSC beams using FRP sheets following the directions in the Special Provision for
Fiber Reinforced Polymer Shear Strengthening System, 20BR712(A295) (MDOT 2021c). MDOT
has utilized FRP systems at beam ends, both with and without repairs. Figure 6-22 presents the
details of an FRP system used for AASHTO Type III beam ends over the abutments of the US-
131SB and M-46SB over Tamarack Creek bridge (STR 7412) in Montcalm County, Michigan.
Typical FRP beam end repairs involve a combination of FRP configurations, anchorage systems,
and application techniques. To determine the most appropriate FRP system for a given repair, it
is essential to understand the configuration types, anchorage methods, long-term durability, and
structural capacity contributions of the system. The following sections of this report provide a

detailed discussion of these aspects.
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Figure 6-22. The application of FRP strips at beam ends.

6.3.4.1 FRP Configurations

Figure 6-23 shows three different FRP configurations commonly used at beam ends: (1) side-
bonding, FRP sheets are bonded to the sides, (2) U-wrap, FRP sheets are bonded to the sides and
soffit, and (3) complete wrap, FRP sheets are wrapped around the entire cross-section. A complete
wrap is the most efficient and effective method for enhancing shear strength at beam ends (Bae
and Belarbi 2013, ACI 2017). U-wraps, also known as U-shaped wraps, involve wrapping FRP
fabrics or sheets around a structural element in a U-shaped configuration. Side bonding is the least

effective one for increasing the shear capacity of a structure (Kang and Ary 2012, ACI 2017).
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(a) Side bonding (b) U-wrap (c) Complete wrap
Figure 6-23. Commonly used FRP laminate configurations at beam ends.

The implementation of FRP systems on in-service bridges experiences unique challenges, often
necessitating changes to standard procedures to accommodate site-specific conditions. For
example, the presence of bearing plates and end diaphragms can prevent complete wrapping of
beam ends with FRP. As a result, alternative anchorage techniques must be employed to ensure

effective load transfer and long-term performance.

6.3.4.2 Anchorage Systems

Anchorage systems can delay debonding or prevent premature failure of bonded FRP sheets.
These systems offer various mechanisms for transferring load from one member to another
(Muciaccia et al. 2022). Of all anchor types, FRP spike anchors are efficient and can be applied
to various geometric shapes. Experimental investigations support the usage of spike anchors

shown in Figure 6-24 (AASHTOO FRP 2023, del Ray Castillo et al. 2019, and Girotti 2017).
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I.\&Extrﬂ:rnally Bonded || st | (W )
FRP Sheet s oM [
(a) CFRP with spike anchors (b) Front view (del Rey Castillo et al. 2019)

Figure 6-24. FRP spike anchorage system.

98



The near-surface mounted (NSM) anchorage systems are used, as shown in Figure 6-25, to
maintain the transfer length of FRP wraps due to geometric constraints, or to shorten the required

FRP length by improving stress transfer efficiency (Grelle and Sneed 2013).

NSM /b
Anchor |7~

iy : FRP Bar
Aty \(-/ Epoxy Fill
; FRP Sheet

Figure 6-25. NSM anchorage system.

Murphy et al. (2012) investigated four different anchorage systems (i) CMA - continuous
mechanical anchorage system (Figure 6-26a), (ii)) DMA - discontinuous mechanical anchorage
system (Figure 6-26b), (iii)) SDMA - sandwich panel discontinuous mechanical anchorage system

(Figure 6-26¢), and (iv) HS - horizontal strips (Figure 6-27).
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Figure 6-26. Mechanical and metallic anchorage systems.
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Figure 6-27. Horizontal strips (HS) anchorage system.
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The CMA system uses continuous, precured CFRP plates secured with threaded anchor rods over
the ends of U-wraps. The DMA system employs discontinuous precured CFRP plates secured
with threaded anchor rods over the ends of U-wraps. The SDMA system is similar to DMA but
features sandwich-wrapped plate ends, which are also secured with threaded anchor rods. The HS
system incorporates CFRP strips applied longitudinally along the beam. These strips are provided
across the free edges of vertical CFRP sheets and at the intersection of the web and bottom flange,
the areas prone to debonding. They are installed immediately after the vertical strips to enhance
bonding between the vertical and horizontal layers of CFRP. The performance of these anchorage
systems is described below.
e The CMA anchorage system exhibited poor performance, failing prematurely due to
buckling of the horizontal strip.
e The DMA system did not entirely prevent FRP debonding, but it did delay debonding and
outperformed the CMA system.
e The HS system provided moderate improvements in delaying debonding but was still less
effective than the DMA system.
e The SDMA system achieved the best results by successfully preventing debonding to cause
failure due to FRP rupture.
6.3.4.3 Laboratory Performance of Beam Ends Repaired with FRP Systems
The shear capacity of beam ends repaired with FRP systems is influenced by several key factors,
including the FRP layer configuration, anchorage method, and bond quality with the concrete
substrate. Shear span-to-depth (a/d) ratio is an important geometric parameter that significantly
affects the capacity of repaired beam ends. The a/d ratio is calculated by dividing the shear span
(a) by the effective depth (d) of the beam, as shown in Figure 6-28. In this study, an a/d ratio of
one is considered for capacity evaluation using the Strut-and-Tie Method (STM). Limited studies
have evaluated the FRP contribution to shear capacity when the a/d ratio is one. The studies
conducted by Pevey et al. (2021), Jirsa et al. (2017), Murphy et al. (2012), and Kim et al. (2011)
showed that the FRP contribution to shear capacity increases when the a/d ratio increases. This
highlights the need for careful consideration of beam geometry when evaluating the performance

or designing FRP strengthening systems for beam ends.

Kim et al. (2011) conducted an experimental study on reinforced concrete T-beams strengthened

with carbon fiber reinforced polymer (CFRP) layers. Figure 6-28 shows the cross-section and
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CFRP layout on a 24 in. deep T-beam. The study evaluated the influence of the a/d ratio on the
effectiveness of shear strengthening by testing three different a/d ratios: 1.5, 2.1, and 3.0.

'é bw=28" 7
Top : 5 -#9 (Gr 60)

NN
e e e

CFRP Anchor

d=20.5"
Stirrups: #3 @ 4" (a/d=1.5)

h=24" (Gr. 60) #3 @10"(a/d=2.1, 3)
~ aeasa 10 -#9 (Gr 75)
A L peqar_fp — CFRP Laminate L
(a) Cross-section of 24 in. T-beams (b) Elevation of T-beam with CFRP layers

Figure 6-28. Cross-section and CFRP layout on a 24 in. deep T-beam (Kim et al. 2012).

The shear capacity contribution of concrete (F.), CFRP (F)), and reinforcing steel (F) for three
different a/d ratios is shown in Figure 6-29. The study uses a naming convention for test
specimens. For example, "24-1.5-4" refers to the fourth specimen of a set of 24-in. deep beams
that were loaded to simulate an a/d ratio of 1.5. To evaluate the influence of the a/d ratio, the load
test results of the same CFRP layout (i.e., 5-in. wide strips spaced at 10-in. on center) were
compared across all three a/d ratios. Figure 6-29 (a) to (c) present the shear capacity contribution
of concrete and steel against a/d ratios of 1.5, 2.1, and 3.0. Figure 6-29 (d) to (f) present the shear
capacity contribution of concrete, steel, and CFRP against a/d ratios of 1.5, 2.1, and 3.0. As shown
in Figure 6-29 (d), the shear capacity contribution of CFRP is minimum for an a/d ratio of 1.5

when compared to the other a/d ratios.
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Figure 6-29. Shear capacity contribution of concrete (blue), CFRP (green), and steel (red) with different a/d
ratios (Kim et al. 2012).

Figure 6-30 shows the capacities of strengthened and control beams with three different a/d ratios.

The results show that the shear contribution from CFRP increases with a/d ratios. Specifically, for

a/d ratios of 1.5, 2.1, and 3.0, the CFRP contribution to shear capacity improved by 13% (31 kip),
32% (41 kip), and 44% (46 kip), respectively.
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Figure 6-30. The comparison of shear capacity contribution by CFRP in strengthened beams against the
control beams and the a/d ratios. (Kim et al. 2012).

Kim et al. (2012) also performed CFRP strengthening on prestressed AASHTO Type IV beams.
Four tests were conducted on beams identical to those in Texas bridges. Figure 6-31 shows the

cross-section, shear reinforcement, and the tendon profile.
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Figure 6-31. Cross-section showing (a) shear reinforcement and (b) tendon profile (Kim et al. 2012).

Specimen I-1 served as the control without CFRP strengthening. Figure 6-32 presents the
elevation views of specimens [-2, -3, and 1-4, highlighting the CFRP configurations and anchor
layouts. The a/d ratios of these specimens ranged from 3.8 to 4.15. Specimens I-3 and 1-4
incorporated intermediate horizontal anchors in addition to end anchors. Specimens I-2 and I-4
have vertical CFRP strips. Specimen I-3 has a complete wrap. The CFRP in I-2 extended only to

the top of the web, whereas in -4 it continued up to the top of the beam.
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(b) I-3 with a complete wrap in the (c) I-4 with vertical and horizontal
vertical direction and sheets in strips.
the horizontal direction.

Figure 6-32. Elevation views of specimens I-2, I-3, and I-4 (Kim et al. 2012).

(a) I-2 with vertical strips.

The unidirectional (vertical) application of CFRP strips increased shear strength by just 2%
compared to the control specimen I-1. In contrast, specimens I-3 and I-4, which were strengthened
using bi-directional CFRP (in both horizontal and vertical directions), achieved approximately
38% greater shear resistance than the control. Notably, I-4 contained only about half the amount
of CFRP used in I-3, suggesting that the strength gain is not directly proportional to the quantity
of CFRP applied. These findings highlight that bi-directional CFRP application is more effective
for this type of beam.

According to Kim et al. (2012), for beams with an a/d ratio of approximately 4, the CFRP
contribution to shear strength is about 38%. In comparison, Murphy et al. (2012) reported a
maximum CFRP contribution of 24% for AASHTO Type IV beam ends with an a/d ratio of 2.9.
The findings of Kim et al. (2012) for different a/d ratios showed that the shear strength contribution
of CFRP decreases as the a/d ratio decreases. Therefore, for an I-beam with an a/d ratio of 1, the
increase in shear strength due to CFRP strengthening is expected to be negligible. However, the
application of FRP wraps over overcast repairs can enhance the durability of the overcast repair,
as observed during field inspection. Section 6.4 of this report includes a further discussion on the

field performance.

According to AASHTO LRFD 5.8.2.2, the angle between the strut and tie should be greater than
25°. To evaluate the influence of a/d ratio on FRP performance, the strut angle is considered to be
within the 25° to 45° range, as illustrated in Figure 6-33. An a/d ratio of 2 corresponds to a strut
angle of approximately 25°, while a ratio of 1 corresponds to an angle of 45°. As the strut angle
approaches 25°, more FRP strips intersect the crack path, increasing their effectiveness.
Conversely, when the strut angle is 45° (i.e., a/d = 1), fewer FRP strips are aligned to intercept the

shear cracks, resulting in a negligible contribution of CFRP to the shear strength. This geometry-
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dependent alignment is a key reason why FRP shear strengthening tends to be less effective on

PSC I-beams with a lower a/d ratio.
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Figure 6-33. AASHTO I-beams with or without end blocks showing the number of effective FRP strips as the
a/d ratio ranges between 1 and 2.
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Rich et al. (2023) evaluated the effectiveness of a multi-layer FRP configuration to enhance the
capacity contribution of a deteriorated beam end under laboratory conditions. The test results
showed that the strengthened beam end achieved 1.34 times the capacity of the control undamaged
beam end and 2.36 times that of the damaged beam end. The load test was conducted with an a/d
ratio of 1.25. The test specimen was a composite section consisting of an AASHTO Type I beam
and its original 8-inch-thick reinforced concrete deck. The repair system included three FRP layer
configurations and anchors, as shown in Figure 6-34. The first configuration included two
horizontal U-wraps and two strips with fibers aligned parallel to the girder’s longitudinal axis.
Only the horizontal U-wraps were secured with spike anchors (Figure 6-34a). The second
configuration is identical to the first. Still, it includes two additional vertical U-wraps and two
strips along the beam’s side surfaces, anchored in place using spike anchors to secure both the
longitudinal strips and vertical sheets (Figure 6-34b). The vertical strips were utilized over the
bearings due to space constraints for U-wraps. The third configuration is an enhancement to the
second configuration, which includes externally bonded FRP patches over the spike anchor

locations to complete the system (Figure 6-34c).

The significant increase in capacity documented by Rich et al. (2023) was due to the two
longitudinal U-wraps installed in all three configurations. These U-wraps, particularly the one
along the bottom flange, helped restore the tensile capacity of the beam that had been reduced due
to deterioration of the prestressing strands. However, implementing this FRP configuration on in-
service bridges may be challenging due to the end diaphragms and adjacent beam ends that restrict
access behind the beam ends. Further, MDOT does not permit drilling PSC beams closer to the
strands. This will restrict the installation of anchors at the bottom flange. However, the use of
overcasts to provide adequate cover for installing anchors, removal of concrete end diaphragms
during repair, and the use of steel end diaphragms will minimize challenges for implementing this

system in in-service bridges.
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6.3.5 Alternative Repair Details

The typical beam end overcast repair, shown in Figure 6-14, results in a rectangular section that is
6 in. wider than the bottom flange and 3 in. deeper than the original beam section. However, for
bulb tee beams or beams with wider flanges, this approach requires adding a significantly large
concrete volume to make a rectangular section. Therefore, the details shown in Figure 6-35
provide an alternative to maintain the I-shaped geometry, the original beam depth, and the required
capacity. As shown in Figure 6-35, this repair uses a galvanized 2 x 2 W1.4/W1.4 welded wire
fabric in areas where the bottom flange has been chipped out to remove the unsound concrete. The
repair also uses adhesive anchoring for stirrups. Typically, this type of repair is performed within
the span because of high load hits and to maintain vertical clearance. This detail can be modified
by extending the welded wire fabric towards the web to satisfy the development length
requirements in Article 5.10.8.2.5 of AASHTO LRFD Bridge Design Specifications (AASHTO
2020) and to provide adequate confinement for the bottom flange. Also, adhesive anchoring and
welded wire fabrics can be incorporated into the overcast details discussed in Section 6.3.3. for

enhanced performance.
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Figure 6-35. Overcast repair detail with welded wire fabric and adhesive anchoring for stirrups.

6.4 FIELD PERFORMANCE OF REPAIRS

6.4.1 Overcast Repair Performance

A review of beam end overcast repair performance for eight Michigan bridges reveals a range of
outcomes, influenced by the scope of the repair, time in service, and follow-up inspections. Most
beam ends had full-depth or partial-depth overcast repairs, often in response to critical

deterioration identified through condition ratings and Requests for Action (RFAs). Table 6-2
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summarizes the observed field performance of beam end overcast repairs. Appendix D presents a

comprehensive discussion on beam end repair details and the performance of each bridge.

Table 6-2. Field Performance of Overcast Repairs

. Year . Age of Repair .
Bridge ID Repaired Repair Type (Years) Observations
STR 1413 | 2006 Full—depth reinforced overcasts (22 17 Repgrted cracking within 2 years of
@ piers, 1 @ abutment) repair.
STR 2538 | 2008 Full-depth Felnforced overcasts + 1 Cracl.q.ng in 6 of 8 fascia beams; poor
coating (8 @ piers) condition after 11 years.
STR 3810/ Full-depth reinforced overcasts + Minor cracking and coating issues;
2016 . 8 . .
3811 coating functionally effective.
STR 3832 | 2020 Full-depth rfemforced (12) + partial- 4 Loca.h.zed cracking, mostly in good
depth unreinforced (36) overcasts condition.
STR 3830 | 2020 Full-depth 1.re1nforced (2) + partial- 4 Repgrted cracking in partial-depth
depth unreinforced (15) overcasts repair.
Partial-depth reinforced overcasts . L
STR 8012 | 2021 (25) + patching + coating 2 Minor spalls/delamination
Reported cracking, delamination, and
STR 5753 1999/  |Full-depth reinforced (24) + partial- 25/8 spall in full-depth repair within 10
2016 depth (4) overcasts years. Two (2) were re-repaired after
14 years.
Reported cracking and spall in full-
STR 5754 1999/  |Full-depth reinforced (31) + partial- 25/8 depth repair within 16 years. Nine (9)
2016 depth (9) overcasts beam ends were re-repaired after 17
years.

Common issues, such as early-age cracking, coating failure,

and delamination, highlight the

importance of proper detailing, material selection, and the use of FRP sheets or strips, as well as

regular maintenance.

6.4.2 FRP Repair Performance

Four bridges were inspected to document the performance of FRP repairs at beam ends. FRP

sheets or strips were used in most bridges with overcasts and protected with concrete surface

coatings (CSC). Table 6-3 summarizes the observed field performance of FRP repairs. Appendix

D presents a comprehensive discussion on beam end repair details and performance for each

bridge.
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Table 6-3. Field Performance of FRP Repairs at PSC I-Beam Ends
Year | Repaired

Bridge ID Built| Year Repair Type Performance
Partial-depth unreinforced Good overall condition after 2 years; minor

STR 1213 | 1968 | 2021 |overcast, FRP U-wraps, CSC, |deficiencies (e.g., FRP debonding, sole plate
epoxy coating corrosion).

Partial-depth unreinforced
STR 1215 {1968 | 2021 |overcast, FRP U-wraps, CSC,
epoxy coating

Full-depth reinforced

STR 7412 {1972 | 2012 |overcast, FRP, CSC, epoxy

CSC and FRP areas performed well; cracks in
unreinforced overcasts suggest limited durability.

Good condition after 12 years; FRP and CSC
effective; minor issues with uncoated surfaces.

injection
Partial-depth unreinforced FRP debonding; peeling off of CSC. The deteriorated
STR 10942/ 19611 2021 overcast with FRP, CSC beam end over the bearing was not repaired.

The field inspection was limited to four bridges, with most FRP repairs being relatively recent,
while the overcast repairs without FRP appeared to be older. In summary, beam end repairs that
combined reinforced overcasts with FRP and concrete surface coating (CSC) demonstrated better
performance. In contrast, unreinforced overcasts and repairs lacking surface coatings consistently
demonstrated poor durability performance, underscoring the importance of providing adequate
protection for concrete using CSC, which offers breathability and crack-bridging ability, as well

as long-term maintenance planning.

6.5 REPAIR DETAILS AND RECOMMENDATIONS

The full-depth reinforced overcast repair enhances the structural capacity of deteriorated beam
ends. In contrast, the application of FRP wraps primarily contributes to improved durability, rather
than increasing load-carrying capacity. This study uses the Strut-and-Tie Model (STM) to quantify
the capacity improvement achieved through the overcast repairs. The STM framework considers
the failure modes and capacities associated with longitudinal ties, bearing faces, strut-to-node
interfaces, and transverse ties to determine the overall beam end capacity while ensuring that the
minimum anchorage capacity is maintained. The failure of longitudinal tie is consistently

identified as the critical failure mode controlling the capacity of deteriorated beam ends.

The development of a longitudinal tie force resulting from the applied load at an a/d ratio of one

is illustrated in Figure 6-36(a). The longitudinal tie force, T, is calculated using Eq. 6-1.

T:Aps Xﬁe X l)/lt Eq. 6—]
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where,
Aps = total area of bonded prestressing strands in the bottom flange, in.
Jpre = effective stress in prestressing steel after losses, ksi
: = transfer length, in.
I, = distance from the beam end to the location of the critical section for the
development of the tie, in., as shown in Figure 6-36(b)

2

The factored shear resistance at the beam end with straight strands, controlled by the longitudinal
tie failure mode, Vurt s, is calculated using Eq. 6-2.
Vuer s = ¢ x T % tan Eq. 6-2

where,
0 = the angle between the strut and tie, degrees
¢ = the resistance factor for tension-controlled members in STM
= 1.0 (Article 5.5.4.2 of AASHTO LRFD 2020)
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(a) Strut and tie forces (b) CCT node geometry
Figure 6-36. STM model for a beam end with straight strands.

As shown in Figure 6-37(a), concrete spall exposes several prestressing strands. Consequently,
the bonded prestressing strand area (Aps) is reduced, leading to a decrease in beam end capacity.
Even though the exposed strands are re-embedded into the overcast, the extent of capacity recovery
from the re-embedded strands depends on their embedment length within the region between the
beam end and the critical section required for tie force development, as shown in Figure 6-36(b).
The typical MDOT full-depth reinforced overcast repair also includes additional reinforcement
closer to the bottom flange, which terminates just ahead of the bearing area, as shown in Figure
6-37(b). Such reinforcement does not contribute to the longitudinal tie capacity due to insufficient
development length. This study suggests modifications to beam end overcast details to maintain

the minimum required capacity of the repaired beam end.
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Figure 6-37. (a) Deteriorated beam end with exposed strands and (b) typical overcast repair details.

6.5.1 Recommended Full-Depth Reinforced Concrete Overcast Repair Details

Appendix F presents the typical procedures implemented in the field for full-depth reinforced
concrete overcast (FDRCO) repair. The overcast length is the greater of 3 ft or the beam height
(H). The typical full-depth overcast for beams with end blocks results in a rectangular cross-

section as shown in Figure 6-38.

Typical details of an FDRCO repair are shown in Figure 6-39. The capacity contribution of the
FDRCO depends on the added longitudinal rebar (As app) closer to the beam soffit, undamaged
bonded prestressing strands (Aps up), and the re-embedded exposed strands (Aps exp). The capacity
contribution of As app and Aps exp depends on the available development lengths. Therefore,

certain exposed strands can be spliced to extend their lengths and bent up to 90 degrees to provide

an adequate anchorage before being re-embedded in the overcast (Aps exp bent)-

Greater of H or 3 ft

(a) Elevation
Figure 6-38. Geometry of a typical FDRCO repair (a) elevation, (b) section A-A, and (c) section B-B.
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(b) Section A-A

(c) Section B-B
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Figure 6-39. FDRCO details for an I-beam with end blocks (Needham 2000).

An example is provided in this section to illustrate the capacity contributions of different
reinforcement details in FDRCO repairs. A deteriorated PSC I-beam end is selected from a 46.58
ft wide and 33.5 ft span. Each span has seven AASHTO Type beams. Figure 6-40 shows the
condition of the AASHTO Type I beam with an end block. The beam end has 16 strands in the
bottom flange. Each strand has a diameter of 0.438 in. and a cross-sectional area of 0.115 in?.
Four out of 16 strands are exposed. Since all four exposed strands are in good condition, they are
re-embedded in the overcast, and the total area of those four strands, Aps exp, 1S considered in the

capacity calculation.
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Figure 6-40. Beam end with exposed strands.

The as-designed shear capacity (factored shear resistance) of the beam calculated using STM is
144 kips. Because of the deteriorated conditions shown in Figure 6-40, the shear capacity is
reduced to 110 kips. An FDRCO repair is selected for this beam end. Before erecting the rebar
cage and pouring concrete, it is required to remove delaminated concrete and clean the exposed
steel. It has been observed that additional strands are exposed during the chipping and cleaning.
Figure 6-41 shows the beam end condition after preparing the end up to 3 ft for the overcast. In
total, eight out of the 16 strands in the bottom flange are exposed. Because of the additional strands
exposed during the process, the remaining beam end capacity with only eight bonded strands is 79
kips. Despite this significant reduction in capacity, the beam end did not exhibit any signs of

failure because of the temporary support placed prior to chipping. The following sections present

alternative details for an FDRCO repair, along with their respective capacities.

3 TR /¥ (1

f— 12"

(a) After chipping out the delaminated concrete (b) Exposed strands
Figure 6-41. Condition after chipping out and cleaning the end.

114



6.5.1.1 FDRCO Repair - Alternative 1
Alternative 1 detail is the typical MDOT overcast repair detail suggested by Needham (2000). This

detail includes two additional longitudinal rebars at the bottom flange, as shown in Figure 6-42.
These additional longitudinal rebars (As app) terminate in front of the bearing and do not
contribute to the longitudinal tie capacity. The area of exposed strands (Aps exp) re-embedded in
the overcast partially contributes to the capacity. The extent of capacity recovery from the re-
embedded strands depends on their embedment length within /., which is the region between the

beam end and the critical section required for tie force development, as shown in Figure 6-36(b).

The PCI Strand Bond Fast Team (2025) recommended Eq. 6-3 to calculate the minimum length to
fracture a strand, Lui, during a pull-out test.
Luit = fou % Aps xLp/ F Eq. 6-3
where,
Aps= area of strands, in.’
F = average measured force in the strand corresponding to 0.10 in. slip at the
dead end of the pull-out test specimen, kip
Jfpu = minimum tensile strength of strand, ksi

Ly = bonded length of strand, in.

Typically, L. is less than the strand development length, /s ps. For the calculation of repaired
beam end capacities with re-embedded strands, Eq. 6-3 is rearranged as shown in Eq. 6-4 to
calculate the force in the re-embedded strand, F, and the strand development length, /s ps, 1s used

instead of L.z, to yield conservative results.
F :fj;u X Apsiexp XL/ ldiPS Eq 6-4
Therefore, the longitudinal tie capacity of this Alternative 1 detail, Ty, is:

T1 = (Aps up * fpe * L/l) + (Aps exp * fou * I/la_ps) Eq. 6-5
where,
Aps up = undamaged bonded prestressing strand area in the bottom flange, in.’
Aps exp = exposed bottom flange strand area re-embedded in the overcast, in.?
Jpe = effective stress in prestressing steel after losses, ksi

fou = ultimate strength of strands, ksi

la ps = development length of strand, in.
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l; = prestress transfer length, in.
I, = distance from the beam end to the location of the critical section for the

development of the tie force, in.
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Figure 6-42. Alternative 1 detail for FDRCO repairs.

The longitudinal tie capacity of the repaired section is calculated considering two different
scenarios. First, it is assumed that no additional strands are exposed during the chipping and
cleaning process. As a result, the repaired section includes 12 bonded strands and four re-
embedded strands. Therefore, the longitudinal tie capacity of the overcast repair is calculated
using Eq. 6-5 as follows.
T1 1= (Aps up X fpe ¥ I/l) + (Aps_exp X fpu % Ix/la_ps)
=(1.38 x 162 x 13/26.28.) + (0.46 x 270 % 13/109.7)
=110.59 + 14.72 = 125.31 kip

The second scenario assumes that four additional strands are exposed during the chipping and
cleaning process, resulting in a total of eight exposed strands. As a result, the repaired section
includes eight bonded strands and eight re-embedded strands. The longitudinal tie capacity of this
overcast repair is calculated using Eq. 6-5 as follows.
T1 2= (Aps_up X fpe * I/ly) + (Aps_exp * fou % I/la_ps)
=(0.92 x 162 x 14/26.28) + (0.92 x 270 x 14/109.7)
=794 +31.7=111.1kip

Note: The value of I changes due to modifications in the number of strands and their centroidal distance

from the beam soffit.
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As demonstrated by the above two calculations, exposing additional strands during the chipping
and cleaning process reduces the tie force capacity, thereby decreasing the beam end capacity.
Therefore, it is recommended to take utmost care to avoid exposing additional strands during the

chipping and cleaning process.

6.5.1.2 FDRCO Repair - Alternative 2

The additional longitudinal rebar at the bottom flange is extended up to the beam end and
terminated with a 90-degree hook to provide the required development length (Figure 6-43).
According to Article 5.10.2.1 of AASHTO LRFD Bridge Design Specifications (AASHTO LRFD
2020), a 90-degree hook on a longitudinal reinforcing bar must include an extension of 12dy, where
dp is the diameter of the bar. Therefore, both the added rebar and the re-embedded strands
contribute to the longitudinal tie capacity as follows:

T2 = (Aps up * fpe % L/l)+(Aps exp X fou % I/la ps)+[As app * {(fou % I/la ps)<h}]  Eq. 6-6

where,
As app = total area of longitudinal rebar in the bottom flange, in.”

fy = yield strength of longitudinal reinforcement, ksi

Due to strain compatibility requirements, both the added rebar and the re-embedded strands are
expected to have a similar strain magnitude. Therefore, (f,u % l/la ps) is used as the third term of

Eq. 6-6 in place of the yield strength of the longitudinal reinforcement, f,.
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Figure 6-43. Alternative 2 detail for FDRCO repairs.
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The longitudinal tie capacity of the overcast repair with eight exposed strands is calculated using
Eq. 6-6 as follows:
T2 = (Aps up * fpe % L/ly) + (Aps exp X fou % L/la ps) + [As app % {(fou % L/la ps) <}]
=(0.92 x 162 x 14/26.28) + (0.92 x 270 x 14/109.7) + [0.4 x {(270 x 14/109.7) <60}]
=794 +31.7+ 13.8=124.9 kip

The inclusion of a hook in the longitudinal rebar increases the capacity of the overcast repair by
12.4% compared to configurations without a hook. This is because the hook provides sufficient
anchorage, allowing the rebar to develop its full tensile capacity within the overcast concrete,

thereby enhancing the overall effectiveness of the repair.

6.5.1.3 FDRCO Repair - Alternative 3

Figure 6-44 shows Alternative 3 details. While the longitudinal rebar configuration remains the
same as in the Alternative 2 detail with hooked ends, a selected number of exposed strands are
spliced, bent up 90 degrees, and re-embedded into the overcast to enhance their capacity
contribution. Depending on the exposed strand length, location, and available space, a strand
splice device can be used to extend the strand length to make a 90-degree bend at the end.
Therefore, Alternative 3, which details the addition of rebars with 90-degree hooks, re-embedded
straight strands, and re-embedded strands with 90-degree bents, can be designed to provide a
capacity similar to the as-designed capacity, provided that an adequate number of exposed strands

is available to extend using splice chucks and make 90-degree bents.
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Figure 6-44. Alternative 3 detail for FDRCO repairs.
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Tadros and Jongpitaksseel (2003) evaluated the required embedment length and corresponding
pullout strength developed in strands embedded in concrete with 90-degree bents. They
recommended that the total embedment length (L.) should be at least 30 in. for 0.5 in. diameter
strands and at least 36 in. for 0.6 in. diameter strands to achieve a strand stress of 0.8f,u. The total
embedment length, L, beyond the bearing centerline includes the embedded horizontal length (L)
and the vertical length (Ly), as illustrated in Figure 6-45.

Ly

Figure 6-45. A strand with a 90-degree bent.

Figure 6-46 shows a strand splice chuck assembly that can be used at beam ends to splice exposed

strands to provide an extended length with 90-degree bents to enhance the load carrying capacity.

The diameter and length of each chuck are 1.25 in. and 4.75 in., respectively (PSI 2025, GTI12025).

[ N|
»

1.25in.

(a) Splice chuck (b) Cross-section of splice chuck
Figure 6-46. Strand splice assembly detail (PSI 2025).

Both the rebars with 90-degree hooks and re-embedded strands with 90-degree bents could provide
greater capacities if they are subjected to a minimum of 0.002 e, the yield strain of mild steel.
However, concrete cracks before steel reaches this strain limit, resulting in a pull-out failure of
existing bonded strands. Therefore, the Alternative 3 details shown in Figure 6-44 are expected to

result in multi-stage failures, as shown in Figure 6-47.

The condition before exceeding the prestressed concrete cracking strain limit is considered as
Stage 1. Until the undamaged bonded strands fail, the capacity contribution of As add, Aps exp, and

Aps_exp bent 1S proportional to the strain levels of the undamaged strands. Therefore, the capacity of
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the repaired beam end is the same as that of Alternative 2. As shown in Figure 6-47, Aps up, As add,
Aps exp, and Aps exp bent contribute to the total capacity. During Stage 2, only As add and Aps exp bent
contribute to the total capacity. Forces in longitudinal rebars with hooks increase until yielding.
The force in the embedded strands with 90-degree bents increases continuously until the steel

reaches a stress limit of 0.80 fpu.

Capacity (kip)
r'y
148.2
124.9
79.4 — Total Capacity
- A.'-.\' exp_bent
336
19.8 — Aps exp
- A;Js up
_————11.9
le Stage1 | Stage?2 > Deformation

Figure 6-47. Capacity contribution of Alternative 3 details during different failure stages.

Assume that Alternative 3 details include eight undamaged strands, three re-embedded strands,
five re-embedded strands with 90-degree bents, and two longitudinal bars with hooks. The Stage

1 longitudinal tie capacity of this detail is calculated as follows:

T3 = (ApsiUD Xf;;e X lx/lt) + (Apsiexp Xf;‘?u X Ix/ldiPS) + [AsiADD X {(fg‘)u X lx/ldiPS) if)‘/}]

+ [Apsiexpibent X {(ﬁ)u X lx/ldiPS) 56}}] Eq 6-7
= (0.92 x 162 x 14/26.28) + (0.345 x 270 x 14/109.7) + [0.4 x {(270 x 14/109.7) <60}]
+[0.575 x {(270 x 14/109.7) <60}]

=794+ 11.9+ 13.8+ 19.8=124.9 kip (Same as Alternative 2 capacity)

Upon the failure of eight bonded strands, the three re-embedded strands also become ineffective.
Therefore, only five re-embedded strands with 90-degree bents and two longitudinal bars with
hooks are left to provide capacity during Stage 2. The longitudinal tie capacity during Stage 2 is
calculated as follows:
Ts5.2 = (As app * fy) + (Aps exp bent X0.80 fou) Eq. 6-8
= (0.4x60) + (0.58%0.80%270)
=24+ 124.2 =148.2 kip
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Alternative 3 details can be selected to increase the beam end ultimate capacity to equal or exceed
the as-designed capacity. In this example, the details chosen for Alternative 3 increased the

repaired beam end capacity by 33% compared to Alternative 1.

6.5.1.4 Comparison of FDRCO Repair Capacity Contributions

This section summarizes the results from the three FDRCO repair examples presented earlier. The
as-designed AASHTO Type I beam had a total of 16 strands at the bottom flange. Initially, four
of the 16 strands were exposed due to spalling, and an additional four strands were exposed after
chipping and cleaning. Thus, a total of eight out of 16 strands were exposed before repair. Table
6-4 summarizes the FDRCO repair capacities of different alternatives.

Table 6-4. Capacity of Beam Ends with FDRCO Repair

Strands Comparing Capacity
Longitudinal . Change w.r.t
Beam End Recmbedded® | Rebar with | C2PACtY (%% 1t
Condition Exposed | Bonded? 90-deg, | 90-deg. Hook | (KiP)
Straight B g As-designed | D2
ent
As-designed 16 144 N/A 82.3(1)
Deteriorated (D) 4 12 110 23.6 (]) 39.2(1)
After chipping and
cleaning fgz)g 8 8 79 45.1(]) 0
Alternative 1 (T\.)) 12 4 125 13.2()) N/A
Alternative 1(T).») 8 8 111 22.9(]) 40.5(1)
Alternative 2 8 8 2 125 13.2()) 58.2(1)
Alternative 3 8 6 2 2 148 2.8(1) 87.3(1)
!Capacity changes are calculated relative to the as-designed capacity, and the beam end condition after chipping
and cleaning (D,); 1= increase, |=decrease
2 Bonded strands are undamaged and prestressed.
® Re-embedded strands are not prestressed.

6.5.2 Preservation and Repair Recommendations

The following preservation and repair methods are recommended based on their field performance,
performance during laboratory studies documented in Chapter 5, performance reported in
Attanayake et al. (2022), and the capacity contributions documented in this chapter. The listed
methods can be combined for improved performance. For example, for beam ends with shallow
spalls that do not expose steel, a breathable concrete surface coating (CSC) with crack-bridging
ability, a silane penetrating sealer, or a combination thereof can be used to protect the member.
For a beam end with exposed steel and adequate load capacity, a breathable CSC with crack-
bridging ability or a silane penetrating sealer can be applied after cleaning and protecting the

exposed steel with a zinc-rich epoxy primer. As noted in Attanayake et al. (2022), the use of a
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breathable CSC with crack-bridging ability is better than using a penetrating sealant to protect
concrete.
1. Breathable CSC with crack-bridging ability or silane penetrating sealers
2. Cleaning and protecting exposed steel with zinc-rich epoxy primer
3. Concrete Patching™
4. Epoxy injection**
5. Full-depth reinforced concrete overcast (FDRCQO)***
A. Alternative 1
B. Alternative 2
C. Alternative 3

6. Overcast with welded wire fabric and adhesive-anchored stirrups

* Concrete patching does not increase the structural capacity of deteriorated beam ends. Option 1 (breathable
concrete surface coatings with crack-bridging ability or silane penetrating sealers) and 2 (cleaning and
protecting exposed steel with zinc-rich epoxy primer) often serve a similar protective function and, in some
cases, provide a better corrosion resistance than patching alone. Patching should be selected primarily when
aesthetic restoration of the damaged area is required. If patching is used, it is recommended to use FRP strips
to maintain the integrity of the repaired section and use a breathable CSC with crack-bridging ability for
improved durability.

** Epoxy injection is required for cracks with widths of 0.002 inches or greater. Structural cracks in beams
should be repaired by epoxy injection prior to overcasting to ensure structural integrity.

*** Full-depth reinforced concrete overcast (FDRCO) repair includes three different detail options (A, B, and
C). The most suitable detail needs to be selected based on the required capacity improvement and site-specific
conditions. The use of FRP strips and breathable CSCs with crack-bridging ability is recommended.

Table 6-5 outlines repair recommendations for deteriorated PSC I-beam ends based on the type,

location, and severity of damage.
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Table 6-5. Repair Recommendations for Deteriorated PSC 1-Beam Ends

Type of \ 1 Condition Repair
i || Case Range Zone| ciate (CS) | Options
(4) Depth N/A cs2 1,3
< clear cover of stirrups ] )
Mo strands are
— [B]'_Il:)epthl . exposed, section loss < C&82 1.2, 3
= clear cover of stirrups 0%
Beam soffit? = 13% of the bottom 73
ﬂmg:ftf;‘;gjs are cs3  [1,2.3.54A.6
(C) Depth and < 35-@".‘«?3.&:&::11 loss
= clear cover of strands —
= 15% of the bottom
flange strands are C&4 3B, 3C
exposed
(A) Depth N/A Cs2 1,3
< clear cover of stirrups ] i
Section loss < 10%
_ lea:[fn]'ffgri-};tm . and no strands are Ca2 1.2.3
) ' a exposed
Spall/ = 4% section loss
Delamination without exposed C&2 1.2.3
strands®
= 15% of the bottom
(C) Depth flange strands are 1 T
= clear cover of strands exposed and Cs3 1.2.3.54.6
= 30% zection loss Z1,
Bottom flange :
side? = 15% of the bottom | Z2.
flange strands are | Z£3 Cs4 5B, 5C
exposed
= 15% of the bottom
flange strands are -
g L 9 g 5
exposed, and <30% Cs3 1.2.3.54.8
section loss
(D) Depth Section loss = 40%
= clear cover of strands |  and no strands are C54 SA
exposed.
= 15% of the bottom
flange strands are C34 5B, 5C
exposed

I Do not use these limits for MI 1800 beams. The capacity of MI 1300 beams should be evaluated on a case-by-

case basiz using the provided Mathead calculation sheets and compared with the factored demands.
I Clear cover is measured from the beam soffit.

3 Clear cover is measured from the vertical side of the bottom flange.
# Use 20% as the limit when the bottom flange spall is only on one side.
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7 CAPACITY OF STEEL BEAM ENDS WITH HOLES
7.1 OVERVIEW

As discussed in Chapter 2, 62% of beam end deteriorations are associated with the web. The web
area of a beam in the vicinity of a support can be divided into two zones: bearing zone and shear
zone (Figure 7-1). The width of the bearing zone at a beam end and away from a beam end is
defined as N+2.5k and N+5k, respectively. The evaluation of typical failure modes within the
bearing zone and the associated capacities requires the application of the theory of buckling. In
typical multi-beam, simple span bridges, the beam top flange is monolithically connected to the
cast-in-place concrete deck. The bottom flange over the bearing is welded to the sole plate and
connected to the abutment or pier using various mechanisms limiting bottom flange deformations.

Therefore, the buckling capacity is primarily controlled by the web and the stiffeners.

Bearing zone] Shear zone .
Shear zone Bearing zone Shear zone

E—
N ——1.25k I—
N +25Kk— - 25k— N — 2.5k-
N+ 5k

1.25k

(a) Bearing zone near the beam end (b) Bearing zone away from the beam end
Figure 7-1. Bearing and shear zones of a steel beam

This chapter describes the beam geometry selected for analysis, material properties, modeling and
analysis of beam ends with holes, analysis results, and recommendations for assessing the

capacities of unstiffened and stiffened beam ends with holes.

7.2 BEAM GEOMETRY

The analysis model represents the most commonly used beam section in Michigan bridges,
W30x108 (Table 7-1). The other parameters considered for the model include beam length,
bearing length, the geometry of diaphragms and stiffeners, and the beam overhang length, which
is the distance between the beam end and the exterior edge of the bearing. Cross-section properties

are shown in Table 7-2. The span length of the W30x108 section ranges between 29 and 54 ft.
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Pier bearing length ranges between 6 in. and 9 in. Typically, the beam ends are offset about one

inch beyond the edge of the bearing. This segment is referred to as the overhang in this report.

Table 7-1. Beam Sections Used in Michigan Bridges

Beam Section Me:bn:::,:-:ru:'we Total
30" deep plate girder 24 24
36" Plate girder 9 9
48" deep plate girder 138 138
34" deep plate girder 24 24
60" deep plate girder 38 38
63" deep plate girder 24 24
66" deep welded plate girder 24 24
665" deep riveted plate girders 14 16
72" deep plate girder 24 24
CB27=137 36 36
W18=30 8 8
W21l=62 12 12
W24=100 33
W24:110 40 .
W24%68 1 .
W24x584 1
W27=102 104
2784 30

127X04 21 240
W27=98 22
W30=108 220
Wil=118 93
W3i0=124 80
W30=99 9
W33=118 14
W33=130 77
W33=132 11 181
W33i=141 64
W33=1352 13
W3e=133 112
W3ie=150 )] 202
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Table 7-2. W30x108 Section Properties

Geometry Dimensions

Depth (in.) 29.8
Thickness of the bottom flange (in.) 0.76
Thickness of the top flange (in.) 0.78
Thickness of the web (in.) 0.345
Width of the bottom flange (in.) 10.3
Width of the top flansze (in.) 10.5
Fillet radius (in.) 0.65
Distance from the outer face of the flange to the web toe of the fillet, & (in.) 1.41

The end diaphragms are partial depth, 12 inches deep, and are typically located at 12 inches from

the beam end. The intermediate diaphragms are mostly 20 inches deep and equally spaced between

the end diaphragms. The number of intermediate diaphragms in a span depends on the span length,

as shown in Table 7-3.

Table 7-3. Number of Intermediate Diaphragms in a Span

Span Length, Number of Intermediate
L (ft) Diaphragms
L <40 ft 1
40 ft <L <70 ft 2
L>70 ft 3

As shown in Figure 7-2, most interior beams have only one bearing stiffener on each side of the web.

the analysis model, the bearing stiffener is placed at the bearing centerline.

W

5/87 % 5.57

|, — BRG STIFFENER /

MILL OR GRIND
STIFFENER PLATE
(TYP & BOTT)

10"

— . ———p

TYP

~"TYP TOP & BOTT
“_SEENOTES I & 2

ﬂ%_

|

|_3 5 BEARING STIFFENER DETAILS

P
<" SEENOTE 1
AN

NOTE 1: STOP WELD *” SHORT OF CORNER CLIPS
NOTE 2: WRAP WELD AROUND OUTSIDE EDGE

Figure 7-2. A typical bearing stiffener.

In
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7.3 STEEL PROPERTIES

Table 7-4 summarizes the steel properties used for analysis.

Table 7-4. Steel Properties

Material Properties Values
Modulus of Elasticity, £ (ksi) 29,000
Yield strength, F), (ksi) 50
Poisson’s ratio, v 0.3
Unit weight (Ib/ft%) 490
Density, p (slug/in.%) 0.0088
Mass per unit area, ¥ (slug/in.?) 0.0048

7.4 CAPACITY OF AS-DESIGNED I-BEAM SECTION

Figure 7-3 shows the failure modes considered for evaluating beam end capacities of unstiffened
and stiffened beam ends and the corresponding articles of the AASHTO (2020). The unstiffened
beam end capacity is the minimum of shear, web local yielding, and web crippling capacities. For
stiffened beam ends, capacity is the minimum of shear resistance and bearing and axial resistances

of the bearing stiffeners.

Steel Beam IIEnd Capacity|

Unstiffened Stiffened

Capacity
‘ Mln (';ﬁb(RS nr gian: ¢an)

‘ Capacity
Min (¢Ry, R $,V5)
!

Shear Resistance (6.10.9.2) - 4,V Shear Resistance (6.10.9.3.3) - ¢,V
Web Local Yielding (D6.5.2) - ¢,R,, Bearing Resistance of Bearing Stiffeners

Web Crippling (D6.5.3) - ¢,R,, (6.10.11.2.3) ¢y(Rsp)s
Axial Resistance of Bearing Stiffeners

(6.10.11.2.4) - ¢.P,
Figure 7-3. Steel beam end capacity as per AASHTO (2020)

7.4.1 Nominal Resistance of an Unstiffened Beam End
7.4.1.1 Shear Resistance

To prevent shear yielding or shear buckling, an unstiffened web must possess a nominal resistance
of Vi, calculated using Eq. 7-1. The shear resistance is calculated without considering the tension-

field action.

Vi =Ve = CVp :C[0-58wath] Eq 7-1
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where,
C = the ratio of shear-buckling resistance to shear-yielding resistance calculated

using Eq. 7-2, 7-3, or 7-4, as applicable, with the shear-buckling coefficient of
k taken equal to 5.0.

1f—<112/ ,thenC = 1.0 Eq. 7-2
tw Fyw
12 Ek
if1.12 ’wa<a<140 /wa thenC—@ Fy_w Eq 7-3
if = > 14 / ,then € = -0 (=) Eq. 7-4
Fw &) P

D = web depth (in.)
Ve = shear-yielding or shear-buckling resistance (kip)
Vp = plastic shear resistance (kip)
= factored shear in the web at the section under consideration (kip) < ¢V,

¢, = resistance factor for shear specified in Article 6.5.4.2
7.4.1.2 Web Local Yielding

To prevent web local yielding, a beam end needs to possess a nominal resistance of R, calculated
using either Eq. 7-5 or 7-6. The Eq. 7-5 is valid only when the concentrated load (i.e., an internal

pier reaction or an applied load) is located at a distance greater than d from the beam end.

R, =Ck+N)F 1, Eq. 7-5
Otherwise:
R, =2.5k+N) FoL, Eq. 7-6
where:

d = depth of the steel section (in.)
k = distance from the outer face of the flange resisting the concentrated load or
bearing reaction to the web toe of the fillet (in.)
= thickness of the web resisting the concentrated load or bearing reaction (in.)
Fw = yield strength of web (ksi)
N = length of bearing (in.)
R, = factored concentrated load or bearing reaction (kip) < psR,

@, = resistance factor for bearing specified in Article 6.5.4.2
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7.4.1.3 Web Crippling

To prevent web crippling, a beam end needs to possess a nominal resistance of R, calculated using

either Eq. 7-7, 7-8 or 7-9. The Eq. 7-7 is valid only when the concentrated load (i.e., an internal

pier reaction or an applied load) is located at a distance greater than or equal to d/2 from the beam

end.
N t L5 EF. Wtf
Ry =0.8t% [1+3(5) (i) it Eq. 7-7
= Otherwise:
- When% <0.2
N t 15 EF. Wtf
Ry = 0.4t% 1+3(5) (i) s Eq. 7-8
; When% > 0.2
4N t L5 EF. Wtf
Ry = 0.4t [1+ (2% - 0.2) (t—W) et Eq. 7-9
f w
where,

tr = thickness of the flange resisting the concentrated load or bearing reaction (in.)

R, = factored concentrated load or bearing reaction (kip) < pwRx

@,, = resistance factor for web crippling specified in Article 6.5.4.2

Note: A concentrated load acting on a rolled shape or a built-up section is assumed critical at the toe of the fillet

located a distance k from the outer face of the flange resisting the concentrated load or bearing reaction, as

applicable. For a rolled shape, k is published in the available tables giving dimensions for the shapes. For a

built-up section, k may be taken as the distance from the outer face of the flange to the web toe of the web-to-

flange fillet weld. (AASHTO LRFD 2020)

7.4.1.4 Nominal Resistance of an Unstiffened Beam End

Table 7-5 shows the summary of nominal and factored resistances calculated for an unstiffened

W30x108 beam end section. The dominant failure mode is web crippling, with a nominal

resistance of 231 kips.
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Table 7-5. Nominal Resistance of an Unstiffened W30x108 Beam End Section

Failure Mode Nominal R-esistance, Resistance Factored Resistance,
R, (Kips) factor, ¢ OR: (kips)

Shear 447 1.0 447

Web local yielding 260 1.0 260

Web crippling 231 0.8 185

7.4.2 Nominal Resistance of a Stiffened Beam End
7.4.2.1 Shear Resistance

The nominal shear resistance of a stiffened web end panel is calculated using Eq. 7-1. The value
of C is calculated using Eq. 7-2, 7-3 or 7-4. The shear buckling coefficient, k, is calculated using
Eq. 7-10. The shear resistance is calculated without considering the tension-field action. This
assumption is valid for the beam ends with a single bearing stiffener on each side of the web, the

configuration used for the analysis cases considered in this study.
5

e

where:

k=5+

2 Eq. 7_10

do = transverse stiffener spacing (in.)

Note: The shear-buckling coefficient, k, to be used in determining the constant C in Eq. 7-1 is to be calculated based
on the spacing from the support to the first stiffener adjacent to the support, which may not exceed 1.5D.
(AASHTO LRFD 2020)

7.4.2.2 Bearing Resistance of Bearing Stiffeners

Stiffeners are provided at bearing locations and other locations subjected to concentrated loads. In
the absence of stiffeners, the bearing resistance is not evaluated when the unstiffened web satisfies
the provisions of AASHTO (2020) Article D6.5.
To prevent bearing failure at the fitted ends, bearing stiffeners must possess a nominal
resistance of (Rs)s, calculated using Eq. 7-11.
(Rsb)n = 1.4 Apn Fys Eq. 7-11
where,
Apn = area of the projecting elements of the stiffener outside of the web-to-flange
fillet welds but not beyond the edge of the flange (in.?)
(Rsv)r = factored bearing resistance for the fitted ends of bearing stiffeners (kip)
< Ob(Rsp)n

¢p = resistance factor for bearing specified in Article 6.5.4.2 =1.0
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To prevent local buckling of the bearing stiffener plates the contact width, b, of each stiffener
plate shall satisfy:
tp > by/0.48 (E/Fys ) Eq. 7-12
where:

br= flange width (in.)

b: = contact width of the projecting stiffener element (in.) < [(br— tw)/2 — (k — tf)]

k = distance from the outer face of the flange resisting the concentrated load or

bearing reaction to the web toe of the fillet (in.)

tr = flange thickness (in.)

t, = thickness of the projecting stiffener element (in.)

t,, = web thickness (in.)

E = modulus of elasticity (ksi)

F,; = specified minimum yield strength of the stiffener (ksi)
If the condition given in Eq. 7-12 is not satisfied during the design, the section thickness needs to
be increased. During an assessment of an existing detail, the buckling analysis provides a capacity
after incorporating the beam end conditions and details. Therefore, when the conditions are not
met, a refined finite element model must be used for buckling analysis. Please refer to Section

7.5.3 of this report for further details on such analysis.

7.4.2.3 Axial Resistance of Bearing Stiffeners

Even though flexural buckling, torsional buckling, or flexural-torsional buckling are the possible
failure modes of a component under compression, flexural buckling is the failure mode for bearing
stiffeners. Eq. 7-13 is used to calculate the factored resistance of a component under compression,
P:.
Pr= ¢ Py Eq. 7-13
where:
P, = nominal compressive resistance (kip)
@. = resistance factor for compression as specified in Article 6.5.4.2
Bearing stiffeners used in typical bridges are nonslender elements. Therefore, the nominal

compressive resistance is calculated using either Eq. 7-14 or Eq. 7-15.
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If Pe/Po > 0.44, then:
_ )
P, = 0.658'7| P,

If Pe/P, < 0.44, then:

P, = 0.877P,
The elastic critical buckling resistance, Pe, is calculated using Eq. 7-16.
2
P, =24,

()
The nominal yield resistance, P,, is calculated using Eq. 7-17.
Po=F, A,

where,
rs = radius of gyration in the plane of buckling (in.)

Ag = gross sectional area of the member (in.?)

D = web depth (in.)

I; = moment of inertia of the effective column section (in.*)
K = effective length factor in the plane of buckling =0.75 D
[ = unbraced length in plane of buckling (in.)

Eq. 7-14

Eq. 7-15

Eq. 7-16

Eq. 7-17

The effective section for axial resistance calculation is determined as follows:

1) For stiffeners bolted to the web:
e the effective section is represented only by the stiffeners.

2) For stiffeners welded to the web:

e a portion of the web shall be included as part of the effective column section.

e for stiffeners consisting of two plates welded to the web, the effective column

section includes the two stiffener elements and a centrally located strip of web

extending not more than 9ty on each side of the stiffeners, as shown in Figure 7-4.

- gy
I

tw

-

-

B
"]

o
o

-+ <Ot, + <Ot, =~

Figure 7-4. Effective column section when two stiffener plates are welded to the web
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7.4.2.4 Nominal Resistance of a Stiffened Beam End
Table 7-6 shows the summary of nominal and factored resistances calculated for a stiffened
W30x108 beam end section. The dominant failure mode is bearing, with a nominal resistance of

260 kips.
Table 7-6. Nominal Resistance of a Stiffened W30x108 Beam End Section

Failure modes | Nominal Resistance, Resistance Factored Resistance,
R, (Kips) factor, ¢ ORx (kips)

Shear 447 1.0 447

Bearing 260 1.0 260

Axial 470 0.95 446

7.5 NUMERICAL ANALYSIS OF BEAM ENDS

After conducting a series of parametric analyses, a 25-ft-long beam, both without and with
stiffeners, was modeled using S9RS5 elements. The beam is simply supported and includes 6-in.
long bearings at each end. Abaqus, a general-purpose finite element software, is used for this
analysis because it provides eigenvalue buckling analysis and post-buckling analysis capabilities
necessary to evaluate beam end capacity. Eigenvalue analysis provides mode shapes to calculate
buckling loads. The Riks method considers the buckling modes to calculate postbuckling load
capacity. The Riks method can incorporate imperfection for postbuckling load capacity
calculation. This is important because it allows introducing web out-of-plane deformation

documented during inspection in the capacity calculation.

Figure 7-5 shows the web out-of-plane deformation of a W30x108 section documented during
inspections. Such deformations reduce the beam end capacity compared to the capacities
calculated using AASHTO equations, which assume a perfectly vertical (plumb) web and perfect
geometries. The original thickness of the web is 0.605 in. The out-of-plane deformation
magnitude of 0.25 in. represents a 41% imperfection (i.e., 0.25/0.605x100), which is typically
presented as a percentage of the component thickness in buckling analysis and referred to as the

imperfection amplitude.
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Figure 7-5. Web out-of-plane deformation measured during field inspection.

7.5.1 Unstiffened Beam Ends Without Holes

Figure 7-6 shows the first five mode shapes of the beam end without bent plates. The first mode

shape being the controlling mode for buckling, it is scaled as an imperfection when using Riks

method for postbuckling capacity analysis (Kanakamedala et al. 2023 and Tzortzinis, et al. 2019).

Mode 1 Mode 2

Mode 3 Mode 4

g9

Flgure 7-6. Mode shapes at the beam end

Mode 5

Beam end geometry was modified to include bent plates and evaluate their impact on buckling

modes and postbuckling capacity. Figure 7-7 shows a typical end diaphragm connection. While

the bent plate is welded to the girder, the diaphragm is either bolted or welded to the bent plate.

Two models were developed representing an exterior beam with a single bent plate and an interior

beam with bent plates on both sides of the web. A bent plate thickness of 0.375 in. was used in

the model. The distance between the top surface of the end diaphragm and the top surface of the

top flange ranges between 2 and 4 inches.

Since most of the deteriorations are observed at the

bottom of the web, it is vital to maintain the largest gap between the end of the bent plate and the

top of the bottom flange to allow the longest unsupported length of the web, a critical parameter

for buckling. Figure 7-8 shows the geometry of the bent plate and the connection details.

End diaphragm

Exterior girder

Interior girder

| e————p— |

Min.

12C25

Bent plate

0.5” Bent PL (Typ)

—

Figure 7-7. End diaphragm and connection details.
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Exterior girder Interior girder N
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' = 12C25 oo |[oe =
oo = se | oo =
0.5" Bent PL (Typ)— v
QDI
—— ——

Figure 7-8. Bent plate and connection details.
Figure 7-9 and Figure 7-10 show the first five mode shapes of an exterior beam with one bent plate
and an interior beam with two bent plates, respectively. Both beam ends produced the same mode
shapes since the bent plates are located 12 inches from the ends. Furthermore, they are similar to
those observed without bent plates, as shown in Figure 7-6.

1 2 3 4 5

’ Iigure 7-9. Mode!lpes of an exte;)eam end with on;t plate. ’
219191 %) 9F

Figure 7-10. Mode shapes of an interior beam with two bent plates.

Table 7-7 summarizes the analysis results for all the cases: beams without and with bent plates, as
well as exterior and interior beams. Web crippling is the failure mode identified in Section 7.4.1.4
for an unstiffened beam end, with a nominal resistance of 231 kips. Numerical analysis results are
compared with the nominal resistance calculated using AASHTO (2020) equations. Two

parameters are introduced to compare the results, as shown below,

LPFgL = the ratio between the postbuckling load (failure load) and the buckling load.

LPF = the ratio between the postbuckling load (failure load) and the nominal resistance.

As shown in the following table, the failure load calculated for a beam end without bent plates is
only 3% more than the nominal resistance calculated using the AASHTO (2020) equations for web
crippling [i.e., (239-231)/231x100]. This shows an excellent correlation between the numerical

and analytical solutions. The impact of web out-of-plane deformations on web crippling capacity
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was evaluated by incorporating a range of imperfection amplitudes. The results are presented in
Table 7-7. The variation of LPF against the imperfection magnitude for a beam without bent plates
is shown in Figure 7-11. As indicated by the analysis results, even a web out-of-plane deformation
magnitude equal to 0.1% of the web thickness (tw) could reduce the load capacity by 15%. When
the same beam end has an imperfection amplitude of 50% of the web thickness, the failure load is
decreased by 33%. The failure loads of interior and exterior beam ends with bent plates are also

listed in the table.
Table 7-7. LPF for Nominal Web Crippling Resistance of Beams Ends Without and With Bent Plates

q Buckling Failure
FE Models Analysis Cases Teoad (kip) LPFsL load (kip) LPF
As designed (nominal resistance) 231 231
Beam without imperfection 197 1.22 239 1.03
Beam with 0.1% imperfection 197 0.99 196 0.85
Beam with 5% imperfection 197 0.90 177 0.77
) Beam with 25% imperfection 197 0.82 161 0.69
Be;‘e‘ﬁf ;Y:t};‘s)ut Beam with 50% imperfection 197 0.79 155 0.67
Beam with 75% imperfection 197 0.74 146 0.63
Beam with 100% imperfection 197 0.70 138 0.60
Beam with 150% imperfection 197 0.62 122 0.53
Beam with 200% imperfection 197 0.57 112 0.49
Exterior beam without imperfection 283 0.82 231 1.00
Exterior beam with 25% imperfection 283 0.68 192 0.83
Exterior beam with 50% imperfection 283 0.64 180 0.78
Exterior beam with 75% imperfection 283 0.60 170 0.73
Beams with bent | Exterior beam with100% imperfection 283 0.58 164 0.71
plates Interior beam without imperfection 289 0.83 240 1.04
Interior beam with 25% imperfection 289 0.67 194 0.84
Interior beam with 50% imperfection 289 0.63 183 0.79
Interior beam with 75% imperfection 289 0.60 173 0.75
Interior beam with 100% imperfection 289 0.57 165 0.71
1.2
a
=109
I
G 1
S 08
Fy
T 06
2 3
S 04
2
o
- 0.2
3
0.0

0 20 40 60 80 100 120 140 160 180 200

Imperfection Amplitude (1), % of Web Thickness
Figure 7-11. Variation of LPF against the imperfection amplitude.
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7.5.2 Unstiffened Beam Ends with Holes

The models include beam ends with and without bent plates. The model with bent plates includes
only one plate, similar to an exterior beam. Hole configurations are decided based on
deteriorations documented in the scoping reports. A few common deteriorations are shown in

Figure 7-12.

Tzortzinis et al. (2019) investigated the impact of holes on beam end capacity, finding that the
change in capacity is insignificant when the hole height exceeds 10% of the web height and the
hole length exceeds 70% of the bearing length. Based on this study, MassDOT developed
simplified methods for calculating web local yielding and web local crippling capacities. The
application of these simplified methods for load rating is recommended by MassDOT when the
web section loss within the bottom 4 in. of the web height is equal to or exceeds an average of 1/8
in. over that height (MassDOT 2025). Considering the recommendations in the literature and the
conditions recorded in the inspection reports, the analysis presented in this section includes holes
up to 14% of the web height (i.e., 4 in.), measured from the bottom of the web. The heights of the
holes are defined as 3.5%, 7%, 10.5%, and 14% of the web height. The hole length is determined
based on the overhang length and the bearing length. The location of the holes is defined as
follows:
- Case 1: Holes within the overhang, Figure 7-12(a)
- Case 2: Holes starting from overhang and extending to the bearing, Figure 7-12(b)
- Case 3: Holes starting at the exterior bearing edge closer to the end and extending
towards the span, Figure 7-12(c)
- Case 4: Holes starting at the middle of the bearing and extending toward the span, Figure
7-12(d).
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(b) Complete section loss within the overhang and
above the bearing

(c) Complete section loss above the bearing (d) Complete section loss starting from the middle of
the bearing and extending towards the span

Figure 7-12. Hole configurations documented during bridge inspection.

7.5.2.1 Holes Within the Overhang
Figure 7-13 shows different configurations of holes within the overhang (OH). With the overhang

being one inch, the hole length (HL) is one inch. The hole heights considered are those mentioned
above as a percentage of the web height (3.5%, 7%, 10.5%, 14%). For the holes in the overhang,
the loss of the entire web is also considered (i.e., HH = 100% of the web height).

HH =3.5% HH = 7% HH =10.5% HH =14% HH = 100%

-

TTL TTL TTL T

—HH
- J;l'.

Figure 7-13. Holes within the overhang.

A beam end without a bent plate and an exterior beam end with one bent plate were considered for
the analyses to understand the impact of holes on beam end capacity. The model included a 6-
inch bearing and an imperfection amplitude (I) of 50%, 75%, and 100% of the web thickness.
Table 7-8 summarizes the numerical results. As shown in the table, when there are no holes in the
beams without and with bent plates, the LPF is 0.67 and 0.78, respectively. When the entire
overhang is lost due to corrosion (i.e., HH = 100%), the LPF is 0.61 and 0.67 for beams without
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and with bent plates. The table also shows the capacity calculated using the equations provided in
MassDOT (2025) for HH = 100%, which yield comparable results to our analysis without a bent
plate.

The average web thickness (tave) calculation in the MassDOT procedure accounts for the hole
length and imperfection amplitude, as shown in Eq. 7-18. The factor used for the imperfection
amplitude is constant for imperfections greater than 0.1ty (Table 7-9). Therefore, the tave values
shown in Table 7-8 are the same for all the imperfection cases listed in the table. However, the
coefficients defined in the MassDOT Bridge Manual for web crippling capacity calculations differ
for imperfections greater than 50%, between 50% and 10%, and less than 10% of the web thickness
(Table 7-10). Therefore, the web crippling capacities and LPF values calculated using the
MassDOT procedure with 50% imperfection and imperfections greater than 50% are different

(Table 7-8). The results also show that the beam end capacity is insensitive to the hole height.

tave = [(N + md — H)xty]/(N + md) Eq. 7-18
where,
N = bearing length (in.)
H = hole length (in.)
d = web depth (in.)
m = factor given in Table 7-9

tw = web thickness (in.)

Table 7-8. LPF for Nominal Web Crippling Resistance of Beam Ends with Holes Located within the
Overhang, N = 6 in., [=0.5tw, 0.75tw, 1tw

Hole Height, HH MassDOT Bridge Manual Part
HL I (% of the web height) 1100™ Anniversary Edition
) . :
(n) 1 o) 6 | 350 | 7 | 105 | 14 | 100 | tue(in) C?ﬁ?;)“y LPF
LPF for b 50 | 0.67] 0.66 | 0.66 | 0.66 | 0.65 | 0.61 | 0.48 142 0.62
without ;’rbe;at‘mfate 1 | 75 [063] 062 | 062 | 062 062059 0.48 138 0.60
P 100 | 0.60 | 059 | 0.59 | 0.59 | 0.59 | 0.56 | 0.48 138 0.60
LPF forbeams with| | ) | 526 | 077 | 076 | 0.76 | 0.76 | 0.67| 0.8 142 0.62
a bent plate

Table 7-9. Values of Factor (m) for Average Web Thickness Calculation (MassDOT 2025)

Imperfection Amplitude (I)*
I>0.5tw 0.5tw > 1> 0.1tw I<0.1tw
N/d> 0.2 0.2 0.2 0.1
N/d<0.2 0.1 0.1 0.0

* Values shall not be interpolated
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_ h
Web crippling capacity, Ry = <a1 [EF,tr tgie + b (%) Effsf tc31v6> (t:ue) Eq. 7-19
f w

where,
a = factor from Table 7-10
b = factor from Table 7-10
h = factor from Table 7-10
E = modulus of elasticity (ksi)
Fy = yield strength (ksi)
tr = flange thickness (in.)

Table 7-10. Factors for Calculating Rn When N/d < 0.2 (MassDOT 2025)

Imperfection Amplitude (I)*
I>0.5tw 0.5tw > 1> 0.1tw I<0.1tw
a 0.33 0.32 0.38
b 0.00 0.17 0.0
h 0.40 0.20 0.15

* Values shall not be interpolated

7.5.2.2  Holes Starting from Overhang and Extending to the Bearing

The hole length over the bearing is calculated as N/3, 2N/3, and N. With the overhang length of
one inch and the bearing length of 6 inches, the lengths of the holes are 3, 5, and 7 inches. Figure
7-14 shows the position of the holes. The results are presented in Table 7-11 in terms of LPF.
Even though a slight capacity increase is observed with having a bent plate, the capacity of the
beam end is the same when the hole is located over the entire bearing. When the hole is located
over a maximum of 83% of the bearing length, the beam end capacity is about 58% of the as-
designed capacity. When the hole extended over the entire bearing, at least 41% of the as-designed
capacity remains. As indicated by the results, hole height does not affect the load capacity. Hole
length has a significant impact on the beam end capacity. Web imperfections exceeding 50% have
a minimal impact on the beam end capacity. When the hole is over the entire bearing length, the
beam end capacity is insensitive to the imperfection amplitude (i.e., the web out-of-plane

deformation).

The capacity of a beam end with 14% hole height, various hole lengths as defined in Table 7-11,
and the imperfection amplitudes of 50%, 75%, and 100% of tw, are calculated using the equations
in the MassDOT Bridge Manual. A significant difference is observed between the values

calculated using MassDOT (2025) equations and those obtained from the buckling analysis

140



conducted in this study. The possible reasoning for this difference is discussed in Section 7.5.2.3

of this report.

Table 7-11. LPF for Nominal Web Crippling Resistance of Beam Ends with Holes Located Within the
Overhang and Over the Bearing, N = 6 in., I=0.5tw, 0.75tw, 1tw

Hole Height, HH MassDOT Bridge Manual Part I
I HL=(OH+x) (% of the wgeb height) 100t Annivegrsary Edition
) oH@n)|xan)| 0 | 350 | 7 | 105 ] 14 | tee(in) Ca(f;?;;ty LPF
N/3 | 0.67 | 0.64 | 0.64| 064 | 0.64 | 036 94 0.40
50 2N/3 | 0.67 | 061 |0.60] 059 | 0.58 | 0.24 52 0.22
N | 067 | 041 |041] 041 | 041 | 0.12 20 0.08
LPF for beams N/3 | 063 | 061 |061] 061 | 061 | 036 87 0.38
without a bent 75 1 IN/3 | 0.63 | 058 | 0.58| 057 | 0.56 | 0.24 45 0.20
plate N | 063 | 041 |041] 041 | 041 | 0.12 15 0.06
N/3 | 060 | 057 [057] 057 | 058 | 036 87 0.38
100 IN/3 | 0.60 | 0.56 | 0.56| 0.56 | 0.56 | 0.24 45 0.20
N | 060 | 041 [041] 041 | 041 | 0.12 15 0.06
N3 | 078 | 072 [072] 072 | 071 | 036 94 0.40
LPF for beams 50 1 N3 | 0.78 | 0.63 [0.62] 061 | 0.60 | 024 52 0.22
with a bent plate
N | 078 | 041 [041] 041 | 041 | 0.12 20 0.08
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Figure 7-14. Holes located within the overhang and over the bearing.

7.5.2.3 Holes Located Over the Bearing

Figure 7-15 shows the position of the holes over the bearing. The hole length over the bearing is
calculated as N/3, 2N/3, and N. With a bearing length of 6 inches, the lengths of the holes are 2,
4, and 6 inches. The results are presented in Table 7-12 in terms of LPF. Even though a slight
capacity increase is observed with having a bent plate, the capacity of the beam end with and
without a bent plate is the same when the hole is located over the entire bearing length. When the
hole extended over the entire bearing, at least 46% of the as-designed capacity remains. The

magnitude of imperfection greater than 50% has a minimal impact on the beam end capacity.
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When the hole is located over the entire length of the bearing, the beam end capacity is not affected

by the magnitude of the imperfection.

As presented in the table, the remaining capacity of the beam end is 63% when the hole length
over the bearing is 4 in. (2N/3 or 67%N). There is a 37% reduction in capacity. Tzortzinis et al.
(2019) obtained similar results when evaluating the impact of holes on beam end capacity.
According to their experience with finite element analysis, a 30% capacity reduction was observed
when using a hole length of 70% of the bearing length and a hole height of 10% of the web height.
Their findings on specific analysis cases are similar to the results presented in this section.
However, a significant difference is observed between the values calculated using MassDOT
(2025) equations and those obtained from the buckling analysis conducted in this study. Even
though the equations and procedures presented in the MassDOT Bridge Manual (MassDOT 2025)
are an outcome of the Tzortzinis et al. work, the results for many cases presented in this report do
not correlate well with the values calculated using the MassDOT (2025) equations. This is because
Tzortzinis et al. established the factors and derived the equations covering an extensive array of
hole configurations, including several extreme cases that are not practically possible when

structural deformation limits are considered.

Table 7-12. LPF for Nominal Web Crippling Resistance of Beam Ends with Holes Located Over the Bearing,
N =6 in., I=0.5tw, 0.75tw, 1tw

Hole Height, HH MassDOT Bridge Manual Part I
I HL (% of the web height) 100" Anniversary Edition
0, 3 .
o) | ) 5 1350 7 [ 105 | 14 | twe (in) Ca(i?;;ty LPF
N/3 | 0.67 | 065 | 0.65| 0.65 | 0.65 | 0.42 117 0.50
50 2N/3 | 0.67 | 0.63 |0.63] 063 | 063 | 030 71 0.31
N | 067 | 051 |049| 047 | 047 | 0.18 35 0.15
LPF for beams N3 | 063 | 062 |062] 062 | 0.62 | 042 112 0.48
without a bent 75 ON/3 | 0.63 | 0.60 [0.59] 0.59 | 0.59 | 0.30 65 0.28
plate N | 063|051 [048] 046 | 0.46 | 0.18 29 0.12
N/3 | 0.60 | 0.58 | 0.58 | 0.58 | 0.58 | 0.42 112 0.48
100 | 2N/3 | 0.60 | 0.57 | 0.57 | 0.57 | 0.57 | 0.30 65 0.28
N | 060 | 051 | 048] 046 | 046 | 0.18 29 0.12
N3 | 078 | 075 |0.75] 0.75 | 0.75 | 0.42 117 0.50
LPF for beams 50 2N/3 | 078 | 0.70 [ 0.69] 0.67 | 0.66 | 0.30 71 0.31
with a bent plate
N | 078 | 051 |050] 047 | 047 | 0.18 35 0.15
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HH = 3 8% HH = 7% HH = 10.5% HH = 14%

(a) HL = N/3

. HH =14%
HH = 3 5% HH = T HH = 10.5%

(b) HL = 2N/3

HH = 3.5% HH = T% HH = 10.5% HH = 14%

(c)HL=N
Figure 7-15. Holes located over the bearing.

7.5.2.4 Holes Starting at the Middle of the Bearing

Figure 7-16 shows the position of the holes over the bearing. The hole length is set to be half the
bearing length, N/2, and extended by a length proportional to the bearing length, N/3 and 2N/3.
Therefore, the ratio between the hole length HL and the bearing length N is: 0.50 (HL =N/2), 0.83
(HL =N/2 + N/3 =5N/6), and 1.16 (N/2 + 2N/3 = 7N/6). The results are presented in Table 7-13
in terms of LPF. The results are similar to those in the previous cases, with the least capacity being

38% of the as-designed capacity.
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Figure 7-16. Holes starting at the middle of the bearing and extending towards the span.

Table 7-13. LPF for Nominal Web Crippling Resistance of Beam Ends with Holes Starting at the Middle of

the Bearing and Extending Towards the Span, N = 6 in., [=0.5tw, 0.75tw, 1tw

Hole Height, HH MassDOT Bridge Manual Part I
| HL (% of the web height) 100™ Anniversary Edition
) 1) 350 7 | 105 | 14 | tee(ny | CPRCY | 1pp
(kip)
N/2 | 0.67 | 0.62 | 0.62 | 0.62 | 0.62 0.36 93 0.40
50 SN/6 | 0.67 | 0.57 | 0.56 | 0.54 | 0.52 0.24 52 0.23
7N/6 | 0.67 | 0.51 | 049 | 047 | 0.40 0.12 20 0.09
LPF for beams N/2 | 0.63 | 0.59 | 0.59| 0.58 | 0.58 0.36 87 0.38
without a bent 75 SN/6 | 0.63 | 0.55 | 0.54 | 0.53 | 0.51 0.24 45 0.20
plate 7N/6 | 0.63 | 0.50 | 0.47 | 0.46 | 0.38 0.12 15 0.06
N/2 | 0.60 | 0.57 | 0.57 | 0.56 | 0.56 0.36 87 0.38
100 SN/6 | 0.60 | 0.53 | 0.53 | 0.51 | 0.50 0.24 45 0.20
TN/6 | 0.60 | 0.48 | 0.47 | 045 | 0.38 0.12 15 0.06
N/2 | 0.78 | 0.69 | 0.69 | 0.68 | 0.67 0.36 93 0.40
LPF forbeams |55 "s\/6710.78 | 0.60 | 0.58 | 056 | 0.53 | 0.4 52 0.23
with a bent plate
TN/6 | 0.78 | 0.52 | 0.50 | 0.47 | 0.44 0.12 20 0.09
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7.5.2.5 Recommendations for Unstiffened Beam Ends with Holes

The above analysis cases showed that the hole length has a significant impact on the beam end
capacity. Considering that the hole is located within the bottom 4 inches of the web height, and
the web crippling resistance is controlling, the remaining capacity can be calculated by multiplying
the capacity of the as-designed beam by the following resistance factors. These factors are
suggested based on the largest hole size and the web out-of-plane deformation (i.e., 100%

imperfection) used for the analysis.
- 1F 22 <0.80
N

$=0.50
- Otherwise

¢=0.38

The implementation of these recommendations requires accurate documentation of the hole sizes
and their locations. When the holes are not located within the bottom 4 inches of the web height,
a refined analysis is needed to assess the capacity. When the beam end capacity is controlled by
web yielding, the beam end capacity can be calculated using the average web thickness defined in

Eq. 7-18.

7.5.3 Stiffened Beam Ends with Holes

The beam end was modeled with one stiffener on each side over the bearing, as shown in Figure
7-2 and Figure 7-17. The stiffener has a thickness of 7/16 in. = 0.4375 in., which is the minimum
thickness recommended in the MDOT Bridge Design Manual Art. 7.02.11.A. The stiffener width

is 5.25in. and 1 in. x 1 in. corners at the top and bottom were clipped for the fillet weld.

Figure 7-17. Finite element model of a beam end with bearing stiffeners.
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7.5.3.1 As-Designed Beam End with Bearing Stiffeners

The beam model used for previous analyses was modified by adding two stiffeners, one on each

side of the web at the bearing centerline. Figure 7-18 shows the first five mode shapes and the

first mode shape contribution to the buckling capacity. Table 7-14 presents analysis results without

imperfections and with an imperfection amplitude ranging from 25% to 100% of the web

thickness. The load proportionality factor, LPF, is calculated as the ratio of the capacity calculated

using finite element models and the theoretical solution (axial resistance). The numerical results

are slightly greater than the theoretical solution, primarily due to the contribution of an additional

cross-sectional area that is not considered in the theoretical calculations. Also, the imperfection

amplitudes greater than 25% do not impact the axial resistance of the bearing stiffeners defined in

Section 7.4.2.3 of this report.

Mode 1 Mode 2 Mode 3

Mode 4

Figure 7-18. Mode shapes of a stiffened beam end.

Table 7-14. LPF for the Nominal Axial Resistance of Stiffened Beam Ends

Failure Load

Stiffened Beam End : LPF
(kips)

Nominal axial resistance (theoretical) 470
Without imperfection 507 1.08
With 25% imperfection 500 1.06
With 50% imperfection 500 1.06
With 75% imperfection 500 1.06
With 100% imperfection 500 1.06

7.5.3.2 Stiffened Beam End with Holes

Figure 7-19 shows the locations of holes at the stiffened beam ends. Rectangular shapes were used

in the finite element models to represent these holes. The hole heights are taken as a percentage

of the web height (3.5%, 7%, 10.5%, and 14%).
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(a) Web section loss between the beam end and (b) Web section loss towards the span of the
the stiffener stiffener

(c) Web section loss on both sides of the
stiffener

(d) Stiffener section loss at the bottom flange

Figure 7-19. Holes at stiffened beam ends.
7.5.3.2.1 Holes Located between the Beam End and the Stiffener

Figure 7-20 defines the length and height of the hole located between the beam end and the bearing
stiffeners. With a stiffener thickness of 0.4375 in., a bearing length of 6 in., and an overhang of 1
in., the hole length is approximately 3.78 in. The results are presented in Table 7-15 in terms of
LPFs calculated with respect to the axial resistance of 507 kips. As shown in the table, the
remaining capacity of the beam end is 76%, even with a complete section loss that is 4 inches tall

and 3.78 inches long.
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HL =N/2+0H-0.5t,=3.78 in.
HH =(3.5%, 7%, 10.5%, 14%) of the depth

- HL }

- HH

I
—N—
Figure 7-20. Holes located between the beam end and the stiffener.

Table 7-15. LPF for the Nominal Axial Resistance of Beam Ends with Holes Located between the Beam End
and the Stiffener, N = 6 in., [=0.5tw, 0.75tw, 1tw

HL I Hole Height, HH
(in) | (%) (% of the web height)
TP 0 [3s50] 7 10.5 14

50 098 | 0.78 | 0.78 0.77 0.76
3.78 | 75 098 | 0.77 | 0.77 0.77 0.76
100 | 0.98 | 0.77 | 0.77 0.77 0.76

7.5.3.2.2  Holes Located Towards the Span from the Stiffener

Figure 7-21 shows two configurations of holes used in this analysis. The results are presented in
Table 7-16 in terms of LPFs. As shown in the table, the remaining capacity of the beam end is
74%, even with a complete section loss that is 4 inches tall and 4.78 inches long.

HH = (3.5%. 7%. 10.5%, 14%) of the depth

HL =278 m. HL =478 .
JHL - L L -
I I
I I
—— :

N —N—

Figure 7-21. Holes located towards the span from the stiffener.
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Table 7-16. LPF for the Nominal Axial Resistance of Beam Ends with Holes Located Towards the Span from
the Stiffener, N = 6 in., I=0.5tw, 0.75tw, 1tw

HL I Hole Height, HH
(in) | (%) (% of the web height)
MAs 0 [350] 7 10.5 14

50 098 | 0.83 | 0.83 0.82 0.82
278 | 75 098 | 0.80 | 0.79 0.79 0.79
100 | 098 | 0.80 [ 0.79 0.79 0.79
50 098 | 0.74 | 0.74 0.74 0.74
478 | 75 098 | 0.74 | 0.74 0.74 0.74
100 | 098 | 0.74 | 0.74 0.74 0.74

7.5.3.2.3 Holes Located on Both Sides of the Stiffener

In this configuration, the hole starts at the beam end and extends beyond the stiffener towards the
span (Figure 7-22). One hole ends at the edge of the bearing on the span side. The other hole
extends by N/3 beyond the bearing towards the span. With the bearing length of 6 in. and the
stiffener thickness of 0.4375 in., the hole lengths are 6.5625 in. and 8.5625 in., respectively.

HH = (3.5%, 7%, 10.5%, 14%) of the depth

HL =6.56 m. HL =8.56 .
~| HL —HL, ~ HL, |HL, -
I I
I I

C -
[ J I J

—N— —N—

Figure 7-22. Holes located on both sides of the stiffener.

The results are presented in Table 7-17 in terms of LPFs calculated with respect to the axial
resistance of 507 kips. As shown in the table, the remaining capacity of the beam end is 39% with
a complete section loss that is 4 inches tall and 8.56 inches long. This hole extends 1.56 inches

beyond the bearing towards the span.

150



Table 7-17. LPF for the Nominal Axial Resistance of Beam Ends with Holes Located on Both Sides of the
Stiffener, N = 6 in., I=0.5tw, 0.75tw, 1t

I Hole Height, HH
HL (in.) (%) (% of the web height)
0 3.50 7 10.5 14

50 098 | 0.62 | 0.61 0.44 0.42
6.5625 75 098 | 0.59 | 0.59 0.42 0.41
100 | 098 | 0.59 | 0.58 0.42 0.41
50 098 | 0.52 | 0.50 0.41 0.39
8.5625 75 098 | 0.52 | 0.50 0.41 0.39
100 | 098 | 0.52 | 0.50 0.41 0.39

7.5.3.2.4 Holes at the Bottom of the Stiffener

Figure 7-23 shows a hole located at the bottom of one of the stiffeners. This particular
configuration is selected because extensive damage to both stiffeners results in an unstiffened
beam end. According to the results shown in Table 7-18, with only one stiffener being damaged,

the beam end still possesses 79% of the nominal axial resistance of the undamaged beam end.

HL =425 in.
HH = (3.5%, 7%, 10.5%, 14%) of the depth

HH

| I
—N—

Figure 7-23. A hole at the bottom of one stiffener.

Table 7-18. LPF for the Nominal Axial Resistance of Beam Ends with Holes Located at the Bottom of a
Stiffener, N = 6 in., I=0.5tw, 0.75tw, 1tw

I Hole Height, HH
HL (in.) by (% of the web height)
*) ™y T350] 7 10.5 14

50 0.98 | 0.81 0.79 0.79 0.79
4.25 75 098 | 0.78 | 0.78 0.77 0.76
100 | 098 | 0.78 | 0.78 0.77 0.76
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7.5.3.3 Recommendations for Stiffened Beam Ends with Holes

From the above four analysis cases, the remaining capacity can be estimated by multiplying the
capacity of the as-designed beam by a load factor, ¢, as per the following criteria. These factors
are suggested based on the largest hole size and the web out-of-plane deformation (i.e., 100%
imperfection) used for the analysis.

- When the hole is located on both sides of the bearing stiffener,

¢=0.39
- Otherwise
¢=0.74

The implementation of these recommendations requires accurate documentation of the hole sizes
and their locations. When the holes are not located within the bottom 4 inches of the web height,
a refined analysis is needed to assess the capacity. The MDOT Web Deterioration Check
spreadsheet was updated using the factors presented in this chapter and submitted as a deliverable

of this project.
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8 LONGEVITY AND FATIGUE PREDICTION OF BOLTED STEEL
REPAIRS

Scoping inspections documented cracking at beam ends with bolted repairs, as shown in Figure
8-1 and Figure 8-2. As discussed in Chapter 2, bolted repairs are provided due to section loss at
the beam ends. Section loss increases the surface roughness of the section, increasing the potential
for fatigue cracking. This required developing a procedure for evaluating the fatigue life of the

steel beam end with bolted repairs.

4” long crack
in bottom of
web w/ arrestor
hole; 63% loss
of section in
web; 38% loss
of section in
bottom flapge

Beam 7s
Pier Iw
Span Iw

4.5” long crack
in bottom of
web w/ arrestor
hole; 34% loss
of section in
web

Beam 8s
Pier Iw
Span Iw

Figure 8-2. Beam end with a 4.5 in. long crack (STR 10907).
The above details are taken from the bridge STR 10907. According to the original plans, this

bridge has three spans, each with eight W30x108 steel beams, a beam spacing of 6 ft, and a span
length of 53.07 ft.
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The fatigue life can be defined as the predicted period of time to cause fatigue failure under the
application of the design or assessment load spectrum (Kiihn et al. 2008). The stress-life (S-N)
curves and fracture mechanics-based approaches are commonly used for evaluating fatigue life.
The stress-life method uses alternating stress cycles to calculate fatigue life using Miner’s Rule.
Fracture mechanics can characterize the fatigue life, from an observable crack or flaw, to complete
failure of the component (Skoglund 2022). A crack initiates when the stress intensity factor K is
greater than the threshold stress intensity factor, K. Once a crack has initiated, Paris Law utilizes
the stress intensity factor and material constants, C and m, to determine the number of cycles to
propagate a crack a certain distance (Lozano and Riveros 2021). During this stage, the fatigue life

is usually determined by using the following Paris Law formula:

da _ cakym
dN

where:
a = crack size
AK = range of the stress intensity factor

C and m are constants based on the material, stress ratio, and environment

As discussed in Bannantine et al. (1990), the environment, surface treatment, surface finish,
temperature, and loading influence fatigue life. As will be shown later, it is possible to consider
the surface finish/treatment by defining the surface finish factor, K;, which is related to the
manufacturing process (i.e., hot rolling) or the surface roughness, R,. As shown in Figure 8-3, the
AASHTO LRFD (2020) recommends maintaining a surface roughness of 1,000 p-in. or less to
minimize the impact on the fatigue life. Based on R, and the specified minimum tensile strength,
F, the surface factor, Kr(i.e., I/K;), can be determined from the plot shown in Figure 8-4. For 58
ksi ultimate tensile strength of steel and the surface roughness of 1000 p-in., Ky = 0.8, and the
corresponding K, =1/0.8 = 1.3. In fact, Krand K, represent the same characteristics. However, K,
is the value used in fe-safe, the fatigue life calculation software, to match the program algorithm.
It should also be noted that the fatigue life evaluation performed in fe-safe provides the LOGLife-
Repeats contours, showing the critical locations/regions. The surface finish factor can be used to
highlight a critical location/region in a component. For the evaluation of fatigue life of beam ends

with bolted steel repair, surface finish factors of 1, 1.3, and 1.5 are considered, representing
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polished surfaces, the surface roughness of 1000 p-in., and the surface roughness slightly greater
than 2000 p-in. In this study, the fatigue life evaluation was conducted in fe-safe using finite

element analysis (FEA) results from Abaqus.

Potential
Constant | Threshold Crack
A (AF) Initiation
Description Category (ks1)? kst Pomt Illustrative Examples

Section 1—Plain Material away from Any Welding

1.1 Base metal, except noncoated weathering A 250 x 108 24 Away from %

steel, with rolled or cleaned surfaces, or base all welds or

metal with thermal-cut edges with a surface structural

roughness value of 1,000 p-m. or less, but connections

without re-entrant corners. %
1.2 Noncoated weathering steel base metal B 120 x 10° 16 Away from

with rolled or cleaned surfaces designed and all welds or

detailed 1 accordance with FHWA (1989), structural

or noncoated weathering steel base metal connections

with thermal-cut edges with a surface
roughness value of 1,000 p-in. or less, but
without re-entrant corners.

Figure 8-3. Surface roughness for specific fatigue detail categories (LRFD Table 6.6.1.2.3-1).

101 L 1 T 1 T T 1 1 T 1 12 T T T Y T L4 T T

8 85
] ‘
o o)
N

@

3

i 2000200 —

Surface factor, K¢
2
3

&g

“Surface roughness, R, (p-in.)
04 L | A J 1 1 1 | 1 | 1 1 1 1 . 1 1 1 M
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Specified minimum tensile strength, F,, (ksi)

Figure 8-4. Variation of surface factor against surface finish and tensile strength of steel (Bannantine et al.
1990).
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8.1 MODELING AND ANALYSIS OF STEEL BEAM ENDS WITH BOLTED REPAIRS
8.1.1 Geometry and Material Properties
The cross-sectional dimensions of the W30x108 section are summarized in Table 8-1.

Table 8-1. W30x108 Steel Beam Section Properties

Geometry Dimensions

Depth (in.) 29.8
Thickness of the bottom flange (in.) 0.76
Thickness of the top flange (in.) 0.76
Thickness of the web (in.) 0.545
Width of the bottom flange (in.) 10.5
Width of the top flange (in.) 10.5
Fillet radius (in.) 0.65

The repair has eight bolts, as shown in Figure 8-5, and an end diaphragm is connected to the
stiffener. For the bolted steel repair, the following dimensions are considered:

- Bolt diameter = 0.75 in. (19 mm)

- Bolt hole diameter = 0.825 in. (21 mm)

- Space between centerline of bolts = 2.95 in. (75 mm)

- Thickness of the plate = 0.375 in.

2 SPA@ 75 =150
/9 mm ¢ H.S. BOLTS

14 mm L. OR BENT PL

I
]
T
|
|
o ollo o <
|
|
|
|
|

O
\ C 310x37

2-L 102x102x9.5
BOLTED STIFFENERS /
SEE STRUCTURAL STEEL

REPAIR DETAILS CLEAN AND PRIME

FAYING SURFACES (TYP)

BOLTED CONNECTION DETAIL
EXISTING FASCIA BEAM

Figure 8-5. Bolted repair detail (STR 10907).
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Table 8-2 shows the suggested material properties in literature for this particular steel beam. After

the table, the selected material properties for analysis are listed.

Table 8-2. Material Properties for ASTM A373 steel (FHWA-HRT-21-020, Table 2)

ASTM

Year

Yield strength, Fy (ksi)

Tensile strength, Fu (ksi)

A 373

1954-1966

32

58-75

- Specified minimum yield strength, Fy = 32 ksi

- Specified minimum tensile strength, Fy, = 58 ksi
- Unit weight = 490 Ib/ft®
- Modulus of elasticity, Es = 29,000 ksi

The following properties are considered for the concrete deck.
- Unit weight = 150 Ib/ft’
- Modulus of elasticity, Ec = 3,987 ksi

8.1.2 Finite Element Modeling

A simply supported beam was modeled with a 50 ft length, as shown in Figure 8-6. At each end,

the beam is supported by a steel block of 6 in. (along the length of the girder), as shown in Figure

8-7. The overhang between the beam end and the edge of the bearing is 1 in. An interior beam

was considered, and it was assumed that the effective width of the deck was similar to the beam

spacing of 6 ft. C3D8R element types are used for all the components. Four elements are used to

represent the flange width. The element length of one inch is used along the beam length.

Concrete deck

Steel block

50 ft

Steel block

Figure 8-6. Elevation view of the beam.
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6in.

Figure 8-7. Bearing dimension along the length of the beam.
Dead and live loads are considered for this analysis. The dead loads consist of the self-weight of
the beam, the self-weight of the deck, the barrier load, and the future wearing surface (FWS). The
AASHTO LRFD fatigue truck and 28 Michigan legal truck loads are considered for live loads. As

shown in Figure 8-8, only the normal loading was considered for Michigan legal trucks.

TRUCK NOC.

10

" N3 g NL Denotes
e Equivalent Normal loading
a Totals train load
NL (kips ) [15.4 18 13]13] 4 [1.15 ’ar DL Denotes
DL (kips)[15.4 18 16[16 4| [L25 f Designated loading
SD (kips )| 11 11.4 17[17 4] [1.10 Kif

SD Denotes Special
Designated loading

Figure 8-8. Normal loading for the truck No. 10 (MDOT 2009).

Apart from the steel beam and concrete deck, a Type 4 New Jersey barrier, and a 25 1b/ft> FWS
are considered. The barrier and FWS loads are applied as area loads on the top of the deck. The
self-weight of the barrier is distributed equally among all the beams. Since the flexural behavior
of the beam with restraints provided by the thick sole plates at the bearing develops tensile stresses
to cause fatigue cracking, truck loads are placed within the span to generate the maximum rotation
at the bearing. Hence, the distribution factor for the moment, defined in the AASHTO LRFD

(2020), i1s used. For live loads, the following parameters are considered:
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- Distribution factor for moment, DFM

- Dynamic load allowance for fatigue and fracture limit state, IM = 15% (LRFD Table
3.6.2.1-1)

- Load factor for fatigue = 1.75 as per the AASHTO LRFD Fatigue I limit state

As for the boundary conditions, the bottom surface of each steel block is restrained to represent a
simply supported beam. The bottom surface of one block had all the translations restrained, and
the other bottom surface was allowed to move in the longitudinal direction, as shown in Figure

8-9.

No transverse movement, u =0

Bottom surface of the bearing Bottom surface of the bearing
u=v=w=0 u=w=0
Figure 8-9. Boundary conditions.

8.1.3 Fatigue Life Evaluation Procedure

The scope of work included determining the fatigue life of an uncracked section and identifying
the location of any potential cracking. The software, fe-safe, provides the fatigue life as the number
of cycles. The process begins with importing FEA results and defining material properties, loading
conditions, and a fatigue algorithm. The Brown-Miller strain-based fatigue-life algorithm was
selected for steel, a ductile material. An important step is to define the loading, which can be based
on a stress dataset or a combination of stress and strain datasets. Since the Brown-Miller model
can handle plasticity issues, only a stress dataset (elastic) associated with a load history was

considered.

As shown in Figure 8-10, fe-safe results can be used to identify the critical location and the number
of cycles for crack initiation. Results can be validated if the damaged region/critical location
corresponds to the one provided by the experiments or FEA results. In this work, FEA results and
LOGLife-Repeats contours are provided to compare the critical locations identified by the two

analyses. In addition to the features described above, fe-safe has various options to scale the load
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or load history, combine different load histories, and modify surface roughness by defining a

surface finish factor.

Critical location

LOGLife-Repeats

+7.000e+00
+6.894e+00
+6.788e+00
+6.682e+00
+6.575e+00
+6.469e+00
+6.363e+00
+6.257e+00
+6.151e+00
+6.045e+00
+5.93%+00

3 e+ 00

(c) Maximum principal stress
symbol plot from Abaqus
Figure 8-10. LOGLife-Repeats contour plot and Abaqus results.

(a) Legend (b) LOGLife-Repeats contour from fe-safe

8.1.4 Analysis Results
The simply supported beam was modeled with the boundary conditions shown in Figure 8-9. Live
loads were applied based on the configuration and position of trucks that provided the greatest
rotation at the beam end. For each truck, the critical configuration was determined using SAP2000,
and the same configuration was used in Abaqus by placing the axle loads at the corresponding
positions. The analysis cases included:

- As-designed beam

- Beam with bolt holes at the ends

- Beam with bolt holes having a pre-existing crack

- Beam with a pre-existing crack beneath the bolted steel repair

8.1.4.1 As-Designed Beam

The beam was analyzed using the current AASHTO LRFD fatigue truck and all 28 Michigan legal
trucks. A surface finish factor of one is used to represent a smooth surface. Figure 8-11 shows
the maximum principal stress at the beam end. The LOGLife-Repeats contour is shown in Figure
8-12. The red color and the lowest number indicate the critical area and the fatigue life. According
to the results, this beam end could develop a crack after being subjected to 783,429 cycles of Truck
#6 loads (i.e., N = 10>%%). The critical region shown in the analysis matches the typical crack
locations of beam ends without holes, as shown in Figure 8-12(b). The same process was followed

for all 28 Michigan legal trucks, and the calculated load cycles for each truck are provided in Table
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8-3. The corresponding load cycles under the current AASHTO LRFD fatigue truck were also

evaluated, and the results are provided at the end of Table 8-3.

S, Max. Principal
(Avg: 75%)
+4.015e+04
+3.630e+04
+3.245e+04 '
+2.860e+04
+2.47 5e+04
+2.090e+04
+1.705e+04
+1.320e+04
+9.352e+03
+5.502e+03
+1.653e+03
-2.196e+03
-6.046e+03
1

Figure 8-11. The maximum principal stress at the as-designed beam end under truck # 6.

LOGlife-Repeats
+7.000e+ 00

- +6,908e+00
+6.816e+00
+6.724e+00
+6.631e+00
4+6.53% 400

- +6.447e+00
+6.355e+00
+6.263e+00
+6.171e+00
+6.079%4 00

- +5,987e+00
+5.894e+00

(2) fe-sqfes results (b) Beam end with a 3-inch long crack
Figure 8-12. LOGLife-Repeats plot showing the critical location in red at the beam end.
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Table 8-3. Load Cycles for Developing Fatigue Cracking at the As-Designed Beam End Under MI Legal
Loads and the AASHTO Fatigue Truck

Truck No. Number of Cycles, N
1 1.05E+06
2 8.43E+05
3 7.71E+05
4 7.71E+05
5 7.65E+05
6 7.83E+05
7 7.83E+05
8 7.73E+05
9 8.39E+05
10 7.74E+05
11 7.76E+05
12 7.82E+05
13 7.81E+05
14 7.52E+05
15 7.56E+05
16 7.44E+05
17 7.46E+05
18 7.72E+05
19 7.78E+05
20 7.63E+05
21 7.55E+05
22 7.48E+05
23 7.58E+05
24 7.61E+05
25 7.55E+05
26 (AASHTO Type 3) 8.01E+05
27 (AASHTO Type 3S2) 8.11E+05
28 (AASHTO Type 3-3) 9.18E+05
AASHTO Fatigue Truck 8.74E+05

8.1.4.2 Beam End with Bolt Holes

Figure 8-1 shows a crack that started from a bolt hole. The details shown in Figure 8-13 were used
to evaluate the potential for developing a fatigue crack at a bolt hole and calculate the number of
load cycles required to initiate a crack under MI legal loads and the AASHTO fatigue truck. A
surface finish factor of one is used to represent a smooth surface. Greater stresses are developed
at the beam end and around the bottom bolt hole, as indicated by the principal stresses shown in
Figure 8-14 and the LOGLife-Repeats contour shown in Figure 8-15. The number of load cycles
required to develop fatigue cracking at the beam end with bolt holes was calculated using 28
Michigan legal trucks and the AASHTO LRFD fatigue truck. As per the results shown in Table
8-4, this detail could develop a fatigue crack with 538,000 load cycles under Truck #6. When
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compared with the numbers shown in Table 8-3, the presence of bolt holes alters the stress patterns
at the beam end and reduces the number of Truck #6 load cycles required to initiate a crack by

245,000 (i.e., 7.83E+05 — 5.38E+05).

Figure 8-13. Beam end with bolt holes.

S, Max. Principal

+4.084e+04
+3.678e+04
+3.272e+04
+2.866e+04
+2.460e+04
+2.055e+04
+1.649%+04
+1.243e+04
+8.370e+03
+4.311e+03
+2.519e+02
-3.807e+03

-7.866e+03

Figure 8-14. Maximum principal stress at the beam end with bolt holes.
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Critical location

LOGLife-Repeats

+7.000e+00
+6.894e+00
+6.788e+00
+6.682e+00
+6.575e+00
+6.469e+00
+6.363e+00
+6.257e+00
+6.151e+00
+6.045e+00
+5.939e+00

3 e+00

Figure 8-15. LOGLife-Repeats plot showing the critical locations in red at the beam end with bolt holes.

Table 8-4. Load Cycles for Developing Fatigue Cracking at the Beam End with Bolt Holes Under MI Legal
Loads and the AASHTO Fatigue Truck

Truck No. Number of Cycles, N
1 8.47E+05
2 5.70E+05
3 5.65E+05
4 5.22E+05
5 5.17E+05
6 5.38E+05
7 5.38E+05
8 5.27E+05
9 5.68E+05
10 5.69E+05
11 5.51E+05
12 4.83E+05
13 4.81E+05
14 4.59E+05
15 4.57E+05
16 4.54E+05
17 4.51E+05
18 4.76E+05
19 5.08E+05
20 5.45E+05
21 4.78E+05
22 4.99E+05
23 4.55E+05
24 5.41E+05
25 4.81E+05
26 (AASHTO Type 3) 6.03E+05
27 (AASHTO Type 3S2) 6.51E+05
28 (AASHTO Type 3-3) 6.36E+05
AASHTO Fatigue Truck 5.77E+05
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8.1.4.3 Beam End with Bolt Holes and a Pre-existing Crack

This analysis case considers a crack at the bolt hole without the influence of bolts and the other
repair details. As shown in Figure 8-16, two different crack sizes based on the thickness of the
web, tw, are considered: 0.15ty, and tw. A surface finish factor of one is used to represent a smooth

surface.

(a) Critical location for fatigue cracking

Crack size = 0.15t, Crack size = t,,

(b) Cracks introduced 1n the critical region
Figure 8-16. Cracks introduced within the critical region of the model.

8.1.43.1 Crack size a = 0.15tw
Figure 8-17 and Figure 8-18 show analysis results. The STATUSXFEM shows a completely

cracked element next to the bolt hole (STATUSXFEM = 1) and a partially cracked element
representing an active crack. Additionally, the crack surface is indicated by the PHILSM. It was
observed that a crack initiating near the bolt hole can propagate towards the span, as shown in
Figure 8-17. As expected, the maximum principal stress contour shows higher stresses at the beam

end over the bearing and above the bolt hole, with the highest stress at the crack.

Moreover, the LOGLife-Repeats contours shown in Figure 8-18 indicate a greater potential for
damage at the beam end over the bearing, top of the bolt hole, and next to the crack tip. The
number of load cycles required to develop fatigue cracking at the beam end with bolt holes and
pre-existing cracks was calculated using 28 Michigan legal trucks and the AASHTO LRFD fatigue

truck. The results are summarized in Table 8-5.
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When compared with a section without bolt holes and a section with bolt holes, the presence of a

0.15tw pre-existing crack at the lower bolt hole reduces the number of Truck #6 load cycles
required to initiate a crack by 676,000 (i.e., 7.83E+05 — 1.07E+05) and 431,000 (5.38E+05 —
1.07E+05), respectively.

STATUSXFEM
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
+5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

S, Max. Principal
(Avg: 75%)
+4.390e+04

+3.138e+04
+2.721e+04
+2.304e+04
+1.887e+04
+1.46%9e+04
+1.052e+04
+6.349%+03
+2.177e+03
-1.995e+03

-6.168e+03

S, Max. Principal
(Avg: 75%)

Element completely cracked, STATUSXFEM = | Crack surface

PHILSM

+2.679e-02
+1.009e-02
-6.608e-03
-2.331e-02
-4.001e-02
-5.671e-02
-7.341e-02
-9.011e-02
-1.068e-01
-1.235e-01
-1.402e-01
-1.569e-01
-1.736e-01

(a) STATUSXFEM (b) PHILSM

(c) Maximum principal stress

Maximum principal stress near the crack

+4.390e+04
+4.006e+04
+3.622e+04
+3.238e+04
+2.854e+04
+2.470e+04
+2.085e+04
+1.701e+04
+1.317e+04
+9.332e+03
+5.491e+03
+1.650e+03
-2.191e+03

(d) Crack propagating towards the span and the maximum principal stress around the crack

Figure 8-17. FEA results showing an active crack.
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LOGLife-Repeats
(Avg: 75%)
+7.000e+00
+6.836e+00
+6.671e+00
+6.507e+00
+6.343e+00 1T
+6.179e+00
+6.014e+00
+5.850e+00
+5.686e+00
+5.522e+00
+5.357e
+5.19

Figure 8-18. LOGLife-Repeats contours around a bolt hole with a crack.

Table 8-5. Load Cycles for Developing Fatigue Cracking at the Beam End with Bolt Holes and Pre-existing
Crack (a = 0.15tw) Under MI Legal Loads and the AASHTO Fatigue Truck

Truck No. Number of cycles, N
1 1.06E+05
2 1.05E+05
3 1.04E+05
4 1.03E+05
5 1.05E+05
6 1.07E+05
7 1.07E+05
8 1.06E+05
9 1.04E+05
10 1.04E+05
11 1.04E+05
12 1.05E+05
13 1.05E+05
14 1.04E+05
15 1.05E+05
16 1.04E+05
17 1.05E+05
18 1.04E+05
19 1.04E+05
20 1.06E+05
21 1.04E+05
22 1.04E+05
23 1.04E+05
24 1.06E+05
25 1.04E+05
26 (AASHTO Type 3) 1.05E+05
27 (AASHTO Type 352) 1.06E+05
28 (AASHTO Type 3-3) 1.06E+05
AASHTO Fatigue Truck 1.05E+05

8.1.43.2 Cracksize a=tw

As shown in Figure 8-19, the STATUSXFEM shows completely cracked elements along the
introduced crack, and the PHILSM shows the crack surface to the left of the crack. It can also be
observed that the maximum principal stress is higher at the crack tip, the girder end, and the top

of the bolt hole. Figure 8-20 shows the LOGLife-Repeats contours. The number of load cycles
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required to develop fatigue cracking at the beam end with bolt holes and pre-existing cracks was
calculated using 28 Michigan legal trucks and the AASHTO LRFD fatigue truck. The results are

summarized in Table 8-6.

When compared with a section without bolt holes, a section with bolt holes, and a section with
bolt holes and a 0.15ty long pre-existing crack, the presence of an pre-existing crack at the lower
bolt hole with an equivalent crack length of ty reduces the number of Truck #6 load cycles required
to initiate a crack by 764,800 (i.e., 7.83E+05 — 1.82E+04), 519,800 (5.38E+05 — 1.82E+04), and
88,800 (1.07E+05 — 1.82E+04), respectively.

-6.150e+03 | |l

Figure 8-20. LOGLife-Repeats contours around a bolt hole with a crack.

Figure 8-19. FEA results showing an active crack.

STATUSXFEM PHILSM
(Avg: 75%) +2.903e-01
+1.000e400 +2.493e-01
+9.167e-01 +2.083e-01
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(a) STATUSXFEM (b) PHILSM
S, Max. Principal S, Max. Principal
‘A"gj,;@“;"ge +04 +4.423e+04
+3.062e+04 ig-g%eigi
+2.727e+04 3-1116 ot
+2.393e+04 +3.111et+
+2.059e+04 +2.674e+04
+1.725e+04 +2.236e+04
+1.390e+04 +1.799+04
+1.056e+04 +1.362e+04
+7.219e+03 +9.244e+03
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(c) Maximum principal stress

LOGLife-Repeats

+7.000e+00
+6.772e+00
+6.543e+00
+6.315e+00
+6.086e+00
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Table 8-6. Load Cycles for Developing Fatigue Cracking at the Beam End with Bolt Holes and Pre-existing

Crack (a = tw) Under MI Legal Loads and the AASHTO Fatigue Truck
Truck No. Number of cycles, N
1 2.14E+04
2 1.97E+04
3 1.83E+04
4 1.81E+04
5 1.81E+04
6 1.82E+04
7 1.82E+04
8 1.81E+04
9 1.83E+04
10 1.82E+04
11 1.81E+04
12 1.81E+04
13 1.81E+04
14 1.93E+04
15 1.81E+04
16 1.93E+04
17 1.89E+04
18 1.89E+04
19 1.90E+04
20 1.81E+04
21 1.89E+04
22 1.92E+04
23 1.95E+04
24 1.81E+04
25 1.98E+04
26 (AASHTO Type 3) 1.83E+04
27 (AASHTO Type 352) 1.83E+04
28 (AASHTO Type 3-3) 1.84E+04
AASHTO Fatigue Truck 1.99E+04

8.1.4.4 Beam End with a Pre-existing Crack and Bolted Repair

The analysis discussed in Section 0 showed the possibility of initiating a crack at the bottom bolt
hole. This section presents the analysis results of a beam end with bolted repair and a pre-existing
crack. Figure 8-21 and Figure 8-22 show the beam end with bolted repair and pre-existing cracks.
Two crack sizes are considered: 0.15ty and tw. Unlike in the previous analysis cases, the impact
of surface finish, smooth, as-designed (1000 u-in.), and rough (= 2000 p-in.), is considered by
using K¢ of 1, 1.3, and 1.5.

169



Bolted plate

1 l head

Figure 8-21. Beam end with a bolted repair.

Crack size = 0.15t,, Crack size = t,,

Figure 8-22. Cracks introduced within the critical region to simulate pre-existing cracks.

8.1.4.4.1 Crack size, a = 0.15tw

The STATUSXFEM, the PHILSM, and the maximum principal stress are shown in Figure 8-23.
The LOGLife-Repeats contours shown in Figure 8-24 indicate the impact of surface roughness on
crack initiation. As shown in the figure, the potential for fatigue crack development increases with
the increasing surface roughness around the bolt hole. For example, Figure 8-24(c) features
brighter colors just below the bolt hole and extending toward the span, indicating the potential for
growing a crack within that region. The number of load cycles required to develop fatigue cracking
at the beam end with bolted repairs and pre-existing cracks was calculated using 28 Michigan legal
trucks and the AASHTO LRFD fatigue truck. The results are summarized in Table 8§-7.
Additionally, a chart emulating the format of AASHTO LRFD fatigue curves was developed using

the results for different surface finish factors, as shown in Figure 8-25. Having access to weigh-
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in-motion data to determine the annual average daily truck traffic (AADTT) on a bridge with
similar details, the values in the table or chart can be used with Miner’s rule to calculate the fatigue

life. An example calculation is provided in Section 8.1.5.

(c) Maximum principal stress

STATUSXFEM PHILSM
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Figure 8-23. FEA stress contours for a beam end with a bolted repair and a pre-existing crack.
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+6.2152+00 +6.126e+00 +5.930e+00
+6.102e+00 +6.001e+00 +5.777e+00
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(b) Surface finish, Ks=1.3

(a) Surface finish, K;= 1 (c) Surface finish, Ky = 1.5

Figure 8-24. LOGLife-Repeats contours for beam ends with bolted repairs, pre-existing cracks, and different
surface roughness.
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Table 8-7. Load Cycles for Developing Fatigue Cracking at the Beam End with Bolted Repair, a Pre-existing
Crack (a = 0.15tw), and Different Surface Roughness Under MI Legal Loads and the AASHTO Fatigue Truck

Truck No Number of cycles, N, based on the surface finish factor, K¢
: Ki=1 Ki=13 Ki=1.5
1 8.90E+05 3.54E+05 1.64E+05
2 8.20E+05 3.51E+05 1.62E+05
3 7.43E+05 3.42E+05 1.58E+05
4 7.07E+05 3.25E+05 1.50E+05
5 5.47E+05 3.20E+05 1.48E+05
6 4.50E+05 3.17E+05 1.46E+05
7 4.50E+05 3.17E+05 1.41E+05
8 4.28E+05 3.18E+05 1.41E+05
9 7.64E+05 3.47E+05 1.60E+05
10 7.40E+05 3.41E+05 1.58E+05
11 4.30E+05 3.27E+05 1.51E+05
12 3.84E+05 1.58E+05 1.37E+05
13 4.14E+05 1.70E+05 1.38E+05
14 3.44E+05 1.26E+05 1.26E+05
15 3.95E+05 1.94E+05 1.38E+05
16 3.53E+05 1.29E+05 1.27E+05
17 3.15E+05 1.17E+05 1.17E+05
18 3.19E+05 1.18E+05 1.18E+05
19 4.12E+05 2.65E+05 1.47E+05
20 3.71E+05 3.20E+05 1.48E+05
21 3.52E+05 2.18E+05 1.41E+05
22 3.46E+05 1.72E+05 1.37E+05
23 3.70E+05 1.35E+05 1.35E+05
24 3.44E+05 3.18E+05 1.47E+05
25 3.62E+05 1.51E+05 1.36E+05
26 (AASHTO Type 3) 7.75E+05 3.47E+05 1.61E+05
27 (AASHTO Type 3S2) 7.82E+05 3.46E+05 1.60E+05
28 (AASHTO Type 3-3) 8.33E+05 3.49E+05 1.62E+05
AASHTO Fatigue Truck 8.33E+05 3.52E+05 1.63E+05
28
27
26
25—
24
23—
5; T
s 20
Z 19
2418 ——
217 |———
16 p—————
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0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Number of cycles, N (10%) mKkt 1.5 mKt 1.3 OKt 1

Figure 8-25. Load cycles for developing fatigue cracking at the beam end with bolted repair, a pre-existing
crack (a = 0.15tw), and different surface roughness under MI legal loads.
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8.1.44.2 Crack size, a = tw

The STATUSXFEM shows completely cracked elements along the crack. The crack surface is
highlighted in the PHILSM. The highest maximum principal stress is also at the crack surface, as
shown in Figure 8-26. As shown in Figure 8-27, the crack surface with the highest maximum
principal stress is the critical location. The number of load cycles required to develop fatigue
cracking at the beam end with bolted repairs and pre-existing cracks was calculated using 28
Michigan legal trucks and the AASHTO LRFD fatigue truck. The results are summarized in Table
8-8. Additionally, a chart emulating the format of AASHTO LRFD fatigue curves was developed

using the results for different surface finish factors, as shown in Figure 8-28.

STATUSXFEM

R T PHILSM
vo: +2. -
+1.000e+00 15493001

+9.167e-01 +2.083e-01
+8.333e-01 1167301
+7.500e-01 +1.263e-01
+6.667e-01 H 5 ol
T3 a0ne 01 +4.430e-02
1390701 +3.302e-03
+4.167e-01
+3.333e-01 -3.769e-02
+2.500e-01 -7.869e-02
+1.667e-01 -1.197e-01
+8.333e-02 -1.607e-01
+0.000e+00 -2.017e-01

(a) STATUSXFEM (b) PHILSM

S, Max. Principal

+5.804e+04
+5.235+04
+4.665e+04
+4.096e+04
+3.526e+04
+2.957e+04
+2.387e+04
+1.817e+04
+1.248e+04
+6.784e+03
+1.088e+03
-4.607e+03

-1.030e+04

{c) Maximum principal stress

Figure 8-26. FEA stress contours for a beam end with a bolted repair and a pre-existing crack.

173



LOGLife- Repeats
(Avg: 75%)
+7.000e+00
+6.853a+00
+6.707e+00
+6.560e+00
+ 0. 41da400
+6.267e+00
+6.120e4+00
- +5.974e+00
+5.827e+00
+5.680e+00
+5.53de+00
+5.387e+00
+ 5. 240400

(a) Surface finish, K;=1

LOGLife- Repeats
(Avg: 75%)

+7.000e+00

+6.048e+00
+5.858e+00
+5.667e+00
+5.477e+00
+5.287e+00

- +5.096e+00

+4.906e+00
+4d.7 16e+00

(b) Surface finish, K;=1.3

Figure 8-27. LOGLife-Repeats contours for beam ends with bolted repairs, pre-existing cracks, and different
surface roughness.

LOGLife-Repeats
{Awg: 75%0)

- +7.000e+00
+6.787e+00
+6.573e+00
+6.360e+00
+6.146e+00
+5.933e+00
+53.71%+00

- +5.506e+00
+5.2932+00
+5.079%e+00
+4.866e+00
+4.652e+00
+4.43%+00

(c) Surface finish, K;=1.5

Table 8-8. Load Cycles for Developing Fatigue Cracking at the Beam End with Bolted Repair, a Pre-existing
Crack (a = tw), and Different Surface Roughness Under MI Legal Loads and the AASHTO Fatigue Truck

Truck No. Number of cycles, N, based on the surface finish factor, K¢
Ki=1 Ki=1.3 Ki=1.5
1 1.78E+05 5.41E+04 2.88E+04
2 1.78E+05 5.41E+04 2.88E+04
3 1.77E+05 5.40E+04 2.88E+04
4 1.80E+05 5.56E+04 2.98E+04
5 1.96E+05 5.94E+04 3.16E+04
6 1.74E+05 5.20E+04 2.75E+04
7 1.74E+05 5.20E+04 2.75E+04
8 1.89E+05 5.67E+04 3.00E+04
9 1.78E+05 5.41E+04 2.88E+04
10 1.78E+05 5.42E+04 2.89E+04
11 1.85E+05 5.65E+04 3.02E+04
12 1.86E+05 5.79E+04 3.12E+04
13 1.83E+05 5.72E+04 3.08E+04
14 1.80E+05 5.60E+04 3.02E+04
15 1.83E+05 5.72E+04 3.09E+04
16 1.72E+05 5.19E+04 2.75E+04
17 1.71E+05 5.16E+04 2.74E+04
18 1.75E+05 5.29E+04 2.81E+04
19 1.97E+05 5.68E+04 2.96E+04
20 1.85E+05 5.58E+04 2.96E+04
21 1.80E+05 5.39E+04 2.85E+04
22 1.74E+05 5.28E+04 2.81E+04
23 1.85E+05 5.49E+04 2.89E+04
24 1.86E+05 5.61E+04 2.98E+04
25 1.83E+05 5.45E+04 2.88E+04
26 (AASHTO Type 3) 1.88E+05 5.65E+04 2.99E+04
27 (AASHTO Type 3S2) 2.03E+05 5.98E+04 3.15E+04
28 (AASHTO Type 3-3) 1.98E+05 5.86E+04 3.09E+04
AASHTO Fatigue Truck 1.80E+05 5.44E+04 2.89E+04
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Truck No.
3

=

0.0 0.5 1.0 1.5 2.0 2.5

Number of cycles, N (10%) WKt 1.5 mKe 1.3 Okl
Figure 8-28. Load cycles for developing fatigue cracking at the beam end with bolted repair, a pre-existing
crack (a = tv), and different surface roughness under MI legal loads.
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8.1.5 Remaining Fatigue Life

The analysis discussed in this chapter used a 50 ft long span and details that have already shown
fatigue cracks. The remaining fatigue life can be estimated using Miner’s rule, the load cycles
presented in this chapter for Michigan legal loads, and average daily truck traffic from weigh-in-
motion (WIM) data for the specific bridge. To illustrate the process, an example is presented in
this section. Table 8-9 shows the calculation. Column (a) presents the truck number. Columns
(b) and (c) present the number of Truck type (1) travelling over this bridge, ni. Column (d) presents
the values in Table 8-7 for K¢ = 1.3, the load cycles (N;) required under Truck type (i) to develop
a 0.5ty long crack in an as-designed beam to reach the critical crack length. Column (e) presents
the damage accumulated under each Truck type, ni/N;. When column (c) and (d) values are used,
the damage accumulated under each truck is calculated per year. Following Miner’s rule, the total

damage is calculated as follows:
Accumulated damage, D = Y7, % = 6.085/year

Remaining fatigue life, t = 1/D = 1/6.085 = 0.16 years = 2 months
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Therefore, having an initial crack length of 0.2725 in. (i.e., 0.5ty = 0.5%0.545) in a W30x108

section used in a bridge, similar to the one considered in this chapter, and subjected to the loading

in Table 8-9, the time it requires for that crack to develop into the critical crack length is about 2

months.
Table 8-9. Miner’s Rule for Remaining Fatigue Life Evaluation
Load cycles Crack =0.15 t,w | Damage, (ni/Ni
Truck No. ni/day 5 ni/year | Nifor K= 13 3,453 :
1 410 149,566 3.54E+05 0.331
2 319 116,329 3.51E+05 0.291
3 273 99,711 3.42E+05 0.204
4 182 66,474 3.25E+05 0.104
5 91 33,237 3.20E+05 0.105
6 91 33,237 3.17E+05 0.115
7 100 36,561 3.17E+05 0.110
8 96 34,899 3.18E+05 0.240
9 228 83,092 3.47E+05 0.146
10 137 49,855 3.41E+05 0.203
11 182 66,474 3.27E+05 0.315
12 137 49,855 1.58E+05 0.284
13 132 48,194 1.70E+05 0.237
14 82 29,913 1.26E+05 0.222
15 118 43,208 1.94E+05 0.064
16 23 8,309 1.29E+05 0.014
17 5 1,662 1.17E+05 0.028
18 9 3,324 1.18E+05 0.094
19 68 24,928 2.65E+05 0.109
20 96 34,899 3.20E+05 0.198
21 118 43,208 2.18E+05 0.271
22 127 46,532 1.72E+05 0.296
23 109 39,884 1.35E+05 0.141
24 123 44,870 3.18E+05 0.309
25 127 46,532 1.51E+05 0.402
26 (AASHTO Type 3) 382 139,595 3.47E+05 0.418
27 (AASHTO Type 3S2) 396 144,581 3.46E+05 0.409
28 (AASHTO Type 3-3) 391 142,919 3.49E+05 0.423
Damage accumulation per year, D 6.085

This chapter presents a detailed procedure for calculating the fatigue life of bridge components

that are not included in the AASHTO LRFD (2020). This procedure can be implemented for other

details to calculate their

fatigue lives.
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9 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

9.1 SUMMARY

The Michigan Department of Transportation (MDOT) uses the Agency-Developed Element
(ADE) 826 to document the condition of a beam end only when deterioration or repair meets the
definitions in Condition State (CS) Table 9 of the Michigan Bridge Element Inspection Manual
(MiBEIM 2017). The quantity is reported per beam end when the deterioration or repair is within
5 ft of the bearing. Bridge inspection engineers and consultants submit requests for action (RFAs)
due to safety concerns associated with steel and PSC beam end conditions. Region bridge
engineers review RFAs and submit them to the Bridge RFA Coordination Committee (BRFACC)
for deliberation. The RFA and subsequent decisions are made based on the currently available
inspection guidelines and the experience of inspection engineers, region bridge engineers, and
BRFACC members. Having focused guidelines and tools for bridge inspection engineers, region
bridge engineers, and other members of the BRFACC can streamline the RFA submission and
evaluation process. Additionally, the availability of beam end maintenance and repair guidelines,
including repair details and their impact on load capacity, is vital to overcoming programming and
resource allocation challenges while ensuring public safety and avoiding potentially unnecessary
restrictions on the motoring public. To accomplish project objectives, this project was organized

into 11 tasks, and the findings are summarized in this chapter.

9.2 CONCLUSIONS AND RECOMMENDATIONS
9.2.1 Steel Beam Ends
9.2.1.1 Preference for Bolted Repairs over Welded Repairs

Thirty-two (32) scoping reports, inspector comments, bridge plans, and other associated
documents were reviewed to collect condition data on 431 beam ends. Welded repairs are typically
recommended for sections with cracks, buckled webs, buckled flanges, or a combination of these
defects. Repairs recommended at 98% of the 431 beam ends were bolted repairs. The data indicate
a strong preference for bolted repairs due to the challenges associated with field welding

requirements, fatigue concerns, and the difficulty in finding qualified welders.
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9.2.1.2 Section Loss Limits for Repair Recommendations

The review of the literature and the survey of highway agencies indicated inconsistency in the
guidelines used for submitting RFAs for steel beam ends. Considering the statistics presented in
Chapter 2, it is recommended to use a 20% web section loss as the limit for determining the need
for repairs on webs up to 0.625 inches thick, unless unique conditions at the specific beam end
dictate otherwise. Similarly, it is recommended to use a 10% flange section loss as the limit for
determining the need for repairs on flanges up to 1.25 inches thick when a beam end has both web

and flange section losses.
9.2.1.3 Capacity Prediction of Beam Ends with Holes

Sixty-two percent (62%) of beam end deteriorations are associated with the web area, particularly
affecting the bearing and shear zones near beam supports. The capacity of beam ends with holes
resulting from corrosion was studied, focusing on the most commonly used beam section in
Michigan bridges—the W30x108. Both unstiffened and stiffened beam ends with various hole

configurations documented during bridge inspections were used in this study.

For unstiffened W30x108 beam ends, web crippling controls the failure mode with a nominal
resistance of 231 kips. The finite element analysis showed excellent correlation with AASHTO
(2020) analytical solutions, with failure loads within 3% of the nominal resistance. For stiffened
beam ends, bearing resistance controls with a nominal resistance of 260 kips, while axial resistance
provides a capacity of 470 kips. When holes are located within the bottom 4 inches of the web
height with web crippling controlling, the remaining capacity of the beam end with 100%
imperfection can be calculated using the following load factors:

If HL/N < 0.80: ¢ = 0.50 (retains 50% of original capacity)

If HL/N > 0.80: ¢ = 0.38 (retains 38% of original capacity)
Where HL is the hole length and N is the bearing length.

For stiffened beam ends, the location of holes relative to the bearing stiffener is critical:
e When holes are located on both sides of the bearing stiffener: ¢ = 0.39 (retains 39% of
original capacity)

o For all other hole configurations: ¢ = 0.74 (retains 74% of original capacity)
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Stiffened beam ends generally maintain higher capacity than unstiffened ends when subjected to
localized deterioration. The MDOT load rating spreadsheet was also updated to incorporate the
effects of holes at beam ends. The following recommendations are derived for practice:

e Load Rating: Apply the recommended load factors when evaluating beam ends with
documented section loss, considering both hole length and stiffener presence.

e Maintenance Planning: Beam ends with hole length-to-bearing length ratios exceeding
0.80 should receive priority for rehabilitation due to significant capacity reductions.

e Design Considerations: The presence of end diaphragms with bent plates provides minimal
improvement in capacity for beams with deterioration, suggesting that resources may be
better allocated to direct web repair or stiffener installation.

e Further Research: Additional investigation is recommended for holes exceeding 14% of

web height and for the long-term effects of progressive deterioration on beam end capacity.
9.2.1.4 Longevity and Fatigue Prediction of Bolted Steel Repairs at Beam Ends

Scoping inspections documented fatigue cracking at beam ends with bolted repairs. These bolted
repairs were implemented to address section loss at beam ends, which increases surface roughness
and increases the potential for fatigue crack development. The fatigue life of steel beam ends with
bolted repairs was evaluated using finite element analysis (FEA) and the fe-safe fatigue analysis
software. A W30x108 steel beam with a 50 ft span and 6 ft beam spacing was selected. The
Brown-Miller strain-based fatigue-life algorithm was employed to represent the behavior of the

steel material.

The investigation examined multiple analysis cases, including as-designed beams, beams with bolt
holes, beams with pre-existing cracks of varying sizes (0.15ty and tw), and beams with bolted
repairs and pre-existing cracks. Surface finish effects were incorporated through surface finish
factors (K¢) of 1.0, 1.3, and 1.5, representing polished surfaces, 1000 p-in. surface roughness, and

approximately 2000 p-in. surface roughness, respectively.

The presence of bolt holes significantly reduces fatigue life compared to as-designed beam
conditions. The critical locations identified through analysis corresponded well with observed
crack patterns in field inspections. The study provides detailed fatigue life calculation tables for

all 28 Michigan legal truck configurations and AASHTO fatigue trucks. Using Miner's rule with
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actual traffic data, engineers can estimate the remaining fatigue life of similar details. The example
calculation demonstrated that a 0.5ty initial crack on the web of W30x108 with bolt holes could
reach critical crack length in approximately 2 months under the loading spectrum considered for
the structure. The comprehensive procedure developed in this study can be applied to other
structural details not covered in the AASHTO LRFD specifications, providing engineers with

valuable tools for assessing the fatigue life of steel bridge members.
9.2.1.5 Impact of Pack Rust on Beam End Capacity

The comprehensive review of literature and practice revealed that the impact of pack rust on beam
capacity is the least studied topic. This is primarily due to the challenge of quantifying the section
loss by measuring component deformation, which depends on the section thickness, boundary
conditions (bolt or weld patterns), the amount of corrosion products, the type of corrosion, and the
relationship between the amount of corrosion and the section loss. The current practice is to clean

the corroded details and measure the remaining thickness for capacity calculation.

9.2.2 PSC I-beam Ends
9.2.2.1 RFA and Scoping Inspection Guidelines

MDOT currently uses various templates and guidelines to document PSC I-beam end distress and
deterioration during inspections. A comprehensive review of nineteen scoping inspection reports,
Bridge Safety Inspection Report (BSIR) reports of 267 bridges, several RFA reports, and related
documents from the MiBRIDGE database revealed that existing inspection guidelines are
insufficient for collecting the minimum required data to assess beam end capacity and make

informed decisions regarding maintenance, repair, or load posting.

To address these shortcomings, inspection guidelines and templates specifically designed for PSC
I-beam ends were developed. The guidelines include a systematic approach to beam end
discretization and detailed documentation procedures for delamination, spalls, and cracking.
These guidelines were developed with consideration for the future implementation of drone and

computer vision technologies to enhance traditional visual inspection methods.
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9.2.2.2 RFA Decision Matrix

MDOT required improved decision-making tools for evaluating PSC beam end deterioration to
enhance the identification of bridges requiring RFAs. Current RFA guidelines rely on general
condition ratings and visual inspection criteria that lack clear correlations with structural
performance, creating challenges in determining when deteriorated beam ends require immediate

attention versus continued monitoring.

This project addressed the need for a rational, capacity-based assessment method by developing a
comprehensive beam end deterioration classification system using the Strut-and-Tie Method
(STM). The study focused on evaluating the PSC I-beam end capacity, particularly addressing
deterioration factors such as exposed prestressing strands, bearing area loss, and structural
cracking that significantly impact structural performance but are inadequately addressed by current

inspection protocols using Agency Developed Element (ADE) 826.

The research analyzed disturbed regions (D-regions) at beam ends, where complex load paths
violate conventional design assumptions, developing mathematical frameworks for four primary
failure modes: longitudinal tie failure, bearing face failure, strut-to-node interface failure, and
transverse tie failure. Capacity calculations were validated using experimental data from 16 PSC

I-beam specimens.

STM was successfully implemented to model complex load transfer mechanisms at PSC beam
ends, providing a superior representation of failure modes compared to conventional flexural
design assumptions. Sensitivity analysis revealed that beam end shear capacity is primarily
controlled by longitudinal tie failure and is directly proportional to the percentage of exposed
prestressing strands. Section loss without strand exposure has minimal impact on capacity. A
comprehensive set of Mathcad calculation sheets was developed and delivered to MDOT for

calculating capacities of as-designed, deteriorated, and repaired beam ends.

A 15% capacity reduction was established as the critical threshold for RFA decisions based on
structural safety considerations. The developed capacity-based deterioration classification system
should replace current condition state definitions that rely solely on section loss measurements.

Specific RFA thresholds include: spalls deeper than 1 inch with >15% bottom flange strand
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exposure at beam soffits, spalls deeper than 2 inches with >15% strand exposure at beam sides,

section loss >40% without strand exposure, and any shear cracking affecting beam end capacity.

For all beam types, except MI 1800, a minimum reserved capacity of 115% should be maintained.
MI 1800 beams require individual assessment due to variable performance characteristics and
Capacity-to-Demand Ratio values below 1.0 in some cases. The implementation of this system is
expected to enhance bridge safety while optimizing maintenance resource allocation by providing

rational correlations between visual inspection data and structural performance.

9.2.2.3 Performance of Beam End Preservation and Repair Methods

MDOT has observed that traditional concrete patching methods for PSC beam ends provide only
short-term solutions and may contribute to accelerated concealed corrosion. In response, MDOT
developed Special Provision for Maintenance Repair of Prestressed Concrete Beam for Contract
Identification 25031-214869, 20SM712(A175), which requires the cleaning of exposed steel
reinforcement and the application of a zinc-rich epoxy primer to enhance durability. However, the

performance of this preservation approach had not been evaluated before this study.

This investigation was initiated to assess the effectiveness of various preservation and repair
techniques for deteriorated PSC beam ends through accelerated corrosion testing. The study
examined four different preservation and repair methods, including latex modified concrete
(LMC), zinc-rich epoxy primer for steel, a silane penetrating sealer, and a breathable concrete

surface coating with crack bridging abilities.

The findings indicate that patch repair with latex modified concrete (LMC) provides protection
only to the reinforcing steel within the repaired area and offers no protection to adjacent steel
elements. A similar limitation was observed when a silane penetrating sealer was applied over
patch repairs using a regular concrete mix, suggesting limited effectiveness in preventing corrosion
beyond the immediate repair zone. Based on the current findings, the integration of patch repair
with a zinc-rich epoxy primer and an elastomeric concrete surface coating with crack bridging
abilities is recommended. This combined approach demonstrated the most consistent performance

in delaying corrosion activity compared to the other methods evaluated during this study.
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Additional testing with a larger number of specimens is recommended to validate these preliminary

findings, as this study was limited in scope.

9.2.2.4 PSC I-beam End Repair and Capacity Improvement

MDOT recognizes that deteriorated PSC beam ends require systematic repair approaches to restore
structural capacity and extend service life. The repair methods examined during this study range
from basic crack sealing and concrete patching to more comprehensive solutions such as full-depth

reinforced concrete overcasts and fiber-reinforced polymer (FRP) strengthening systems.

The study utilized the Strut-and-Tie Model (STM) to quantify capacity improvements achieved
through overcast repairs, consistently identifying longitudinal tie failure as the critical failure mode
controlling beam end capacity. Three alternative Full-Depth Reinforced Concrete Overcast
(FDRCO) repair details were developed and analyzed: Alternative 1 (typical MDOT detail),
Alternative 2 (with hooked longitudinal reinforcement), and Alternative 3 (incorporating strand
splicing with 90-degree bents). Alternative 3 FDRCO details, which incorporate strand splicing
and 90-degree bents, can restore and potentially exceed the original design capacity. An alternative
repair detail with welded wire fabric and adhesive anchoring is suggested for situations where
maintaining the original beam geometry and vertical clearance is critical. It is recommended to
experimentally evaluate the performance of Alternative 2 and Alternative 3 details before

implementing them on in-service bridges.

Field performance reviews revealed that beam end repairs, which combined reinforced overcasts
with FRP U-wraps and breathable concrete surface coatings, demonstrated the best long-term
performance. In contrast, unreinforced overcasts and repairs without protective coatings
consistently show poor performance, with common issues including early-age cracking and
delamination within 2 to 11 years of installation. For beam ends with a/d ratios near 1, FRP U-
wraps provide minimal improvement in structural capacity. Still, they can enhance the durability
of overcast repairs by bridging cracks and providing protective barriers against moisture and

chloride ingress.

Careful preparation during repair construction is critical to avoid exposing additional prestressing
strands, which can compromise the effectiveness of the repair. The use of strand splicing devices

and 90-degree bent strands offers significant capacity improvements for deteriorated beam ends.
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The study presented alternative repair details, including modified overcast repairs with welded
wire fabric and adhesive anchoring, for situations where maintaining the original beam geometry
and vertical clearance is critical. Regular inspection and maintenance of repaired beam ends,
particularly monitoring of protective coatings and early detection of cracking, is essential for long-

term repair performance and service life extension.
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APPENDIX A: Survey questionnaire
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A.1 PRESTRESSED CONCRETE (PSC) I-BEAM

This survey is conducted by Western Michigan University for the Michigan Department of
Transportation-Sponsored Research Project OR23-001: Capacity Prediction of Repaired and
Unrepaired Bridge Beams with Deteriorated Ends. Your response to the following questionnaire

is greatly appreciated.

Please email the completed survey to sanjoykumar.bhowmik@wmich.edu. For questions/concerns, please contact

Sanjoy at (269) 779-0936.

Name:
Position:
Employer:
Email:

Note: We will NOT publish or share your contact information. Such information will ONLY be used for contacting you
for further information or clarifications to the information provided as a response to the survey.

A.1.1 PSC I-Beam End Condition Assessment
1(a) Do you have established procedures to estimate the depth of delaminated area in PSC beams?

Yes No

If Yes, please describe the procedure or provide weblinks to access relevant resources.

(b) Do you have established procedures to estimate the number of corroded/ineffective strands?
Yes No

If Yes, please describe the procedure or provide weblinks to access relevant resources.

(c) Do you have established procedures to estimate the number of corroded/ineffective stirrups?
Yes No
If Yes, please describe the procedure or provide weblinks to access relevant resources.
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A.1.2 PSC I-Beam End Repair
2. Concrete patching is a PSC I-beam end repair method.
(a) Do you protect beam ends after patching using any of the following methods for enhanced durability?

Yes No

If No, do you observe any issues/concerns regarding the repair performance?

If Yes, please select the method(s) and provide information.

Most commonly

used product(s) Implementation challenges Performance

Additional comments

Penetrating sealants

Concrete surface coating

Penetrating sealants and
concrete surface coatings
(hybrid systems)

Other techniques

(b) Do you apply bonding agents on the prepared concrete surface before patching?
Yes No

If Yes, please provide information.

Most commonly used

product(s) Implementation challenges Performance

Additional comments
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3. Overcasting (or the use of end blocks) is a PSC I-beam end repair method.

(a) Do you protect beam ends with overcasting using any of the following methods for enhanced durability?

Yes No

If No, do you observe any issues/concerns regarding the repair performance?

If Yes, please indicate the additional protection method(s) and relevant information.

Most commonly Implementation challenges Performance Additional comments
used product(s)

Penetrating sealants

Concrete surface coating

Penetrating sealants and

concrete surface coatings

(hybrid systems)

Other techniques

(b) Do you apply bonding agents on the prepared concrete surface before overcasting?
Yes No
If Yes, please provide the information.
Most commonly used Implementation challenges Performance Additional comments

product(s)
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4. Various strategies can be implemented to protect exposed steel (strands/reinforcement) at damaged/deteriorated PSC |-beam ends. A few
approaches are described below. Please share your experience with such approaches.

Most commonly
used product(s)

Implementation challenges

Performance

Additional comments

(i) applying coating(s) for corrosion
protection and leaving the beam
end without patching/overcasting

(ii} applying coating(s) for
corrosion protection before
patching/overcasting

(iii} using cathodic protection with
patching/overcasting

(iv) patching/overcasting without
providing an additional protection
for steel.

(iv) implementing other methods,
please describe.

5. After chipping out and cleaning a deteriorated beam end, the cleaned concrete surface can be protected with penetrating sealants, concrete
surface coatings, patching, or overcasting. Please share your experience with such approaches.

Most commonly
used product(s)

Implementation challenges

Performance

Additional comments

(i) applying a penetrating sealant and
leaving the beam end without
patching/overcasting

(i) applying a concrete surface coating
and leaving the beam end without
patching/overcasting

(i) applying a penetrating sealant and
a concrete surface coating (hybrid
systems) and leaving the beam end
without patching/overcasting

(iv) applying a penetrating sealant
before patching/overcasting

(v) implementing other methods,
please describe
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6. Please share your field implementation experience with the following repair materials and construction methods.

Repair materials

Implementation challenges

Performance

Carbon fiber reinforced polymer
(CFRP) sheets/strips

Glass fiber reinforced polymer
(GFRP) sheets/strips

Mear surface mounted (NMS)
FRP bars/strips

Proprietary ultra-high
performance concrete (UHPC)

Mon-proprietary ultra-high
performance concrete (UHPC)

High early strength concrete
(HESC)

Mame the material

Other

Construction method Application

Implementation challenges

Performance

Patching

Shotcrete

Owvercasting

Patching
Cast-in-place

concrete
Overcasting
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7. PSC I-beam ends are embedded into backwalls or end diaphragms as shown in the following figures.

_ J End
Deck \ Diaphragm
Backwall l i Deck |
Beam ¥
X Beam
. == !
| 1 ] \
- Dowel bar used only for integral abutment
Pier
Abutment
Integral and semi-integral abutment detail Continuous for live load detail over pier
(beam end embedded into the backwall) (beam end embedded into the end diaphragm)
Please share your experience related to the repair of such beam ends.
Abutment and pier | Beam end distress | Possible causes of Beam end repair Implementation Possible long-term
configuration before repair beam end distress method challenges performance issues

Integral and semi-
integral abutment

Continuous for live
load over pier




8. Please share your experience with the following PSC I-beam end repair materials.

(a) Proprietary ultra-high performance concrete (UHPC)

Type of repair Comment about the expected structural capacity contributions

(b) Non-proprietary ultra-high performance concrete (UHPC)

Type of repair Comment about the expected structural capacity contributions

(c) High early strength concrete (HESC)

Type of repair Comment about the expected structural capacity contributions

(d) Other repair materials

Name the material

Type of repair Comment about the expected structural capacity contributions
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9. Concrete patching is a PSC I-beam end repair method. Sealants and/or coatings protect the repaired ends. Please

comment on the long-term performance of the following implementations.

Concrete patching without
additional protection

Concrete patching protected with
penetrating sealants

Concrete patching protected with
surface coating

Concrete patching protected with
penetrating sealants and concrete
surface coatings (hybrid systems)

Concrete patching protected with
other techniques

Please describe the techniques and
performance

10. Overcasting (or the use of end blocks) is a PSC I-beam end repair method. Please comment on the
long-term performance of the following implementations.

End blocks without additional
protection

End blocks protected with
penetrating sealants

End blocks protected with surface
coating

End blocks protected with
penetrating sealants and concrete
surface coatings (hybrid systems)

End blocks protected with other

techniques
Please describe the techniques and
performance
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11. To minimize the failure of externally bonded Fiber-Reinforced Polymer (FRP) repair methods, various anchorage

systems are used. A few examples are shown below:

s ; = A Il\ Threaded
_ _ Threaded Anchor Rod
Anchor Rod _ FRP Plate
. _FRP Sheet EI _FRP Sheet
Threaded anchor rod Typical FRP plate anchor

Threaded

FRP Strip Anchor Rod

Anchorage

“FRF Plate

' _FRP Sheet

Externally Bonded

FRP Sheet

FRP strip Sandwich FRP plate anchor
FRP Spilv:{a Anchor .
" L ) _/'_J ; i
T W W W
NSM b o ; ' ,
Anchor . . _ ]
s ' \{FRP Bar ' - - |
- Coy S eeowFa — B | :
. —__ — — —'_|

| Al ] AP Sheet \&Emmally Bonded
FRP Sheet
MNear Surface Mounted (NSM) anchor FRP spike anchor
rods
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The following figures show three different FRP configurations typically used at beam ends.

Externally Bonded FRP Sheet

\FRP Sheet J

FRP Sheet

FRP strip at a 45° angle or

FRP side-bonding perpendicular to shear cracks

FRP U-wrap

Please select the FRP repair methods with different anchorage systems for PSC I-beam ends that you are familiar with

and provide information.

Anchorage

FRP configuration Implementation challenges Performance
systems
FRP side-bonding
FRP U-wrap None
FRP strip at a 45° angle
FRP side-bonding
FRP U-wrap hreaded
FRP strip at a 45° angle
FRP side-bonding )
Typical FRP

FRP U-wrap
FRP strip at a 45° angle

plate anchor

FRP side-bonding Sandwich

FRP U-wrap FRP plate

FRP strip at a 45° angle anchor

FRP side-bonding

FRP U-wrap FRP strip

FRP strip at a 45° angle

FRP side-bonding FRP spik

FRP U-wrap ancsrlgr e

FRP strip at a 45° angle

FRP side-bonding NSM

FRP U-wrap anchor
rods

FRP strip at a 45° angle

Other (please describe)
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A.1.3 PSC I-Beam End Capacity Calculation

12. Select the specifications/guides/references that you use for the design/capacity assessment of FRP repairs using Carbon Fiber Reinforced Polymer (CFRP),

Glass Fiber Reinforced Polymer (GFRP) and Near-Surface Mounted (NSM) FRP bars.

Specifications/Guides/References FRP Type Remarks

AASHTO Guide Specifications for Design of Bonded CFRP
FRP Systems for Repair and Strengthening of GFRP
Concrete Bridge Elements, 1st Edition (AASHTO 2012) NSM

or 2 Edition (AASHTO 2023)

ACI 440R.2-17 Guide for the Design and Construction | CFRP
of Externally Bonded FRP Systems for Strengthening GFRP
Concrete Structures (ACI Committee 440, 2017) NSM

ICRI Guideline No. 330.2 Guide Specifications for | CFRP
Externally Bonded FRP Fabric Systems for GFRP
Strengthening Concrete Structures (ICRI 2016) NSM

Agency developed manuals/guides/calculation sheets CFRP
(please specify and share links to access such GFRP

publications) NSM
Other CFRP
(please specify and share links to access such | GFRP
publications) NSM
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13. Please select the method(s) used for calculating the shear and bearing capacities of deteriorated PSC 1-

beam ends.

In-house calculation tools based on
the AASHTO Sectional Design Method

(Please share links to access relevant
documents and calculation tools)

In-house calculation tools based on
the Strut-and-Tie Method

(Please share links to access relevant
documents and calculation tools)

Structural analysis software
(Please list the name(s) of the software)

AASHTOWare

Other
(Please describe)

14. Please clarify any responses to this survey and/or provide additional information related to PSC beam

end condition/capacity assessment with/without repairs.
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A.2 STEEL I-BEAM
This survey is conducted for the MDOT-Sponsored Research Project OR23-001: Capacity Prediction of Repaired and Unrepaired
Bridge Beams with Deteriorated Ends. Your response to the following questionnaire is greatly appreciated.

Please email the completed survey to kevinmakubuli.saleh@wmich.edu. For questions/concerns, please contact Kevin at (269) 267-7215.

Name:
Position:
Employer:
Email:
Note: We will NOT publish or share your contact information. Such information will ONLY be used for contacting you to get additional information or clarifications to
the information provided as a response to the survey.

A.2.1 Inspection
1. Please share your experience with the section loss assessment. Select all that apply.
1(a). Thickness is measured using Ultrasonic thickness gauge
Calipers
Other, specify

1(b). Web thickness loss is measured Over the entire section loss area
Only within a 4-in. strip from the bottom flange
On a grid and reported as the average
Randomly at several discrete points and reported as the average
Other, specify

2. State the section loss conditions that initiate a Request for Action (RFA) submission.

3. With regards to pack rust, state the criteria for initiating a Request for Action (RFA) submission.
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. Repair methods implemented for various steel beam end conditions are shown below.

Beam end condition

Repair method(s)

Beam ends with a crack

Crack arrest hole

T
9

Section loss due to corrosion

Bolted repair

Section loss with holes

Bolted repair

Welded repair

AT AVAYAY) 04 0
" Reduced section

UHPC repair
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Please describe the performance of the following steel beam end repair methods.

Bolted repair

Welded repair

Section replacement

Crack arrest holes

UHPC repair

CFRP repair

Cleaning and protection

Other (specify the repair method)
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The following are possible options for bolted repairs.

Hexagon nut with flange  Nylon insert nut Slotted nut Steel plate insert nut

L e
- — Anaerobic adhesive
Spring washer Toothed washer Wedge-locking washer (Threadlockers)

5. Please list the types of bolts, washers, and nuts used in bolted repairs at beam ends and describe the performance.

Please provide access to additional resources regarding bolted repairs.
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Steel beam ends are embedded into backwalls over the abutments and end diaphragms over the piers.

| f
[
Deck ‘ \ End
# ' \ Diaphragm\ \
' Deck |

Backwall /
Beam /
f

Dowel bar
(use only for integral abutment)

Abutment
v

Integral and semi-integral abutment detail Continuous for live load detail over pier
(beam end embedded into the backwall) (beam end embedded into the end diaphragm)

The following picture shows the loss of section of an embedded steel beam end due to corrosion.
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6. What is your approach for assessing the condition of a concealed beam end?

Please share your experience related to the implementation success, performance, and challenges of embedded beam end repairs.

Indicate the repair
method(s) suitable for
embedded beam end

Implementation success

Performance

Challenges

Bolted repair

Welded repair

Section replacement

UHPC repair

CFRP repair

Cleaning and protection

Other, specify

Please clarify any responses to this survey and/or provide additional information related to steel beam end inspection and repair

performance.
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A.2.2 Construction and Field Services

1. Please share your experience with the section loss assessment. Select all that apply.

1(a) Thickness is measured using

1(b). Web thickness loss is measured

Ultrasonic thickness gauge
Calipers
Other, specify

Over the entire section loss area

Only within a 4-in. strip from the bottom flange

On a grid and reported as the average

Randomly at several discrete points and reported as the average

Other, specify
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. Repair methods implemented for various steel beam end conditions are shown below.

Beam end condition

Repair method(s)

Beam ends with a crack

Crack arrest hole

T
9

Section loss due to corrosion

Bolted repair

Section loss with holes

Bolted repair

Welded repair

AT AVAYAY) 04 0
" Reduced section

UHPC repair
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Please share your experience with the following repair methods and associated conditions.

Crack(s) without
section loss

Crack(s) with
section loss

Section loss

Section loss
with holes

Other beam end
conditions, specify

Crack arrest holes

Bolted repair

Welded repair

Beam end section replacement

UHPC repair

CFRP repair

Cleaning and protection

Other, specify

Most preferred repair method(s)

Reasons
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3. Even in the same bridge, different repair methods are implemented. For example, welded and bolted repairs are used on adjacent
beam ends as shown in the following figure. Please share your experience with the following repair methods.

Factors considered for selecting the repair method | Repair performance (expected service life, etc.)

Repair method

Crack arrest holes

Bolted repair

Welded repair

Section replacement

UHPC repair

CFRP repair

Cleaning and
protection
Other, specify
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4. Please share your experience with welded repairs of steel beams/steel beam ends.

Implementation Performance Reasons, if the method
challenges CONCEerns is NOT selected.
Shielded Metal Arc steel beam repair
Welding (SMAW) 1s
used in the field for steel beam end repair

Gas Metal Arc Welding | steel beam repair
(GMAW) 1s used in the

field for steel beam end repair
Flux-Cored Arc steel beam repair
Welding (FCAW) 1s

used in the filed for steel beam end repair

Laser Welding 1s used steel beam repair

in the field for

steel beam end repair

Please list any other welding method(s) suitable for field welding of steel beam ends, implementation challenges, and performance
concerns.

Please provide access to additional resources regarding welded repairs.
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5. Please share you experience with bolted repairs at steel beam ends.
5(a). Are loose bolts or the loss of bolts and/or nuts a common problem?
Yes No

If Yes, state the precautions taken to minimize this problem:

5(b). The bolt tightening/pre-tensioning requirements:

Yes
No

(1) Snug-tight

If Yes, do vou verify the tension Yes | Required limits
with a Calibrated Torque wrench

No | Reasons:

Yes | I Yes, required
No | pretension:

(11)Pretensioned

(111) Other, please describe

5(c). Is there a preference for bolted repairs over welded repairs? Yes No

If Yes, please describe the reasons
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The following are possible options for bolted repairs. Eccentric nuts and Anaerobic adhesives have outperformed the other methods
when evaluated for retaining pretension under vibration.

Regular bolt and nut with a washer(s)

R

Slotted nut

P

Spring washer

— Anaerobic adhesive
Toothed washer Wedge-locking washer (Threadlockers)
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6. Please share your experience with the use of following techniques for steel beam repair.

Regular bolt
and nut

Regular bolt and
nut with a washer

Anaerobic
adhesive

Double
nuts

Eccentric
nuts

Hexagon nut
with flange

Nylon insert
nut

Slotted
nut

(1) Snug-tight without
tension verification

(i1) Snug-tight with
tension verification

(ii1) Pretension

Spring
washer

Steel plate
insert nut

washer

Toothed |Wedge locking

washers

Snug-tight with
tension verification

Snug-tight without
tension verification

Pretension

(iv) Preferred methods

Reasons

Please provide access to additional resources regarding bolted repairs.
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Steel beam ends are embedded into backwalls over the abutments and end diaphragms over the piers.

| f
[
Deck ‘ \ End
# ' \ Diaphragm\ \
' Deck |

Backwall /
Beam /
f

Dowel bar
(use only for integral abutment)

Abutment
v

Integral and semi-integral abutment detail Continuous for live load detail over pier
(beam end embedded into the backwall) (beam end embedded into the end diaphragm)

The following picture shows the loss of section of an embedded steel beam end due to corrosion.
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7. What is your approach for assessing the condition of a concealed beam end?

8. Please share your experience related to the implementation successes, performance, and challenges of embedded beam end repairs.

Indicate the repair
method(s) suitable for
embedded beam end

Implementation
successes

Performance

Challenges

Bolted repair

Welded repair

Section replacement

UHPC repair

CFRP repair

Cleaning and protection

Other, specify

Please clarify any responses to this survey and/or provide additional information related to steel beam end assessment, repair, and

performance.
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A.1.1 Design and Load Rating
Even in the same bridge, different repair methods are implemented. For example, welded
and bolted repairs are used on adjacent beam ends as shown in the following figure.

1. Please state the factors that you would consider for selecting a specific repair method.

Repair method

Factors considered for selecting the repair method

(1) Bolted repair

(i1) Welded repair

(iii) Section replacement

(iv) UHPC repair

(v) CFRP repair

(vi) Cleaning and
protection

(vii) Other, specify
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Steel beam ends are embedded into backwalls over the abutments and end diaphragms

over the piers.

7

Dowel bar
(use only for integral abutment)

Abqtinent

| Diaphragm .

End-

|
\
|

Integral and semi-integral abutment detail
(beam end embedded into the backwall)

Continuous for live load detail over pier
(beam end embedded into the end diaphragm)

The following picture shows the loss of section of an embedded steel beam end due to

corrosion.

2. Do you consider the influence of end diaphragm or backwall for capacity assessment?

Yes No

If Yes, please describe the procedures or provide directions to access relevant

information

3. The web thickness selected for capacity calculation (select all that apply)

Average thickness of the web
Average thickness of the section loss area

Average thickness within a 4-in. strip from the bottom flange

Other, specify
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4. Select the specifications/guides/references that you use to calculate the capacity of

deteriorated steel beam ends. Please state the resources used to introduce modifications to

the process in the primary reference(s), if applicable.

Primary reference

Beam end condition

Resources used for
additional modifications

AASHTO LRFD Bridge Design Specifications,
gt Edition

Beam ends with section loss

Beam ends with holes

The AISC Steel Construction Manual,
(Edition)

Beam ends with section loss

Beam ends with holes

Massachusetts Department of Transportation

Bridge Manual - Part | (Hundredth
Anniversary Edition)

Beam ends with section loss

Beam ends with holes

Agency developed
manuals/guides/calculation sheets (please
specify and share links to access such
publications)

Other (please specify and share links to
access such publications)

Please clarify any responses to this survey or provide additional information related to steel

beam end condition/capacity assessment with/without repairs.
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APPENDIX B: Survey responses
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Survey Responses

A survey was conducted to document the assessment of steel beam and PSC I-beam end
conditions, repair methods, repair designs, repair performance, and load rating experiences.
Three sets of survey questionnaires were developed for each beam type, targeting
inspection engineers, construction and field services engineers, and design and load rating
engineers. The survey questionnaires are provided in Appendix A. The following sections

describe the findings.

B.1 PSCI-BEAM END SURVEY RESPONSES

B.1.1 PSC I-Beam End Condition Assessment

1(a) Do you have established procedures to estimate the depth of delaminated area
in PSC beams?

Response 1: No. Primarily visual inspection, sounding.
Response 2: No.

Response 3: No. We will sound the beam ends to find delaminated
concrete, but if it doesn't spall off when sounding then we
don't know how deep the delamination goes.

Response 4: No. Generally, delamination is assumed to exist at the first
plane of rebar/strands

Response 5: No.
Response 6: No. Primarily visual inspection, sounding.
Response 7: No.

Response 8: No. Coring has been done in the past but is not a standard
procedure. It is generally assumed that a delamination will
form at the level of the reinforcement closest to the surface of
the element.

Response 9: No. We generally only know if the concrete chips off when
sounding the delaminated spot. However, I would defer to our
inspection unit's response for more detail.

Response 10: No.
Response 11: No.
Response 12: No.

Response 13: No. No set procedures. We will hammer on the delaminated
areas to ensure the concrete is not in danger of falling.

Response 14: No. Primarily visual inspection, sounding.
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Response 15: No.

Response 16: Yes. IL DOT's estimation of corroded/ineffective strands for
1 (b) requires inspector(s) to determine depth of deteriorated
concrete.

Response 17: No.
Response 18: No.
Response 19: No.

I(b) Do you have established procedures to estimate the number of
corroded/ineffective strands?

Response 1: No. Primarily visual inspection.

Response 2: Yes. MassDOT uses a procedure based on IDOT's
procedures for estimating corroded/ineffective strands. We
modified this approach based on our own recent research.
Estimates are made based on the results of visual inspection.
Link to our Bridge Manual, Chapter 7 for Load Ratings
which outlines the procedure:
https://massdot.docs.mass.gov/hwy-bridge-manual/part-
1/ch7-bridge-load-rating-guidelines.pdf

Response 3: Yes. Visually inspect them.

Response 4: No. Exposed strands are considered ineffective.
Response 5: No.

Response 6: No. Primarily visual inspection.

Response 7: Yes. MassDOT uses a procedure based on IDOT's
procedures for estimating corroded/ineffective strands. We
modified this approach based on our own recent research.
Estimates are made based on the results of visual inspection.
Link to our Bridge Manual, Chapter 7 for Load Ratings
which outlines the procedure:
https://massdot.docs.mass.gov/hwy-bridge-manual/part-
1/ch7-bridge-load-rating-guidelines.pdf

Response 8: No. If the strands are not visible during an inspection it is
typically not known.

Response 9: Yes. See Section 4.3.4.2.3, Section 4.3.4.2.4, and Appendix
A-10 of the IDOT Structural Services Manual.
(https://idot.illinois.gov/content/dam/soi1/en/web/idot/docume
nts/doing-business/manuals-guides-and-
handbooks/highways/bridges/inspection/structural-services-
manual.pdf)

Response 10: No.
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Response 11: No.
Response 12: No.

Response 13: No set procedures. If delaminated concrete is taken off due
to safety concerns and strands are exposed then an exact
number can be had. If not but there is rusting, coming through
the cracking then the plans can be referenced where the
strands are and we can estimate.

Response 14: No. Primarily visual inspection
Response 15: No.

Response 16: Yes. See Page 7-111 of the attached link.
https://public.powerdms.com/IDOT/documents/2084747/Stru
ctural%20Services%20Manua

Response 17: Yes. If exposed, it's broke.

Response 18: Yes. MassDOT uses a procedure based on IDOT's procedures
for estimating corroded/ineffective strands. We modified this
approach based on our own recent research. Estimates are
made based on the results of visual inspection. Link to our
Bridge Manual, Chapter 7 for Load Ratings which outlines the
procedure:
https://massdot.docs.mass.gov/hwy-bridge-manual/part-
1/ch7-bridge-load-rating-guidelines.pdf

Response 19: No.

I(c) Do you have established procedures to estimate the number of
corroded/ineffective stirrups?

Response 1: No. Primarily visual inspection.
Response 2: No.

Response 3: No. We will do a visual inspection and also use small hand
tools during the inspection process and will note the condition
of any stirrups that are exposed.

Response 4: No.
Response 5: No.
Response 6: No. Primarily visual inspection.
Response 7: No.

Response 8: No. A visual inspection is the only standard means to
determine the number of stirrups impacted by corrosion and
the extent of any deterioration. Miscellaneous quantities of
reinforcement are typically included in projects to account for
any deterioration.


https://public.powerdms.com/IDOT/documents/2084747/Structural%20Services%20Manua
https://public.powerdms.com/IDOT/documents/2084747/Structural%20Services%20Manua
https://massdot.docs.mass.gov/hwy-bridge-manual/part-1/ch7-bridge-load-rating-guidelines.pdf
https://massdot.docs.mass.gov/hwy-bridge-manual/part-1/ch7-bridge-load-rating-guidelines.pdf

Response 9: Yes. This is based on visual inspection and measurement of
bar section loss. Stirrups are generally deemed fully
ineffective if the majority of concrete beneath them is
unsound. Stirrups are considered partially effective if broken
on the underside with satisfactory cover and anchorage on the
web portion.

Response 10: No.

Response 11: No.

Response 12: No.

Response 13: No. No set procedures, see (b).

Response 14: No. Primarily visual inspection.

Response 15: No.

Response 16: Yes. Goes hand-in-hand with procedure in 1 (b).
Response 17: No.

Response 18: No.

Response 19: No.

B.1.2 PSC I-Beam End Repair

2(a). Do you protect beam ends after patching using any of the following methods
for enhanced durability?

Response 1: Yes. For concrete surface coating, most commonly used
product(s) Saturating epoxy (e.g. Sikadur 300) used for CFRP
application plus UV protective coating (e.g. Sikagard S50W).
Performance - none of the repairs carried out within the last
12 years have had any issues.

Response 2: No. We generally do not perform precast repairs. Those that
have been done are generally discounted for effectiveness and
acknowledged to be surficial only.

Response 3: Yes. You'll have to get information from bridge design on the
different products that we use to coat the beam ends. I prefer
sealants over concrete surface coating, because I want the
beam ends to be protected.

Response 4: Yes. Penetrating sealants, Implementation challenges: Access.
Performance: useful life estimated at 5 years. Additional

comments: Sealant coatings have become widely used at
MDOT.

Concrete surface coating: Yes. Implementation challenges: Access,
Additional comments: coatings were common, but now
sealant is used more.
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Response 5: No.

2(b) Do you apply bonding agents on the prepared concrete surface before
patching?

Response 1: Yes, Sika Armatec.
Response 2: Yes.
Response 4: No.
Response 5: No.

3(a) Do you protect beam ends with overcasting using any of the following methods
for enhanced durability?

Response 2: No.
Response 3: Yes.

Response 4: Yes. Penetrating sealants, Implementation challenges: Access.
Performance: useful life estimated at 5 years. Additional
comments: Sealant coatings have become widely used at
MDOT.

Concrete surface coating: Yes. Implementation challenges: Access,
Additional comments: coatings were common, but now
sealant is used more.

Response 5: No.

3(b) Do you apply bonding agents on the prepared concrete surface before
overcasting?

Response 2: No.
Response 4: No.
Response 5: No.

4. Various strategies can be implemented to protect exposed steel
(strands/reinforcement) at damaged/deteriorated PSC I-beam ends. A few
approaches are described below. Please share your experience with such
approaches.

Response 1: Applying coating(s) for corrosion protection before
patching/overcasting. Uses Sika Armatec, FX-406.
Implementation challenges: if using Sika Armatec, it is also a
bonding agent, so the patching needs to be carried out
immediately after application. Performance: none of the
repairs carried out within the last 12 years have had any issues.
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Response 3: you'll have to get info from bridge design on this. We do coat
beam ends and leave some if the deterioration is not
significant. I'm not sure of the exact product we use.

Response 4: (i): Not frequent; Would be preventive maintenance; I have
seen primer coat for exposed rebar.

(i1): Not common

(i11): Yes; Implementation challenges: Manufacturers have
different spacings; Performance: good

(iv): Coating beam ends with epoxy mastic has been proposed
several times, but I'm not sure it's been implemented.

Response 5: (ii1): Galvanizing coating; Implementation challenges: tight
access; Performance: good.

5. After chipping out and cleaning a deteriorated beam end, the cleaned concrete
surface can be protected with penetrating sealants, concrete surface coatings,
patching, or overcasting. Please share your experience with such approaches.

Response 3: So far, I think it has gone okay to just clean and coat the beam
ends to protect them.

Response 4: No.

6(a). Please share your field implementation experience with the following repair
materials and construction methods.

Response 1: Carbon fiber reinforced polymer (CFRP) sheets/strips.
Implementation challenges: wrapping near/around the
bearing/seat of the beams can be difficult. May need jacking
if damage extends to areas over the bearing pads.
Performance: None of the repairs carried out within the last
12 years have had any issues.

Response 3: Near surface mounted (NMS) FRP bars/strips : I think that FRP
has worked well in University Region overall. We are still in
the beginning stages of using it, so we don't have a significant
amount of data.

Response 4: CFRP: Used commonly. Good performance
GFRP: advantages over CFRP are not clear.
NMS: full carbon wrap would be a more typical use at MDOT

UHPC: Use cases where latex modified concrete would not be effective is
rare. Used occasionally. Good performance.

HESC: Used occasionally. Good performance.
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6(b). Construction method.

Response 1: Cast-in-place concrete patching. Implementation challenges:
forming and placing concrete near/around the bearing/seat of
the beams can be difficult. Performance: None of the repairs
carried out within the last 12 years have had any issues.

Response 3: Cast-in-place concrete. Patching: Need to get behind the rebar
when these are patched, so the concrete has something to bond
to and won't just fall off over time. Overcasting: Need to get
behind the rebar when these are patched, so the concrete has
something to bond to and won't just fall off over time.

Response 4: Shotcrete: Patching and Overcasting: Contractor equipment
capital expense, can be difficult to apply. Not commonly
used.

Cast-in-place concrete: Patching and Overcasting: Used commonly. Good
performance.

7. Please share your experience related to the repair of PSC I-beam ends embedded
into backwalls or end diaphragms.

Response 1: N/A. All repair received by KTC have been at 'free' ends next
to the abutment.

Response 4: Integral and semi-integral abutment: hand chip backwall and
repair beam; Requires additional chipping, forming
challenges. Good. This type of repair is rare.

Continuous for live load over pier: hand chip backwall and repair beam;
Requires additional chipping, forming challenges. Good.
This type of repair is rare.

Response 13: Integral and semi-integral abutment: Patching and End
Blocks: Patching: Usually cracking in the patch within 2-3
inspection cycles. (4-6 years), End block: Usually cracking
and sometimes delam in the end blocks within 4-5 inspection
cycles. (8-10 years)

Continuous for live load over pier: Patching and End Blocks: Patching:
Usually cracking in the patch within 2-3 inspection cycles. (4-
6 years), End block: Usually cracking and sometimes delam
in the end blocks within 4-5 inspection cycles. (8-10 years)

Response 14: N/A. All repair received by KTC have been at 'free’ ends next
to the abutment.

Response 15: Continuous for live load over pier: The locations are
constantly cracking however we have not attempted repairing
this cracking as it is almost always occurring in the
diaphragms and not the girders.



Response 16: N/A. IL DOT has not needed to repair any PSC Beam ends
on bridges with integral abutments.

Response 17: Integral and semi-integral abutment: We don't see much
issues here

Continuous for live load over pier: Used to have a detail of a dowel rod that
went from the beam into the diaphragm and the concrete
would always pop off; stopped using the detail, but spall was
in diaphragm and hardly ever penetrates beam ends

Response 18: No experience.

Response 19: Breakout and patch concrete. Fair - There is usually excessive
movement and concrete cracks or spalls.

8. Please share your experience with the following PSC I-beam end repair
materials.

(a) Proprietary ultra-high performance concrete (UHPC)
Response 7: We don't repair precast beam ends.
Response 8: Has not been used to repair PSC beam ends

Response 9: Defer to Construction and Field Services response.

8(b) Non-proprietary ultra-high performance concrete (UHPC)
Response 7: We don't repair precast beam ends.

Response 8: Has not been used to repair PSC beam ends. Has been used to
address the deterioration of the ends of steel girders on one
project as a trial.

Response 9: Defer to Construction & Field Services ' response.

8(c) High early strength concrete (HESC)
Response 6: Patching. Meet or exceed existing concrete strength.
Response 7: We don't repair precast beam ends.
Response 8: Has not been used to repair PSC beam ends
Response 9: Defer to Construction & Field Services ' response.

Response 11: No experience.

8(d) Other repair materials
Response 7: We don't repair precast beam ends.

Response 8: Latex Modified Concrete: Standard details were proposed in
MDOT Research Report R-1380.



Response 9: Defer to Construction & Field Services ' response.

Response 10: Dry-mix shotcrete from the approved products list. Meet or
exceed the original beam end shear capacity

Response 11: Concrete patching with galvanic coating. Should be adequate.

Response 12: Conventional Repair grouts. Not commonly required repair at
beam ends.

9. Concrete patching is a PSC I-beam end repair method. Sealants and/or coatings
protect the repaired ends. Please comment on the long-term performance of the
following implementations.

Response 13: Concrete patching without additional protection: Usually,
cracking in the patch occurs within 2-3 inspection cycles. (4-
6 years)

Concrete patching protected with penetrating sealants: Usually, cracking in
the patch occurs within 2-3 inspection cycles. (4-6 years)

Concrete patching protected with surface coating: Usually, cracking in the
patch occurs within 2-3 inspection cycles. (4-6 years)

Concrete patching protected with penetrating sealants and concrete surface
coatings (hybrid systems): Not sure if we have used hybrid
systems.

Response 14: Concrete patching without additional protection. This has
been typically done only on small sections (<1 cu. ft.) behind
the bearing region of the beams. The oldest such repair is
about 12 years ago, and no defects have been detected so far.

Concrete patching protected with other techniques: Damages that extend
beyond the bearing area into the span of the beam are patched
and strengthened with CFRP fabric. The saturating epoxy is
used as a sealant (moisture barrier) and the final repair is
coated with a UV coating that is resistant to weathering, frost,
and deicing salts.

Response 16: Patching of PSC Box/I-Beam ends due to deterioration is
discouraged in IL. Patching of PSC Box/I-Beams while still
at the fabrication plant or while being erected in the field has
proven to be very effective if done per specification.

Response 17: Concrete patching without additional protection: mixed
results.

Concrete patching protected with other techniques: CAT Strong (FRP wrap
developed by University of KY); good results
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Response 18: Concrete patching without additional protection: Some
MassDOT Districts do this. Long-term performance is not
good, which is one of the reasons we don't do precast repair.

Concrete patching protected with surface coating: One MassDOT District
is known to use an elastomeric coating over patches. Long-
term performance is not good, which is one of the reasons we
don't do precast repair.

Response 19: Concrete patching protected with other techniques: Concrete
patching with a galvanic coating system. Performing well.

10. Overcasting (or the use of end blocks) is a PSC I-beam end repair method.
Please comment on the long-term performance of the following
implementations.

Response 13: End blocks without additional protection: Usually cracking
and sometimes delamination in the end blocks within 4-5
inspection cycles. (8-10 years)

End blocks protected with penetrating sealants: Usually
cracking and sometimes delamination in the end blocks within
4-5 inspection cycles. (8-10 years)

End blocks protected with surface coating: Usually cracking
and sometimes delamination in the end blocks within 4-5
inspection cycles. (8-10 years)

End blocks protected with penetrating sealants and concrete
surface coatings (hybrid systems): Not sure if we have used
hybrid systems.

Response 14: N/A.

Response 16: Use of end blocks for deteriorated PSC I-Beam end repair has
proven to be effective if done per plans & specifications.

Response 17: N/A.
Response 18: MassDOT does not overcast/use end blocks.

Response 19: End blocks without additional protection: Did once and
seemed to work. The repair only had to last until bridge
replacement.

11. Please select the FRP repair methods with different anchorage systems for PSC
[-beam ends that you are familiar with and provide information.

Response 1: FRP side-bonding. FRP U-wrap. Anchorage systems: FRP
strip. Implementation challenges: Wrapping near/around the
bearing/seat of the beams can be difficult. Performance: None
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of the repairs carried out within the last 12 years have had any
issues.

Response 2: MassDOT does not perform structural precast repairs. I worked
on repair details when I was a consultant, but was not involved
in the construction phase services to the extent to be exposed
to any challenges. I don't know how they have performed.

Response 4: FRP side-bonding. FRP U-wrap. Good performance
Response 5: No experience with FRP at beam ends.

Response 6: FRP side-bonding. FRP U-wrap: In AASHTO I-beams where
the damage is limited to the soffit area, the U wrap would only
cover the bottom flange.

FRP strip: Typical repair. All the repairs carried out by KTC have been on
beams with less than 10% section loss that extend less than 4
ft from the bearing area.

Response 7: The option to use a full U-wrap would be affected by how far
back towards the beam end the repairs are needed. Can't U-
wrap the bearing unless the beam is jacked and the bearing
replaced.

As mentioned in prior responses, MassDOT does not perform
precast repairs. My personal experience with other DOTs
locally is that U-wraps are generally used due to local
contractor experience with the application.

Response 8: None: This is the most common for MDOT applications. The
reduced usable strain from non-anchored strips lowers the
effective strengthening, but so far, we've been able to use it
for the strengthening needed.

FRP strip: The design accounts for the reduced capacity of
non-anchored FRP (max strain is limited to the debonding
strain of FRP). Typically, the strengthening needed is within
this reduced capacity of FRP. Anchor strips are used in cases
where we need more capacity than the unbonded strips
provide.

Response 9: Defer to Construction & Field Services ' response.

Response 10: FRP U-wrap: None: MnDOT has limited experience in PS
beam FRP wraps. The few locations currently in service are
not anchored other than U-wrap with the full height of the web

Response 11: No experience with these systems.

Response 13: No experience with these systems.
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Response 14: FRP side-bonding. FRP U-wrap, FRP strip: None of the
repairs carried out within the last 12 years have had any issues.
Typically, all our repairs have FRP on the beam soffit as well.

Response 15: FRP U-wrap: None: The wraps were placed on the cross
section of the bottom flanges where cracking had developed
due to an issue with the temperature gradient at the end
diaphragms over interior piers. The wraps have been in place
for 30 years or so and seem to be functioning well.

Response 16: FRP U-wrap: None. Use of FRP wrapping has proven to be
effective if done per plans & specifications and is done by
qualified personnel.

Response 17: FRP side-bonding. FRP U-wrap, FRP strip at a 45° angle,
FRP strip: We had good results with the UK's Cat Strong
product

Response 18: FRP side-bonding. FRP U-wrap, FRP strip at a 45° angle,
none: The option to use a full U-wrap would be affected by
how far back towards the beam end the repairs are needed.
Can't U-wrap the bearing unless the beam is jacked and the
bearing replaced.

Response 19: We haven't used any of the above techniques

B.1.3 PSC I-Beam End Capacity Calculation

12. Select the specifications/guides/references that you use for the design/capacity
assessment of FRP repairs using Carbon Fiber Reinforced Polymer (CFRP),
Glass Fiber Reinforced Polymer (GFRP), and Near-Surface Mounted (NSM)

FRP bars.
Response 6: AASHTO: CFRP: No GFRP or NSM field applications carried
out by KTC.
ACI 440R.2-17: CFRP: No GFRP or NSM field applications
carried out by KTC.

ICRI Guideline No. 330.2 is for installation and quality control
and does not have guidance on design/capacity assessment.

Response 7: AASHTO: CFRP, GFRP, NSM

ACI 440R.2-17: CFRP, GFRP, NSM: We would most likely
use this only as a concurrent reference to the AASHTO
document, possibly to find additional clarification on some
calculation or requirement.

ICRI Guideline No. 330.2: We wouldn't use this because our
procurement rules would probably prevent us from buying it.

Response 9: Defer to Construction & Field Services ' response.
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Response 10: AASHTO: CFRP: Currently, MNDOT uses the AASHTO
Guide.

ACI 440R.2-17: CFRP: Earlier projects used ACI as the
design specs.

Response 11: No experience with these systems.

13. Please select the method(s) used for calculating the shear and bearing capacities
of deteriorated PSC I-beam ends.

Response 6: Other: When shear stirrups were damaged (corroded), these
were primarily behind the bearing region. When there was
corroded shear stirrups in front of the bearing region (within
clear span), they were never sufficiently corroded to consider
additional shear strengthening.

Response 7: In-house calculation tools based on the AASHTO Sectional
Design Method: These would be "hand" calcs done internally
and not posted online. AASHTOWare

Response 8: In-house calculation tools based on the AASHTO Sectional
Design Method

Structural analysis software: LEAP Concrete

Response 9: AASHTOWare: Remove ineffective stirrups from the model.
De-bond ineffective strands out to the point within the span
where the concrete is sound again.

We occasionally apply some type of reduction factor to stirrup capacity if
they are broken at the bottom flange with suitable anchorage
elsewhere. This is based on judgment and incorporated by
reducing the bar size/number of legs in the model.

Response 10: In-house calculation tools based on the AASHTO Sectional
Design Method

Response 11: AASHTOWare:

Response 12: In-house calculation tools based on the AASHTO Sectional
Design Method. In-house calculation tools based on the Strut-
and-Tie Method. Structural analysis software.

14. Please clarify any responses to this survey and/or provide additional
information related to PSC beam end condition/capacity assessment
with/without repairs.

Response 3: We have had issues with concrete beam end repairs in the past
(not having concrete bonded to steel or anything else), and the
repairs fell off, then we had our maintenance crews chip them
off, so they wouldn't fall on traffic/pedestrians.
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Response 6: All PC beam end repairs carried out by KTC have been prior
to a significant loss of section (< 10%) from the tendons or the
shear stirrups within the clear span of the beams.

Response 10: MNDOT is in the process of establishing PCB beam end
repair using FRP. We are interested in the anchorage details,
such as the FRP plate anchor and/or the FRP strip. If you have
detailed information and are able to provide it, it will be
greatly appreciated. Thanks.

Response 12: For new designs, Alaska almost exclusively uses semi-
integral abutments with full width full depth CIP end
diaphragms, so the girder ends are not exposed to moisture
and corrosive elements. Similarly, Alaska designs our PSC
girders to a zero tension limit under the service III load
combination so cracking in any portions of our girders is
unexpected. Primarily, we would deal with girder repairs due
to over-height strikes where strands and/or stirrups have been
severed. We perform these repairs while preloading the
girders from above using loaded dump trucks such that any
patches are put back into compression when the preload is
removed. Obviously, this is more applicable near the midspan
of beams and not near the ends.

Response 13: There are several other factors that might go into longevity of
repairs, such as correct/approved construction methods of the
repaired area, joints above the beam ends

Response 17: Dr. Issam Harik is our contact at the UK for the Cat Strong
product.

B.2 STEEL BEAM END SURVEY RESPONSES

B.2.1 Inspection

Q1(a): Thickness is measured using
Response 1: Ultrasonic thickness gauge and calipers
Response 2: Ultrasonic thickness gauge and calipers
Response 3: Ultrasonic thickness gauge
Response 4: Ultrasonic thickness gauge and calipers
Response 5: Ultrasonic thickness gauge and calipers

QI1(b): Web thickness loss is measured

Response 1: Over the entire section loss area, usually, the maximum loss is

reported

Response 2: Over the entire section loss area

Response 3: Over the entire section loss area, measured on a grid and
reported as the average.

Response 4: Over the entire section loss area, measured randomly at
several discrete points and reported as the average.
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Response 5: Over the entire section loss area, measured on a grid and
reported as the average, measured randomly at several
discrete points and reported as the average.

Q2: The section loss conditions that initiate a Request for Action (RFA)

Response 1: Usually 30% or greater

Response 2: When a detailed inspection is performed and section loss
measurements are taken, usually an RFA is submitted for
load analysis to reflect current field conditions.

Response 3: CS4

Response 4: 1/8" loss or more. Less than that would typically be in the
negligible range.

Response 5: Identification of defects warranting repairs results in
inspectors creating a recommendation for repairs as part of
the bridge inspection.

Q3: The pack rust condition that initiates a Request for Action (RFA)

Response 1: Usually, when section loss is noted or when pack rust is
deforming the base metal

Response 2: Pack rust that is causing distortion/distress in the connected
members.

Response 3: Treat the pack rust the same as the section loss because the
presence of pack rust indicates that section loss is present.

Response 4: All pack rust must be removed to take accurate measurements.

Response 5: Identification of defects warranting repairs results in
inspectors creating a recommendation for repairs as part of
the bridge inspection.

#881: Steel Section Loss (1 Each)
This element applies to bridges with primary steel members with section loss due to
corrosion. This typically refers to steel superstructure members but could also apply to steel
substructure members (such as pilings) that serve as primary supports. Section loss is
typically expressed as a percentage of the total cross-section area of the member (the
percentages listed below are intended to be general guidelines).
« The presence of flaking rust or pack rust indicates that at least some section loss is
present.
« This element should not be used for culvert structures.
Defect Element Condition States
Structural 2 3
] Fair Poor
o o " - o o More than 10%
enassioy 53?0??3155 énf Izo/snstzfst;ﬂesf?:ﬁ;g se5cftfinolr? Il[s)s‘{n of section loss of
(I the flange cross- cross-section the flange cross- the effective
members ng ng flange cross-
section area. area. section area. :
section.
Less than 2% 5% to 10% More than 10%
section loss 2% to 5% section section loss section loss
Webs or (average over | loss (average over (average over (average over
compression | the full height of | the full height of | the full height of | full height of the
members the web). No the web). No the web). web). Significant
through through corrosion. | Isolated through through
corrosion. corrosion. corrosion.
Stiffeners, Extensive section Severg section
A Moderate loss. Significant
Lacing, or 3 loss. Isolated NA
Batten Plates section loss. through corrosion. through
corrosion.

Figure B- 1. Element condition states given in the MNDOT Bridge Inspection Field Manual (2016)
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Q4: The performance of steel beam end repair methods.

Response 1:
Response 2:

Bolted repair

Response 4:
Response 5:

Adequate performance

Most bolted repairs are high-performing. Surface
preparation and sealing the perimeter of the repair is
important.

Good repair, versatility in its application.

Fewer examples than welded

Response 1:
Response 2:
Welded repair Response 4:
Response 5:

Have not tried this repair type yet

High performing with little to no concerns with long-term
performance.

Not as good, fatigue, and weld quality concerns

Many examples, performing well when the reverse side of
the plate is seal-welded to prevent ingress of moisture

Response 1:
Response 2:
Section replacement Response 4:
used.

Response 5:

Have not tried this repair type yet
No experience with this type of repair.
The best repair is achieved when full-penetration welds are

Has not been performed for the beam ends

Response 1:
Response 2:

Crack arrest holes Response 4:

Response 5:

Have not tried this repair type yet

Effective if the hole is captured, but requires checking
during routine inspections to make sure the crack hasn't
reestablished.

Good repair and cheap as long as the crack tip can be
captured

Performance is dependent on properly capturing the crack

tip

Response 1:
Response 2:
Response 4:
Response 5:

UHPC repair

Have not tried this repair type yet

No experience with this type of repair.
Shows promise based on research

Only one known project, performing well

Response 1:
Response 2:
Response 4:
Response 5:

CFRP repair

Have not tried this repair type yet

No experience with this type of repair.
Not used.

Have not used CFRP on steel

Response 1:
Response 2:
Response 4:
Response 5:

Cleaning and protection

Best performance for preventing additional damage
Effective if capacity isn't affected by loss.

Good when only minor loss or scrapes

Many examples, performing well

Other Response 1:

Encasing steel ends in concrete; adequate performance

QS5: Types of bolts, washers, and nuts used in bolted repairs at beam ends and their

performance.

Response 1: Just using regular bolts and nuts with washers, with adequate
performance.
Response 2: High-strength bolts.
Response 3: Structural bolts, washers, and nuts for the required strength.
Response 4: Regular bolts and nuts w/wo washers. Lock washers are used
occasionally—tried and true performance.
Response 5: Typically, regular bolts and nuts with washers - no known
performance issues.

Q6: What is your approach for assessing the condition of a concealed beam end?
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Response 1: We haven't encountered this issue yet, as we haven't encased
many steel girders during initial construction or repaired them.

Response 2: Measure the loss and verify the load capacity.

Response 4: Can only inspect what is visible.

Response 5: Evaluate the concrete condition and the section loss of the
beam end.

Q7: The implementation success, performance, and challenges of embedded beam end
repairs.
Response 2: Have used bolted repair. Implementations are very successful.
The performance is very high. Challenges in implementing skewed beams.
Response 5: Cleaning and protection - many examples, performing as well
as any other beam.

B.2.2 Construction and Field Services

QI1(a): Thickness is measured using

Response 1: Ultrasonic thickness gauge and calipers
Response 2: Straight edge and rule

Response 3: Ultrasonic thickness gauge and calipers
Response 4: Ultrasonic thickness gauge and calipers
Response 5: Ultrasonic thickness gauge

Response 6: Ultrasonic thickness gauge and calipers
Response 7: Ultrasonic thickness gauge and calipers

Q1(b): Web thickness loss is measured

Response 1: Over the entire section loss area; usually, the maximum loss is

reported

Response 2: Over the entire section loss area

Response 3: Over the entire section loss area

Response 4: Over the entire section loss area, we pick the areas with the
greatest amount of loss and report that. May have to take
measurements at several different points.

Response 5: On a grid and reported as the average

Response 6: Over the entire section loss area, randomly at several discrete
points, and reported as the average

Response 7: Over the entire section loss area, on a grid and reported as the
average, randomly at several discrete points and reported as
the average

Q2: Experience with the repair methods and associated conditions

Response 1: Crack arrest holes have not been tried often.
Bolted repair for section loss and section loss with holes
seems to work and match.
Cleaning and protection of the section loss area successfully
arrest or slow down additional corrosion.

Response 2: Crack arrest holes are used for cracks with and without

section loss
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Bolted repairs are used for cracks with and without section

loss

Cleaning and protection are used for section loss
Response 3: Crack arrest holes are used for cracks with and without
section loss

Bolted repairs are used for cracks with and without section

loss, as well as section loss with holes.

Welded repairs are used for cracks with and without section

loss, as well as section loss with holes.

Beam end section replacement is an option for section loss

and section loss with holes.

Response 4: Crack arrest holes are used for cracks with and without

section loss.
Bolted repairs are used for section loss.
Welded repairs are used for section loss with holes.
Beam end section replacement is used for section loss with
holes.
Cleaning and protection are used for section loss and section
loss with holes. Would have to clarify with the design and
SP's on paint standards and materials.
Response 5: Crack arrest holes are used for cracks with and without
section loss.
Bolted repairs are used for cracks with section loss, and
section loss with holes.
Beam end section replacement is used for cracks with section
loss and section loss with holes.
Cleaning and protection are used for cracks with and without
section loss, as well as for section loss with holes.

Response 6: Crack arrest holes are used for cracks without section loss.
Bolted repairs are used for cracks with and without section
loss, as well as section loss with holes.

Welded repairs are used for section loss and section loss with
holes. Some experience with maintenance, not recommended
for a planned repair strategy.

Beam end section replacement is used for section loss and
section loss with holes. Full penetration welds are required.
UHPC repair was conducted as a research project, but there is
currently no implementation.

Concrete encasement is used for section loss.

Response 7: Crack arrest holes are used for cracks with and without

section loss.

Bolted repairs are used for section loss and section loss with
holes.

Termarust is used to protect steel sections with section loss
and section loss with holes.

Q2: The most preferred beam end repair method and reasons for selection
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Response 1: Bolted repair along with cleaning and protection
Maintenance can usually do a bolted repair, and cleaning and
protection will arrest or slow additional corrosion.

Response 3: Bolted repairs are always preferred if possible. Welded repairs
can be used if there is distortion in the beams that prevents the

use of bolted repairs.

Bolted repairs are faster and require less skill by the contractor.
Testing requirements are also reduced.

Response 4: Bolted and welded repairs and crack arrest holes. The preferred
method of repair varies based on the condition of the beam
end. Not all repair types would apply to every situation.

Response 5: Crack arrest holes if properly installed and bolted repairs.
Crack arrest holes are easier to implement. Bolted repairs are
also easier for field construction.

Response 6: Crack arrest holes if the crack end can be accurately located.
Bolted repair is preferred because it can be easily scaled to
different connection types and conditions.

Response 7: Bolted or welded, and crack arrest holes. Easy to perform by
in-house maintenance staff or most contractors.

Q3: Please share your experience with the following repair methods.

Repair
Method

Factors Considered for Selecting the
Repair Method

Repair Performance
(expected service life, etc.)

Crack arrest
holes

Response 1: access, maintenance capabilities

Response 2: Simple to perform. Usually
effective.

Response 3: All cracks should have crack
arrest holes.

Response 4: Type of cracks, length of
cracks, and need buy-in from
Christopher Idusuyi to say, drill
a hole to arrest the crack.

Response 5: No section loss present; proper
usage

Response 6: No section loss present. Easily
drilled and monitored for
performance.

Response 7: Location and cause of the crack,
access

Response 1: 10-30 years

Response 2: Depends. Should be
monitored.

Response 3: Good as long as the crack tip is
identified correctly.

Response 4: The size of the hole plays a
role. If the hole is too small, a
crack could extend beyond the
drilled hole. If it works, then
the service life could be
significant.

Response 5: Stopped continuing cracks;
didn't affect service life.

Response 6: Expected life is equal to the
bridge if the crack tip is
captured, else reinspected at
regularly defined NBIS
intervals.

Response 7: The Expected life is equal to
the bridge.
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Repair

Factors Considered for Selecting the Repair

Repair Performance

Method Method (expected service life, etc.)
Response 1: access, maintenance capabilities Response 1: 10-30 years
Response 2: Needs to be an adequate section Response 2: Ok, but it will remain an area
remaining to bolt. of accelerated corrosion.
Response 3: Use bolted repair unless a large loss | Response 3: Good performance
of section is found or the beam has | Response 4: These seem to work very
buckled. well. They can significantly
Response 4: The Amount of section loss and extend the service life.
location of the section loss will Response 5: performs well when
determine if a bolted repair fits maintenance is kept up.
Bolted repair where it n;eds to go. Response 6: Th§ Expected life is equal to
Response 5: When section loss presents the bridge.
Response 6: Most versatile repair type. Must Response 7: The Expected life is equal to
have sufficient remaining section the bridge.
and section loss abated, i.e., blasted
and painted.
Response 7: Most of the beam end repairs we
perform are welded, as most
contractors have access to a welder.
Welded repairs are also easily
performed in-house (TxDOT).
Response 1: access, maintenance capabilities Response 1: 10-30 years
Response 2: Not done for field repair
Response 3: Use when bolted repair is not Response 3: Good performance
possible. Response 4: Welded repairs work well.
Response 4: The Amount of section loss is at the Certified welder required, weld
beam end. Are there any holes in testing required, to ensure it's a
Welded the beam end? good quality weld
repair Response 6: In a maintenance application, or Response 6: short-term repair, fatigue life
where a bolted repair is not feasible. issues
Response 7: Most of the beam end repairs we Response 7: The Expected life is equal to
perform are welded, as most the bridge.
contractors have access to a welder.
Welded repairs are also easily
performed in-house (TxDOT).
Response 1: access, maintenance capabilities Response 1: 10-30 years
Response 2: When not an adequate section
remaining to repair.
Response 3: Unclear how this differs from the
welded repair. Replacing the entire
beam section would require
removing the deck. The need for
this is not common, but uses are at
. pin-and-hanger connections when
Section .
pin plates are severely corroded.
replacement

Response 4:
Response 5:
Response 6:

Response 7:

amount of section loss - any holes?
Any damage, out of alignment, etc.
only used for the special case, such
as at hinge locations

Needed when the section loss is too
advanced for just a bolted repair.
Has been performed at mid-span for
overheight impacts, not at beam
ends (TxDOT).

Response 4: As long as it's done according
to specification and properly, it
can perform well for a long time.

Response 5: costly and so far performs
well

Response 6: The Expected life is equal to
the bridge.

Response 7: Expected life is equal to the
bridge (or until the next impact).
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Repair

Factors Considered for Selecting the Repair

Repair Performance

Method Method (expected service life, etc.)
Response 1: Not tried Response 3: MDOT has tried this, but only
Response 3: Not typical recently, and performance is
Response 5: considered but have not used not known.
UHPC repair because of the constructability and Response 7: Expected life is equal to the
future inspection bridge (being replaced soon).
Response 7: Only done once for an extreme case
(TxDOT).
Response 1: Not tried Response 3: MDOT doesn't typically use
CFRP repair | Response 3: Not typical CFRP on steel.

Response 7: Have not done (TxDOT).

Response 1: access, maintenance capabilities,
adequacy of members with current
corrosion losses

Response 2: Full removal and moisture-cured
urethane 3-coat system. All crevices
are caulked. Steel bearings are
greased.

Response 3: Not a repair method, cleaning and
coating are preventative

Response 1: 10-20 years
Response 2: 20-30 years.

Response 3: Good performance.

Response 4: Works very well. Highly

Cleaning and maintenance. .
protection Response 4: The amount of corrosion on the recommended. Refer to the bridge
beam paint matrix for the expected
Response 5: All repairs require cleaning and service life. .
protection Response 5: A couple of protective
Response 6: Only minor section loss and not materials have been used for
governing the load ratings protection .
Response 7: Extent of section loss, condition of | Response 6: The Expected life is equal to
bearings (TxDOT). Use Termarust. the bridge if properly cleaned,
ground, and painted.
Response 7: 10-15 years.
Response 1: encasing beam ends; ability to "lock | Response 1: 20-30 years
up" the bridge and remove joints
Response 2: The perimeter of all faying surfaces
shall be sealed with a paintable caulk as
directed in DelDOT Section 616 or the
manufacturer’s recommendations. Faying
surfaces are described as “crevices %2 inch or
less, rivets, bolts, nuts, between built-up
members, interface of steel and concrete
surfaces, and/or where pack rust occurs.”
Other Areas that exhibit pack rust, as directed by

the engineer, shall be treated with a 100%
solids penetrating sealer before being sealed
using a paintable caulk as directed by the
manufacturer’s recommendations and
requirements. The caulk material to be used
shall be compatible with the proposed paint
system and submitted for approval. Caulk shall
be applied to mid-coat immediately prior to
topcoat application and shall be fully cured
prior to the application of topcoat. The
minimum time on Caulk PDS is 48 hours.

B-22




Q4: Please share your experience with welded repairs of steel beams/steel beam ends.

Implementation Performance |Reasons, if the Methoed is
challenges CONCEINS NOT selected.
Fesponse 1: maintenance  |Response 3:
capabilities None
Fesponse 3: None Eesponse &:

beam repair Fesponse 6: length of repair,|  quality of
start. and stop weld and
Shielded Metal Are of welding. fatigue
Welding (SMAW) iz resistance
used in the field for Fesponse 1: maintenance [Response 3:
steel capabilities None
Eezponse 3: None Fesponse 6:
beam end repair Fezponze 6 length of quality of
repair, start, and weld and
stop of welding. fatigue
resistance
Response 1. maintenance  |Response 3:  |Response 3: The Field is
capabilities Tes an unpredictable and
Response 3: Must not be wacontrolled environment.
_ allowed. The risk iz too significant
beam repair to allow GMAW for field
bridge welding.
Gias Metal Arc FResponse 6: Used in the
Welding (GMAW) is shop only
used in the field for Response 1: maintenance  |\Response 3:  |Response 3: The Field is
steel capabilities Yes an unpredictable and
Response 3: Must not be uncontrolled environment.
_ allowed. The risk iz too significant
beam end repair to allow GMAW for field
bridge welding_
Eesponse 6: Used in the
zhop only
Response l: maintenance  |Response 3:  |Response 3: Lack of
capabilities Mot currently  |contractor knowledge and
Response 3: Not currently  |ajjowed. internal technical support
_ allowed. for their welders. The
beam repair zame applies to the MDOT
field inspector side.
Flux-Cored Arc Fesponse 6: Used in the
Welding (FCAW) is shop oaly
used in the field for Response 1: maintenance Rezponze 3: Response 3: Lack of
steel capabilities Not currently  |contractor knowledge and
Response 3: Not currently | a5joyed. internal technical support
. allowed. for their welders. The
beam end repair zame applies to the MDOT
field inspector side.

Eesponse 6: Used in the
shop only
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Lazer Welding iz uzed
in the field for steel

Fesponse 3: Not currently  |Fesponse 3: Eesponse 3: MDOT does

allowed. Mot currently  |not have field experienice
allowed. with this. We have ATSC-
certified shops that are

using laser welding. The
field lacks the expertize,
knowledge, and quality
control necessary to
implement. Challenges
would be with both the
Contractor and the MDOT
field inspector sides.

Fezponze 6: Uszed in the
shop only

beam repair

Fesponse 3: Not currently  |Response 3: Besponze 3: MDOT does
allowed. Not currently  |not have field experience
allowed. with thiz. We have ATSC-
certified shops that are
using laser welding. The
field lacks the expertize,
knowledge, and quality
control necessary to
implement. Challenges
would be with both the
Contractor and the MDOT
field inspector sides.

Eesponse 6: Used in the
shop only

beam end repair

Response 6: SMAW is the primary method for field welds

Response 7: All our welded repairs are to be performed per TxDOT

Standard Specifications Item 448

Q5(a): Are loose bolts or the loss of bolts and/or nuts a common problem?
Response 1: No
Response 2: No
Response 3: No
Response 4: No, bolts must be installed using the turn of the nut method.

See MDOT specs for this method.

Response 5: No
Response 6: No
Response 7: No

Q5(b): The bolt tightening/pre-tensioning requirements
(1) Snug tight:

Response 1: No

Response 2: Yes, verify the tension with a Calibrated Torque
wrench

Response 3: No
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Response 5: Yes, verify the tension with a Calibrated Torque

wrench

Response 6: Yes, a Calibrated Torque wrench is not used. A turn of

nut + % is used.

Response 7: Yes, verify the tension with a Calibrated Torque

wrench, see TxDOT Item 447

(i1) Pretensioned:
Response 1: Yes, usually turn-of-the-nut method.
Response 3: Yes, turn-of-the-nut method.
Response 5: No
Response 6: Yes
Response 7: Yes, see TxDOT Item 447 for required pretension

Q5(c): Is there a preference for bolted repairs over welded repairs?

Response 1: Yes
Response 3: Yes

, the capability of maintenance forces

Response 4: If there aren't any holes, bolted repairs are preferred. We
typically don't want to weld on bridges. But if we do weld,
there are very specific and strict requirements to ensure a
quality weld.

Response 5: Yes

Response 6: Yes,

bolted repairs have much higher fatigue resistance.

Response 7: No (TxDOT)

Q6: Experience with the use of the following techniques for steel beam repair.
(1) Snug-tight without tension verification

Response 1:
Response 3:
Response 6:

Response 7:

Regular bolt and nut, regular bolt and nut with a washer
Regular bolt and nut

Regular bolt and nut, regular bolt and nut with a washer,
and double nuts

Regular bolt and nut, regular bolt and nut with a washer,
and double nuts

(i1) Snug-tight with tension verification

Response 1:
Response 2:
Response 6:

Response 7:
(111) Pretension

Response 1:
Response 1:

Regular bolt and nut, regular bolt and nut with a washer
Regular bolt and nut with a washer

Regular bolt and nut, regular bolt and nut with a washer,
and double nuts

Regular bolt and nut, regular bolt and nut with a washer,
and double nuts

Regular bolt and nut, regular bolt and nut with a washer
Regular bolt and nut
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Response 6: Regular bolt and nut, regular bolt and nut with a washer,

and double nuts

Response 7: Regular bolt and nut, regular bolt and nut with a washer,

and double nuts

(iv) Preferred method and reason(s)
Response 1: Regular bolt & nut; maintenance capabilities and ease of

Response 3:

Response 4:

Response 5:
Response 6:

Response 7:

installation

done properly, the bolts should not come loose. All
connections are assumed to be slip-critical.

Regular bolt and nut; when the turn-of-the-nut process is

Turn of the Nut Method - refer to MDOT specifications

for details. Bolts should not be able to come loose if

they are tightened properly, per our standards.

strength requirements.

performance

TxDOT Item 447 covers requirements for bolting

Q7: Approach for assessing the condition of a concealed beam end(s)
Response 1: Don't really have a problem yet for these conditions, usually a

Response 3:

Response 4:
Response 5:

Response 6:
Response 7:

repair method.

MN only uses structural bolts and nuts because of the
Regular nut and bolt with or without washers; proven

Bolt and nut with washer. Simple, time-tested, reliable.

Generally, the concealed end is assumed to be fully braced by

the concrete, and the controlling section would be at the
of the concrete.

face

You can't tell what condition the concealed beam end is in

without chipping out the backwall.

Assessing the visible beam sections next to the concrete back

walls
Only inspect what is visible.

Examine the concrete condition and section loss at the beam

end. Destructive testing is not performed.

Q8: The repair method(s) suitable for embedded beam end
Response 2: Cleaning and protection, epoxy mastic grout placed around

the steel to the concrete surface.

Response 3: Bolted repair: Implementation success — good, performance —

good, challenges - requires hand chipping backwall

Welded repair: Implementation success — good, performance

— good, challenges - requires hand chipping backwall
Cleaning and protection: Implementation success — good,
performance — good, challenges - use if section loss is
acceptable.

Response 5: Bolted repair
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Cleaning and protection
Response 7: Cleaning and protection, since it is simple to paint. The
performance is the same as any other beam end coating.
Additional responses:
Response 3: Concrete encasement could work if removing the deck above
is acceptable. Probably could use a typical concrete mix
instead of UHPC.

Response 5: The Challenge is no access to the end diaphragm/backwall
concrete

B.2.3 Design and Load Rating

QI1: State the factors that you would consider for selecting a specific repair method
(1) Bolted repair
Response 1: access, ease of installation, and capability of maintenance
works, installing the repair
Response 3: The Remaining section, presence of holes
Response 4: MN typically uses bolted repair

(i) Welded repair
Response 1: access, ease of installation, and capability of maintenance
works installing the repair
Response 3: Location (avoid creating NSTM), remaining section
Response 4: Field welding is hard to control. Cleaning the section with
corrosion may not meet the welding requirements.

(ii1) Section replacement
Response 1: access, ease of installation, and capability of maintenance
works for installing the repair
Response 3: Remaining section, accessibility for repair, and inability to use
the bolted or welded approach
Response 4: May be considered if unrepairable for the bolted option

(iv) UHPC repair
Response 1: access, ease of installation, and capability of maintenance
works installing the repair
Response 3: Not currently used
Response 4: MN has not used because of the difficulty of construction and
future inspection

(v) CFRP repair
Response 1: access, ease of installation, and capability of maintenance
works for installing the repair
Response 3: Not currently used for steel repair
Response 4: Not used

(vi) Cleaning and protection
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Response 1: access, ease of installation, and capability of maintenance

works for installing the repair. Structural adequacy of the
member without any repairs

Response 3: Only if sufficient capacity remains for loading without other
repair approaches
Response 4: required for all repairs, using such as ZRC

(vii) Other methods

Response 1: Encasing ends of girders in the diaphragm. Can the bridge be
"locked up" by encasing girders and eliminating joints

Q2: Do you consider the influence of the end diaphragm or the backwall for
capacity assessment?

Response 1: No, I have not run into this situation yet.
Response 2: Yes, we rarely, if ever, embed steel beam ends in concrete. If
encountered, the influence would primarily be to eliminate

buckling as a failure limit state in the beam end. (ILDOT)
Response 3: No

Response 4: Yes/No; we started not including the end diaphragm/backwall.
If more capacity is required, we will do a refined analysis with
the end diaphragm/backwall.

Q3: The web thickness selected for capacity calculation.

Response 1: Average thickness of the section loss area.

Response 2: If checking the web above a bearing, the average thickness is
taken over the length of the bearing at the base of the web and
checked for steel bearing, crippling, yielding, shear, and local
buckling. If SL runs the full height of the web, the average
thickness over that full height is taken and checked for shear
and global buckling.

Response 3: Average thickness within a 4-in. strip from the bottom flange
(MassDOT)

Response 4: Average thickness of the section loss area.

Q4: The specifications/guides/references that you use to calculate the capacity of
deteriorated steel beam ends.
Response 1: Beam ends with section loss — AASHTO LRFD Bridge
Design Specifications, 9™ Edition
Beam ends with holes - AASHTO LRFD Bridge Design
Specifications, 9™ Edition.

Response 2: Beam ends with section loss — AASHTO LRFD Bridge Design
Specifications, 9™ Edition; the AISC Steel Construction
Manual, 9" Edition
Beam ends with holes - AASHTO LRFD Bridge Design

Specifications, 9™ Edition; the AISC Steel Construction
Manual, 9" Edition.
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Other sources: AASHTO Standard Specifications; ASCE
Journal of Structural Engineering — Kayser and Nowak
(1989) Capacity loss due to corrosion in steel girder
bridges, Vol. 115, No. 6.
We account for holes by taking a weighted average of the
web in the region where the limit state applies. In the case of
bearing checks, it’s a weighted average over the calculated
length of the web with bearing load. For a shear or buckling
check, it’s the weighted average over the full height of the
web.
For bridges designed LFD, we still load rate with LFR. In these
cases, we use AISC App. B5 for an additional local buckling
check and AISC K1.3 and K1.4 for web local yielding and
crippling. For LRFR ratings, all checks are encompassed by
the AASHTO LRFD code. For both LFR and LRFR, we also
include an additional bearing check for unstiffened beam
ends per the referenced ASCE journal.
Response 3: Beam ends with section loss — Massachusetts Department of
Transportation Bridge Manual - Part I (Hundredth
Anniversary Edition); additional resources: AASHTO and
AISC
Beam ends with holes — Massachusetts Department of
Transportation, Bridge Manual - Part I (Hundredth
Anniversary Edition); additional resources: AASHTO and
AISC

Note that the MassDOT Bridge Manual is known to have
typographical errors. It will be updated this year to fix
them.

Response 4: Beam ends with section loss — AASHTO LRFD Bridge Design
Specifications, 9" Edition

Beam ends with holes — AASHTO LRFD Bridge Design

Specifications, 9" Edition.
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C.1 INVENTORY DATA

# Item

8 Structure Number

6 Features Intersected

7 Facility Carried

22 Owner

21 Maintenance Responsibility

27 Year Built

29 Average Daily Traffic

30 Year of Average Daily Traffic

31 Design Load

34 Skew

41 Structure Open, Posted, or Closed to Traffic
43 Structure Type, Main

44 Structure Type, Approach Spans

45 Number of Spans in Main Unit

46 Number of Approach Spans

48 Length of Maximum Span

49 Structure Length

51 Bridge Roadway Width, Curb-to-Curb
52 Deck Width

58 Deck Condition Rating

59 Superstructure Condition Rating

63 Method Used to Determine Operating Rating
64 Operating Rating

65 Method Used to Determine Inventory Rating
66 Inventory Rating

70 Bridge Posting

75 Type of Work

76 Length of Structure Improvement

90 Inspection Date

91 Designated Inspection Frequency

106 Year Reconstructed

109 Average Daily Truck Traffic

Note: Inventory items 41, 51, and 91 are added because.
41- could be helpful to narrow down the bridges having reduced capacity
51- is useful for load rating to determine the area with live load
91- the increased inspection frequency could show where regions are more
concerned about the structure



C.2 ELEMENT LEVEL INSPECTION DATA

107 Steel Open Girder/Beam

Structure Number

826 Beam end deterioration (CS TABLE 9 defects with condition states)

CS TABLE 3 defects with condition states

845 Short Height Beam End Temporary Support (CS TABLE 9 defects with condition
states)

846 Full Height Beam End Temporary Support (CS TABLE 9 defects with condition
states)

899 Fiber Reinforced Polymer

Bearings (# 310 to 316) (CS TABLE 11 defects with condition states)

109 Prestressed Concrete Open Girder/Beam

Structure Number

826 Beam end deterioration (CS TABLE 9 defects with condition states)

CS TABLE 2 defects with condition states

845 Short Height Beam End Temporary Support (CS TABLE 9 defects with condition
states)

846 Full Height Beam End Temporary Support (CS TABLE 9 defects with condition
states)

899 Fiber Reinforced Polymer

Bearings (# 310 to 316) (CS TABLE 11 defects with condition states)

C.3 OTHER INFORMATION

o A list of open RFAs to identify the RFAs related to the beam end condition/deterioration.
Since the RFA Committee meets every month to discuss open RFAs, this list provides up-
to-date information.

o A list of “other special inspections” to identify any bridges that the regions are concerned
about beam end condition and have scheduled reviews on an increased frequency.

o A list of programmed projects from JobNet showing structure numbers and the work
planned (ex., beam end repairs) to determine the structures with beam end deterioration
that are in the program for repairs. The list also typically includes past projects where
work has already been completed.

o Repair details, original plans, scoping reports, pictures showing beam end conditions
before and after repair, and other resources related to beam end repair.



APPENDIX D: PSC I-beam end repair performance
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D.1 PERFORMANCE EVALUATION OF OVERCAST REPAIRS
D.1.1 STR 1413

The bridge (STR 1413) that carries M-37 (Bedford Road) over Kalamazoo River has five spans
and is located in the City of Battle Creek, Calhoun County, Michigan (Figure D-1). The total
length of the bridge is 333.4 ft and the width is 64.3 ft. It was originally constructed in 1973. Each
span has ten prestressed AASHTO Type III beams.

(a) Elevation (b) Deck surface
Figure D-1 M-37 bridge over Kalamazoo River.

During the routine inspection on 12/05/2005, the stringer (SIA-59) received a condition rating of
3 (serious) due to heavy spalling near beam ends at bearing areas of all piers and abutments. The
spalling had exposed rusting rebars at several beam ends. The bridge was then repaired in 2006.
The associated Request for Action (RFA) or scoping report for this repair is not available in the
MiBRIDGE database. The repair plan dated 7/11/2005 under Job Number (JN) 60489 specified
full-depth overcast beam end repairs for 22 beam ends at the piers and one beam end at the north
abutment. The details of the full-depth overcast repair for both interior and exterior beam ends are

shown in Figure D-2.
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Figure D-2. Beam end full-depth overcast details.
Following the repair, the stringer was assigned a condition rating of 7 (good) during the routine
inspection on 07/20/2007. The following conditions were documented during subsequent routine
inspections:
07/16/2009: cracking at most of the repaired beam ends
07/09/2013: cracking at most of the repaired beam ends; a shear crack in the repaired area

of beam 10W in span 3S over pier 3S
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07/16/2019: most of the encased beam ends are cracked, and several have incipient spalls;

a shear crack in the repaired area of beam 10W in span 3S over pier 3S.

The latest routine inspection, conducted on 07/05/2023, assigned a condition rating of 5 (fair).

Even though the full-depth overcast repairs have been in service for 17 years by 2023, cracking

was reported in the repairs within 2 years. The close-up photos of the repaired beam ends are not

available in the MiBRIDGE database. The element inspection on 07/05/2023 assigned CS 2 (fair

condition) to 36 beam ends and CS 3 (poor condition) to 55 beam ends. Since none of the beam

ends received CS 1, it can be postulated that none of the repaired beam ends are in good condition.

D.1.2 STR 2538

The bridge (STR 2538) that carries I-69 EB over Linden Road has three spans and is located two
miles southwest of Flint in Genesee County, Michigan (Figure D-3). The total length of the bridge
is 136.8 ft and the width is 48.1 ft. The bridge was originally constructed in 1968. Each span has
eight prestressed concrete [-beams. The exterior beams in Spans 1 and 3 and all the beams in Span

2 are AASHTO Type III. The interior beams in Spans 1 and 3 are AASHTO Type L.

(a) Elevation . - (B) Deck surface J
Figure D-3. 1-69 Bridge over Linden Road.

Beam ends were repaired in 2008 and protected with concrete surface coating. The last inspection,
prior to the repair on 10/29/2007, assigned a condition rating of 4 (poor) to the stringers. The
repair plan, dated 6/30/2006 (JN 86879), specified full-depth overcast for the eight exterior beam
ends at the piers, along with the replacement of the adjacent end diaphragms. The repair details
are shown in Figure D-4. Following the repair, the routine inspection on 10/04/2008 assigned a
condition rating of 7 (good) to the stringers. From 2014 to 2022, the 4 and 5 beam ends were
assigned element level condition states of 2 and 3, respectively. Unfortunately, none of the

available documents indicate the specific beam ends receiving such condition states.
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During the routine inspection on 5/20/2019, the stringer received a condition rating of 4 (poor).
Because of the observed beam end conditions, an RFA was submitted on 5/30/2019. The scoping
report, dated 08/19/2019, provides details of the deterioration at ten interior beam ends at the piers.
The documented beam end conditions included section loss at the bottom flange, loss of bearing
(LOB) area, and exposed rebars and strands. Figure D-5 illustrates the condition of a few beam
ends. The 08/19/2019 scoping inspection report cracking in 6 of the 8 fascia beam overcasts

completed in 2008. The recommended repairs include replacing overcasts and bearing

replacements. As of 2019, these overcast beam end repairs have been in service for 11 years.

(a) Beam 7s in span 2w at pier lw -  (b) Beam 5s in span 1w at pier 1w - (c) Beam 3s in span 3w at pier 2w—
spall on the south side of beam spall with exposed steel/LOB spall with exposed steel/LOB
Figure D-5 Beam end condition as of 08/19/2019.

D.1.3 STR 3810 and 3811

Two bridges, STR 3810 and 3811, carry 1-96 EB and WB over Sycamore Creek, respectively.
Each bridge has two spans and is located in the city of Lansing, Ingham County, Michigan (Figure
D-6). The total length of the bridges is 128 ft and the width is 43.7 ft. They are originally
constructed in 1962. Each span has seven AASHTO Type III beams.
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(a) Elevation of STR 3810 Deck surface of STR 3810

(c) Elevation of STR 3811 (d) Deck surface of STR 3811
Figure D-6. 1-69 EB (STR 3810) and WB (STR 3811) bridges over Sycamore Creek.

The routine inspection on 08/25/2014 reported that both bridges had heavily corroded bearing
plates and cracked neoprene pads, as well as cracks, shallow spalls, rust stains, and delamination
at beam ends near the bearings. As a result, the bearings received a condition rating of 4 (poor).

A repair was completed in 2016. The repair work included replacing bearings, patching

diaphragms, and applying concrete surface coatings to all beam ends. Although the MiBRIDGE
database includes a set of repair plans dated 06/07/2011 (JN 112712), it does not include overcast
beam end repair details. However, the photos taken by the bridge inspectors showed full-depth
overcasts at all beam ends at the abutments and piers (Figure D-7). The following construction
quality and durability performance concerns related to the full-depth overcast repairs are
documented in the inspection reports:

e Large gaps in several beam end repairs at bottom flanges (STR 3810, reported since 2016)

e Tight cracks in a few beam end repairs (reported since 2018)

e Peeling off of concrete surface coating at beam end repairs (reported since 2020)

According to these observations, cracks appeared within 2 years of the repair, and the concrete

surface coating began to peel off within 4 years of the repair. During the most recent routine
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inspection on 08/20/2024, the stringers of both bridges received a condition rating of 6 (fair). The
bearings of STR 3810 received a condition rating of 7 (good), while the bearings of STR 3811
received a rating of 8 (good). All 28 beam ends in each bridge received an element condition

rating of CS 1 (good condition). As of 2024, these beam end repairs have been in service for eight

years.

¢

(b) Beam end repair at the west abutment (STR 3810)

\-ﬁs’&\ "
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(c) Beam end repair at the pier (STR 3811) (d) Beam end repair at the east abutment (STR 3811)
Figure D-7. Beam end repairs at the abutments and piers.

D.1.4 STR 3832

The bridge (STR 3832) that carries Williamston Road over I-96 EB has six spans and is located in
the city of Lansing in Ingham County, Michigan (Figure D-8). The total length of the bridge is
339.3 ft and the width is 34.9 ft. The bridge was originally constructed in 1962. Each span has
six PSC I-beams. The exterior beams in Spans 1 and 6 and all the beams in Span 2 to 5 are

AASHTO Type IIl. The interior beams in Spans 1 and 6 are AASHTO Type L.
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(a) Eleatio (b) Deck surface
Figure D-8. Williamston Road bridge over 1-96 EB.
During the routine inspection on 09/25/2014, both the stringer and the bearings received a

condition rating of 2 (critical). It was reported that the elastomeric pads exhibited deformation,
splitting, and misalignment. Beam end spalls exposed prestressing strands, and the loss of bearing
(LOB) area at eight beam ends ranged from 23% to 47%. Figure D-9 shows the condition of a few
beam ends and pier caps. As a result, an RFA was submitted on 11/05/2014, and temporary

supports were installed.

(a) Beam 3w in span 6s at pier 5s — (b) Beam 4w in span 1s at pier Is — (c) Beam 5w in span 4s at pier 4s —
45% LOB due to beam end 47% LOB due to bolster block spall  100% of bearing is on delaminated
spall concrete

Figure D-9. Beam end deteriorations reported in the 2014 RFA.

A major repair (JN 130133) was carried out for this bridge in 2020. The repair included the
replacement of 49 neoprene bearing pads, full-depth reinforced overcasts on 12 beam ends, and
partial-depth unreinforced overcasts on 36 beam ends, all at the piers. Figure D-10 presents the

beam end repair details in the plans dated 06/07/2019.
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Figure D-10. Full-depth and partial-depth overcast beam end repair details.

The most recent routine inspection, conducted on 09/23/2024, assigned a condition rating of 6
(fair) for the stringers and bearings. The typical condition of repaired beam ends is shown in
Figure D-11. Some of the beam end conditions reported in this inspection include horizontal

cracks, vertical hairline cracks, small areas of shallow delamination, and STS in a few beam ends
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near the bearing plates. However, the location of these conditions is not explicitly noted in the

inspection report. In addition, a tight crack was recorded at the repaired beam (6w) end at pier 4s

(Figure D-11(b)). The element inspection showed that 48 beam ends are in CS 1 (good condition)

and 15 beam ends are in CS 2 (fair condition). As of 2024, the beam end repairs have been in

service for four years and are postulated to be in good condition since 48 beam ends are in CS 1.

A D 42 2 V< - e =5
(a) Typical beam end repairs at the piers (b) Beam 6w in span 5s at pier 4s — tight crack
Figure D-11. The condition of beam end repair recorded during 2024 inspection.

£ W

D.1.5 STR 3830
The bridge (STR 3830) that carries Zimmer Road over 1-96 EB has three spans and is located in

the city of Lansing, Ingham County, Michigan (Figure D-12). The total length of the bridge is
133.3 ft and the width is 30.9 ft. The bridge was originally constructed in 1962. Each span has
six PSC I-beams. The exterior beams in Spans 1 and 3 and all the beams in Span 2 are AASHTO
Type II. The interior beams in Spans 1 and 3 are AASHTO Type 1.

(a) Elevation - - (b) DeA‘ck surface
Figure D-12. Zimmer Road bridge over 1-96 EB.
During the routine inspections on 09/13/2012 and 09/17/2013, stringers and bearings received

condition ratings of 5 (fair) and 4 (poor), respectively. STS and delaminations were documented
at several beam ends at the piers. An RFA was submitted on 9/20/2012 due to open cracks and

spalls observed at the pier cap at bearing 3w and bearing Sw in span 3s at pier 2s, resulting in 56%
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and 63% LOB, respectively. As a result, full-height temporary supports were added at the two
beam ends in December 2012.

During the routine inspection on 09/18/2014, both stringers and bearings received condition ratings
of 2 (critical). Multiple beam ends at the piers had LOB ranging from 13% to 24%. Shallow
spalls, STS, and delaminations were documented at several beam ends. As a result, an RFA was
submitted on 11/12/2014. Nine temporary supports were installed in December 2014. Later,
during routine inspections performed on 9/28/2015, 09/14/2016, and 09/09/2018, both stringers
and bearings received a condition rating of 3 (serious) because of similar conditions reported in
2014. An RFA was submitted on 10/17/2019 due to STS in beam 6w in span 1s over pier 1s with

48% LOB and two exposed prestressing strands, as shown in Figure D-13.

RS e T o
Figure D-13. The condition of beam 6w in span 1s over pier 1s with 48% LOB.
A repair was completed in 2020. The details from the repair plan dated 06/07/2019 are shown in
Figure D-14. The repair of beam ends at piers included the replacement of all elastomeric bearing
pads over the piers, two full-depth reinforced overcasts with the replacement of adjacent end

diaphragms, and 15 partial-depth unreinforced overcasts, all at the piers.
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(d) Partial-depth beam end repair: elevation (e} Partial-depth beam end repair: Section H-H

Figure D-14. Full-depth reinforced overcast and partial-depth unreinforced overcast repair details.

During the most recent routine inspection on 09/20/2024, both stringers and bearings received
condition ratings of 6 (fair). The element inspection reported CS 1 (good condition) and CS 2 (fair

condition) for 23 and seven beam ends, respectively. Since 23 beam ends are in CS 1, it can be

postulated that all the repairs, except the repair at one end, are in good condition. As of 2024, the

beam end repairs have been in service for four years. The typical conditions of the repaired beam
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ends are shown in Figure D-15(a). Beam end conditions reported subsequent to 2020 repair
include:
e A minor crack in beam 1w partial-depth repair in span 3S over pier 2S (reported in 2022).

e An open crack in beam 1w partial-depth repair in span 3S over pier 2S (reported in 2024;
Figure D-15(b))

(a) Typical beam end repair at the piers (b) Beam 1w in span 3s over pier 2s — open crack
Figure D-15. Full-depth overcast repair and the condition of partial-depth repair.

D.1.6 STR 8012

The bridge (STR 8012) that carries Giddings Road over I-75 has four spans and is located in the
city of Auburn Hills in Oakland County, Michigan (Figure D-16). The total length of the bridge
1s 265.8 ft and the width is 30.5 ft. The bridge was originally constructed in 1962. Each span has
five PSC I-beams. The exterior beams in Span 1 and all the beams in the other three spans are

AASHTO Type III. The interior beams in Span 1 are AASHTO Type II.

g x

(b) Deck surface
Figure D-16. Giddings Road bridge over I-75.

(a) Elevation

During the routine inspection on 03/08/19, the stringer received a condition rating of 6 (fair).
Shallow spalls were observed at the bottom flanges of the beam ends at all piers and abutments.

The bearings received a condition rating of 4 (poor). Large spalls were reported under bearing
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areas at pier Is. STS was documented at three beam ends. All the bearings at pier 1s were
undermined up to 2.5 inches and had up to 24% LOB area. The inspection referenced a 2018
scoping report under JN 133119; however, it is not available in the MiBRIDGE database. Figure
D-17 shows beam end and pier cap conditions recorded during the 2019 inspection. An RFA was
submitted following the inspection. The repairs under JN 130002 included epoxy overlay, full-
depth deck patching, partial deck replacement, beam end repairs, diaphragm patching, partial pier
cap replacement, substructure patching, and concrete surface coating. The associated repair plan
dated 02/20/2019 included reinforced overcast repairs of 25 beam ends and three neoprene bearing
pad replacements over the piers. Figure D-18 to Figure D-20 show the details of the beam end

repair. The repair was completed in 2021.

e AR o P
(a) Beam 3w in span 1s - undermining (b) Beams 2w, 3w, 4w in span 1s
Figure D-17. Deterioration of beam ends and bent cap at pier 1s during the 2019 inspection.
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(b) Section A-A

|1 .
=T =T . i .
I [T Jd ¥ T 4 ¥ AN
t = H—] e L
= laR=ae=a3a——=
i i T 1 e
I —t
3 |
I ]
H |1 | -
= 3 —P =
i j_ o 8 e =1
- B N (L N A S I v
& e
= AM/_‘.-MHIE . ,
1 i [ L JTTDM OF ALEW BCAM

(d) Section C-C
Figure D-18. Overcast repair at the fascia beam ends at all piers.
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(c) Section E-E

(d) Section F-F

Figure D-19. Partial-depth reinforced overcast repair at the interior beam ends at pier 1.
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(b) Section G-G (c) Section H-H

L

(d) Section J-J

Figure D-20. Partial-depth reinforced overcast repair at the interior beam ends at pier 2 and 3.

During the routine inspection on 03/08/2023, stringers and bearings received condition ratings of
7 (good) and 6 (fair), respectively. Beam end conditions reported in this inspection included
bottom flange shallow spall and delamination at sole plates for beams 2s to 5s at the west abutment
and beams 2s and 3s at the east abutment, as shown in Figure D-21. The element inspection

reported CS 1 (good condition) and CS 2 (fair condition) for 25 and six beam ends, respectively.
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As of 2023, all 25 beam end repairs have been in service for two years and are postulated to be in

good condition since 25 beam ends are in CS 1.

vt

0.1 S Jop s TR o R £ i LT

(a) Shallow delamination/spall at the beam (b) Shallow delamination/spall at the beam end
end bottom flanges over the west abutment bottom flanges over the east abutment
Figure D-21. Shallow delamination/spall at sole plates over the abutments.

D.1.7 STR 5753

The bridge (STR 5753) that carries US-23 NB over Center Road has three spans and is located in
Livingston County, Michigan (Figure D-22). The total length of the bridge is 108 ft and the width
is 47.2 ft. It was originally constructed in 1961. Each span has eight PSC I-beams. The exterior
beams in Spans 1 and 3 and all the beams in Span 2 are AASHTO Type II. The interior beams in
Spans 1 and 3 are AASHTO Type L.

n o A(b) Deck surface
Figure D-22. US-23 NB bridge over Center Road.

Based on the historical routine inspection reports, it appears that a major repair of the bridge was
completed in 1999. The repair details in the plans dated 10/13/1998 are shown in Figure D-23.
The scope of repair included (i) full-depth overcast and the replacement of elastomeric bearing
pads at 24 beam ends at the piers, and (ii) the replacement of a few end diaphragms at the piers.

The subsequent inspections reported cracking, delamination, and spall within 10 years of repair,

as listed below:
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¢ The full-depth overcasts have cracking and small spalls with areas of delamination (2009
inspection).

e Most of the full-depth overcasts have cracking and spalling (2015 inspection).

During the routine inspection on 05/13/2013, the stringer received a condition rating of 5 (fair).
The beam end conditions reported in this inspection included several beam ends having spalls and
LOB areas ranging from 14% to 19%, as well as cracking, small spalls, and delamination in the
repaired areas. An RFA was submitted on 05/16/2013 due to conditions at four beam ends shown

in Figure D-24. Out of four beam ends, beams 3w and 4w in span 3s at pier 2s, shown in Figure

D-24 (a) and (b), were repaired in 1999. As of 2013, the 1999 repairs were in service for 14 years.

The scope of repair performed in 2016 under JN 128409 to address the 2013 RFA included partial-
depth beam end overcasts at the four beam ends, pier repair, and concrete surface coating. The

details of the beam end repair as per the plan dated 06/06/2016 are shown in Figure D-25.
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Figure D-23. Full-depth overcast repair details in the 1998 planset.
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(a) Beam 3w in span 3s at pier 2s - (b)Beam 4w in span 3s at pier 2s -
spall with 18% loss of bearing spall with 19% loss of bearing

(c) Beam 5w in span 1s at pier 1s - (d) Beam 6w in span 1s at pier 1s -

spall with 16% loss of bearing spall with 14% loss of bearing
Figure D-24. Beam end deterioration documented in the 2013 RFA.
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(a) Type I beam end repair (b) Type 11 beam end repair
Figure D-25. Partial-depth unreinforced beam end repair details used in 2016.

During the most recent routine inspection on 08/09/2024, both stringers and bearings received a

AS DIRECTED
BY THE ENGINEER

BY THE
ENGINEER

AS DIRECTED

condition rating of 6 (fair). The element inspection reported CS 1 (good condition) and CS 2 (fair
condition) for 26 and six beam ends, respectively. The total number of repaired beam ends from
1999 to 2016 is 26 (i.e., 24 repairs in 1999 and 4 repairs in 2016, with 2 re-repairs of the 1999
repaired ends); thus, it can be postulated that all repaired beam ends are in good condition. As of

2024, the beam end repairs completed in 1999 have been in service for 25 years, and the beam end

repairs completed in 2016 have been in service for 8 years.
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D.1.8 STR 5754

The bridge (STR 5754) that carries US-23 SB over Center Road has three spans and is located in
Livingston County, Michigan (Figure D-26). The total length of the bridge is 108 ft and the width
is 47.2 ft. It was originally constructed in 1961. Each span has eight PSC I-beams. The exterior
beams in Spans 1 and 3 and all the beams in Span 2 are AASHTO Type II. The interior beams in
Spans 1 and 3 are AASHTO Type L.

'~

e 5 - “ “"
(a) Elevation (b) Deck surface
Figure D-26. US-23 SB bridge over Center Road.

By
L

Based on the historical routine inspection reports, it appears that a major repair of the bridge was
completed in 1999. The repair details in the plans dated 09/01/1998 (JN 34120A) are shown in
Figure D-27. The repair work included providing 31 full-depth overcasts over the piers and
replacing all the elastomeric bearing pads at the piers, as well as replacing most of the end
diaphragms at the piers. The beam end 2W in span 3S over pier 2S was the only one that was not
repaired in 1999. The subsequent inspection reported the following conditions:

e Most beam ends have small cracks in the bottom flange at the piers (2003 inspection).

e Beam 6w in span 2s has a diagonal crack near the pier bearing (2011 inspection).

e Beam lw in span 3s has a diagonal crack with delamination near the pier bearing (2011
inspection).

e Most beam ends at the piers have cracks, small spalls, and delamination in the bottom
flanges with minor loss of bearing area and exposed prestressing strands (2013
inspection).

e Span 1: Patched beam ends at all beams over the pier. Map cracking in full-depth
overcasts. Span 2: Map cracking in full-depth overcasts. (2014 inspection)
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e Overcasting has map cracks and a few spalls. The most significant spalls are at beam 8w
in span 2s over pier 1s, beam 4w in span 2s over pier 2, and beam 1w in span 3s over pier
2s. (2015 inspection)

e Minor cracking in overcasting at beam ends over piers. Few small areas of delamination
in the bottom flange of beams 1w and 2w in span 2s over pier ls. (2017 to 2024

inspections)
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Figure D-27. Full-depth overcast repair details in the 1998 planset.
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During the routine inspection on 05/13/2013, both stringers and bearings received a condition
rating of 5 (fair). It was reported that most beam ends had cracks, small spalls, and delamination
in the bottom flanges with minor loss of bearing and prestress strands exposed at the piers. An
RFA was submitted on 05/16/2013 due to significant spalls noted at two fascia beam ends, as

shown in Figure D-28. These two beam ends were previously repaired in 1999. As of 2013, the

1999 repairs were in service for 14 years.

e ) e sl

(a) Beam 1w in span 3s at pier 2s - spall with  (b) Beam 8w in span 2s at pier s - spall
14% LOB with 13% LOB
Figure D-28. Beam end deterioration documented in the 2013 RFA.

A repair under JN 128409 was carried out in 2016 to address the concerns that resulted in the RFA
and the conditions reported during a subsequent scoping inspection. The repair work included
partial-depth unreinforced overcasts for nine beam ends that were repaired in 1999, pier repair,
and concrete surface coating. The partial-depth beam end repair details used in 2016 are similar
to those used in STR 5753 (Figure D-25).

During the most recent routine inspection on 08/09/2024, stringers and bearings received condition
ratings of 6 (fair) and 5 (fair), respectively. The element inspection reported CS 1 (good condition)
and CS 2 (fair condition) for 28 and four beam ends, respectively. However, it is unclear which
specific beam ends correspond to CS 1 or CS 2. It is important to note that the element level
inspection on 08/10/2017 reported CS 1 for 32 beam ends, and the element level inspections from

2018 to 2024 reported CS 1 and CS 2 for 28 and four beam ends, respectively. As of 2024, the

beam end repairs completed in 1999 have been in service for 25 years, and the beam end repairs

completed in 2016 have been in service for 8 years.
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D.1.9 STR 10914
D.1.9.1 Overview

The bridge (STR 10914) that carries M-14 EB over the Earhart Road has three spans and is located
in Washtenaw County, Michigan (Figure D-29). The bridge has a width of 58.9 ft and a total
length of 109 ft. The bridge was built in 1964. Each span has eight AASHTO Type II beams.

() Aeria lview of the bridge (b) South elevation

Figure D-29 M-14 EB bridge over Earhart Road (a) aerial view and (b) south elevation (Source:
Google.com).

After the bridge was in service for 52 years, the stringer (SIA-59) received a condition
rating of 5 (fair) on 09/13/2016 due to the following reasons:
¢ High load hit scrapes on the bottom flanges of beams 1 and 2s in span 2w.
e Several beam ends having cracks and spalling-to-steel (STS) around the bearing
area.
e Beam Is spanlw having vertical cracks with minor spall and delamination at the
web.
e Beam s in span 2w having a 2 ft* delaminated area at beam end and web.
e Several diaphragms having cracks, STS, and rust staining.
Additionally, the inspection reported corroded sole plates and deformed pads at the piers.
Fascia bearings at abutments also had moderate corrosion.
A Request for Action (RFA) was submitted on 09/14/2016 for this bridge because spans 1
and 2w over pier 1w and spans 2 and 3w over pier 2w had several spalls, STS, and delamination
over bearings at the beam ends. Figure D-30 shows the condition of a few beam ends that required

issuing an RFA.
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The Statewide Bridge Crew (SBC) inspected the bridge and installed short-height
temporary supports on top of the pier cap by 01/26/2017 to support several beams due to concrete

spall at the beam ends.

: % ','." : %

(a) Corroded sole and bearing plates and delamination  (b) Corroded sole and bearing plates, delamination and
in front of the sole plate spall front of the sole plate, STS at beam ends and over

the bearing, and corroded stirrups and strands

(c) STS along the vertical edge of the web and (d) STS in front of the sole plate and corroded stirrups
corroded stirrups and strands
Figure D-30 Beam end conditions as of 09/14/2016.

The JN 201081A - 07-13-2018 letting documents included partial-depth unreinforced
concrete overcasts for the south fascia beam ends at pier 1w and 2w. As shown in Figure D-31, a
latex modified concrete mix was used for the overcasts. The length of the overcast and the height
on the fascia side were decided in consultation with the engineer. The letting documents required
the application of a concrete surface coating to the entire perimeter of the repaired beam ends,
extending 5 ft from the face of the pier. Beam ends were not repaired until 09/04/2018, as per the
Bridge Safety Inspection Report (BSIR). However, the BSIR dated 09/15/2020 noted cracking
and spalling of the partial-depth overcasts, as shown in Figure D-32, indicating a service life of

less than 2 years.
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Even though the letting documents included partial depth overcasts for the south fascia

beam ends over pier 1w and 2w, the BSIR dated 09/15/2022 indicated that almost all the beam

ends at pier 1 and 2w having partial depth overcasts.
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(b) Spalled repair
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(a) Cracking of beam end repair
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(c) Spalled repair
Figure D-32 Condition of partial depth beam end overcasts as of 09/15/2020.

D.1.9.2 Inspection of Repaired Beam Ends

Beam ends were inspected on October 04, 2024. Beam end repairs included (a) partial depth
overcasts and (b) chipping and removal of cracked and delaminated overcasts due to the safety of
vehicles, pedestrians, and cyclists on the Earhart Road.

Even though the south fascia beam end repairs over pier 1w were about 4 years old and
consistently exposed to elements, they were in good condition with a couple of hairline cracks
(Figure D-33). However, a majority of the repairs did not perform well. A few examples are

shown in Figure D-33.

D-29



B By

J21 Wi
(a) South fascia beam end Cracking on the overcast
s T
=

~y

:.- :..’a - ‘s‘— e "
(¢) South fascia beam

Figure D-33. The condition of the south fascia beam repairs at pier 1w and 2w.

D.1.9.3 Summary

In general, the partial depth overcast did not perform well. Most of them delaminated and spalled.
Considering safety, several of them were either entirely or partially removed by chipping out the
delaminated sections. A few of these overcasts had hairline cracks, indicating a potential for
accelerated deterioration with subsequent exposure to moisture. The use of these unreinforced
overcasts with uncertain interface bond performance is not a viable option for promoting durability
and adding strength to the beam ends. Further, none of the beam ends had received a concrete

surface coating as noted in the letting documents.
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D.1.10 STR 10919
D.1.10.1 Overview

The bridge (STR 10919) that carries M-14 WB over the Earhart Road has three spans and is located
in Washtenaw County, Michigan (Figure D-34). The bridge has a width of 55.5 ft and a total
length of 109 ft. The bridge was built in 1964. Each span has eight AASHTO Type II beams.

(a) Aerial view of the bridge (b) South elevation

Figure D-34. M-14 WB bridge over Earhart Road (a) aerial view and (b) south elevation (Source:
Google.com).

After the bridge was in service for 52 years, the stringer (SIA-59) received a condition
rating of 5 (fair) on 09/13/2016 due to the following reasons:
e Several beam ends having delamination and spalling-to-steel (STS).
e Beam 1S in span 2W having a 2 ft* delaminated area at beam end and web.

e Several diaphragms having spalls, STS, and rust staining.

Additionally, the inspection reported corroded sole plates and deformed pads at the piers.
Fascia bearings at abutments also had moderate corrosion. A Request for Action (RFA) was
submitted on 09/14/2016 for this bridge because spans 1 and 2w over pier 1w and spans 2 and 3w
over pier 2w had several spalls, STS, and delamination over bearings at the beam ends.
The Statewide Bridge Crew (SBC) inspected the bridge and provided the following
temporary supports for beams by 01/26/2017:
(a) short-height temporary supports to south fascia beam over span 2w at pier 1 and 2w
(b) full-height temporary support to beam 4s at the east abutment due to spall at the
bearing area.
The JN 201081A - 07-13-2018 letting documents included partial-depth unreinforced
concrete overcasts for the south fascia beam ends at pier Iw and 2w. As shown in Figure D-35, a
latex modified concrete mix was used for the overcasts. The length of the overcast and the height

on the fascia side were decided in consultation with the engineer. The letting documents required
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the application of a concrete surface coating to the entire perimeter of the repaired beam ends,

extending 5 ft from the face of the pier. Even though the letting documents included partial depth

overcasts for the south fascia beam ends over pier 1w and 2w, the 2020 Bridge Safety Inspection

Report (BSIR) listed repairs at pier 1w spans 1 and 2w beams 1-8s; pier 2w spans 2 and 3w beams

1-2 and 4-8s.

EXISTING CRAFHRAA

]-F"!,' FARIES #
[ e &
i PIER =—. |..—..I..._..|
i1om2 | I-F-B
I
|
i
|
i = EATSTING CONC
| i COAPEREGY
| =
|
I
|
i
EXISTING SOLE
[ -lr‘\
EISTING ﬁl
SHE b _“\l. -
ENESTING —f L e | =
BEAFING € - I ' ) —"'t :|:|
EAISTIN i [ s ]
vl 1l g e Ealt v IR —y Ijm
1 ]
¥ I
|2 L2
I N
| : SUPPORT
! |
b
|
1]
1]
ELEVATION VIEW ':
|
1]
-—
() Elevation view
1r=0*
amm—
- r

1° SEWCYT .
BEAN EMD REPAIR.--
hd ATEL # FiE
o Hmearm \ BEAM EAR PEPAIR.—.
LETEX MADIFIED .
- COE (TR I
HIND CHIFFIG
SFECIAL 1T
— *
] .
ENISTING SEIE 1 —= . o &
SISTING BTARING E— L i =
EXFSTING BRC PAQ - 1" !
1 '
ExISTING K
1 ™ FIER CAP
1l HAND CHIPF [ —
Ll EXLETING ".r._1'||'|.'.'r Tl-:
FOITI0N S [ 4 &
pawiL L L
{b) Section A-A {c) Section B-B

Figure D-35. Typical Type II beam end repair.

D-32



D.1.10.2 Inspection of Repaired Beam Ends

Beam ends were inspected on October 04, 2024. Beam end repairs included (a) partial depth
overcasts and (b) chipping and removal of cracked and delaminated overcasts due to the safety of
vehicles, pedestrians, and cyclists on the Earhart Road.

Even though the south fascia beam end repairs over pier 1w were about 4 years old and
consistently exposed to elements, they were in good condition with a couple of hairline cracks
(Figure D-36). However, a majority of the repairs did not perform well. A few examples are

shown in Figure D-37.

i

&) i y: 3 o s §
a) South fascia beam end repairs at pier 1w (b) South fascia beam in span 1w at pier 1w
T TSI = ErosnTes e

(©) South fascia beam in span 2w at pier 1w (d) South fascia beam in span 2w at pier 1w, overcast
cracking
Figure D-36. The condition of the south fascia beam repairs at pier 1w.
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(c) Delaminated and spalled overcast (d) Overcast with map cracking and significant moisture
exposure
Figure D-37. The condition of the repaired beam ends

D.1.10.3 Summary

In general, the partial-depth overcast did not perform well. Most of them delaminated and spalled.
Considering safety, several of them were either entirely or partially removed by chipping out the
delaminated sections. A few of these overcasts had hairline and map cracks, indicating a potential
for accelerated deterioration with subsequent exposure to moisture. The use of these unreinforced
overcasts with uncertain interface bond performance is not a viable option for promoting durability
and adding strength to the beam ends. Further, none of the beam ends had received a concrete

surface coating as noted in the letting documents.
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D.2 PERFORMANCE EVALUATION OF REPAIR WITH FRP
D.2.1 STR 1213
D.2.1.1 Overview

The bridge (STR 1213) that carries I-69SB over St. Joseph River has three spans and is located in
Calhoun County, Michigan (Figure D-38). The bridge has a width of 42.4 ft and a total length of
133 ft. The bridge was built in 1968. Each span has six prestressed concrete I-beams. The exterior
beams in Spans 1 and 3 and all the beams in Span 2 are AASHTO Type III. The interior beams in
Spans 1 and 3 are AASHTO Type II.

B O -: R : '

(a) General view of the bridge (b) East elevation
Figure D-38. 1-69SB bridge over St. Joseph River (a) general view and (b) east elevation.

After 43 years of service life, the stringer (SIA-59) received a condition rating of 5 (fair) during
the routine inspection on 10/04/2011 due to the following reasons:
e Fascia beam 6W in span 3S at pier 2S having cracks and delamination on the web
¢ Both fascia beams (1W and 6W) in span 28 at pier 1S having delamination, cracks, and rust
stains
¢ Both fascia beams (1W and 6W) in spans 2S and 3S at pier 2S having spalls on the side of
the bottom flange to the prestressing strands
¢ Both fascia beams (1W and 6W) in span 1S at pier 1S having spalls on the side of the bottom
flange to the prestressing strands
e About 3 in. long exposed strand length
e Most interior beams at piers have cracks and discoloration
e Several diaphragms at piers have cracks and shallow spalls to rebar.
According to the 06/18/2019 inspection report, the stringer (SIA-59) condition rating has remained
at 5 (fair) since 2011. The 2019 BSIR listed the following conditions in addition to what has
already been noted in the 2011 BSIR:
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e Beam end 5W at pier 1S in span 2S having an incipient spall.

e Most interior beam ends at piers have cracks, minor delamination, and discoloration

e Several diaphragms at piers have cracks, delamination, and shallow spalls to rebar.
Even though the 06/15/2021 inspection reported the stringer (SIA-59) condition rating of 5 (fair),
which remained the same during the 10-year period since 2011, the 2021 BSIR report listed the
following conditions in addition to what had already been noted in the previous reports:

e Beams 2, 4, and 5W in span 28 at pier 2S, having incipient spalls in the side of the bottom

flange.

e Beam 6W in span 1S at pier 1S, having cracks and incipient spall on the web.
The research team was unable to locate a copy of the RFA to determine the recommended repairs
and the exact schedule for their completion. Even though the 2017 Safety Inspection Report —
AASHTO Elements listed 24 beam ends under the conditions state of two (CS 2), the 2017 scoping
report called for the repair of only eight beam ends.

The 12/06/2022 inspection assigned a condition rating of 7 (good) for the stringer (SIA-59) and
noted beam end repairs as follows:

e All beam ends over the piers have been repaired.

e The fascia beam ends at the piers and the beam end 5W at pier 2S in span 3S has been

wrapped with FRP.

The 10/01/2021 letting (JN 200914 A) included the repair details shown in Figure D-39 and Figure
D-40. Eight fascia beam ends over piers received unreinforced, latex-modified concrete, partial-
depth patch repairs, and FRP U-wraps (Figure D-39). Each beam end with partial-depth patch
repair was wrapped using FRP sheets that extended a minimum of 6 in. beyond the end block
patch. Cutouts were provided in the FRP sheeting for the sole plate and diaphragm on the interior
face. Sole plates were salvaged and blast cleaned. Concrete surface coating (CSC) was applied
along the full length of the fascia beam’s outer surface, the bottom surface, and the inside surface

of the bottom flange. Also, the entire area covered with FRP was protected with CSC.

Seven beam ends were cleaned and protected as shown in Figure D-40. The work included (1)
removing loose material from the beam end, (i1) chipping a maximum of ' in. as directed by the

engineer, and (iii) cleaning and coating exposed bars using epoxy repair products from the
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qualified product list. The details in the plans did not require patching with latex-modified

concrete.
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Figure D-39. Beam end partial-depth patch repair details.
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Figure D-40. Beam end elevation showing overcast details.

D.2.1.2 Inspection of Repaired Beam Ends

Beam ends were inspected on November 15, 2024, two years after the repairs were completed.

The repair included (a) unreinforced latex-modified concrete partial-depth patch repairs and FRP

U-wraps of fascia beam ends at the piers, (b) protecting the entire length and the overcasts of fascia

beams with CSC, and (c) the repair of seven interior beam ends presumably using latex modified

concrete. The following observations are reported during this inspection:

Figure D-41: The two-year-old CSC on fascia beams and beam end repairs are in good
condition.

Figure D-42 (a) and (b): Corroded steel sole plate and bearing plate accelerate beam end
deterioration and reduce the service life of repaired beam ends.

Figure D-42 (c): Typical crack observed in overcast repairs without sole plate replacement.
Figure D-42 (d): Pin holes in the adhesives used for FRP. Such conditions promote poor
bonding of FRP layers.

Figure D-42 (e): Inadequate FRP bond length at cross-section transitions promotes FRP
delamination.

Figure D-42 (f): Air voids in FRP repair.

Figure D-43 (a) and (b): Latex modified concrete repair in good condition.

Figure D-43 (b): An example of a properly formed, finished, and cleaned repair.

Figure D-43 (c): An example of a poorly completed beam end repair leading to cracking

and spall.
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e Figure D-43 (d): An example of an inadequately cleaned and finished repair promoting
cracking in the repair.

e Figure D-43 (e): Typical cracks in beam end repairs.

e Figure D-43 (f): An example of a repair performed without properly cleaning a beam end

by removing all delaminated concrete.

The findings support the use of (i) CSC along the entire length of the fascia beams to protect the
exterior surface and the bottom surface of the beam, (i1) FRP and CSC to minimize the impact of
cracking and promote durability, and (iii) proper procedures and techniques for the preparation of

beam ends for repair, formwork installation, and finishing.
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Figure D-41. The condition of repaired fascia beams with FRP U-wraps and CSC.
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(a) Corroded sole plate and beanng plate promotmg (b) Corroded sole plate and bearing plate promoting
deterioration deterioration

(c) Typical cracking observed in ov ercasts thhout ' (d) Adhesives with pin holes
bearing replacement

(e) Inadequate bond length leadmg to delammahon (f) Air voids due to poor bonding
Figure D-42. The condition of the FRP-repaired exterior beam ends at piers.
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(a) Latex-modified concrete repair good.;:ondition (b) An example of a cn'ectly completed beam end
repair

- -

, J‘- o’ ey
(c) An example of a poorly completed beam end repair  (d) Ina tely cleaned and finished repair with
showing cracking and spalling cracking

v __ b AR ";?.r* J i
(e) Typical cracks in beam end repairs (f) An example of a repair performed without removing
all delaminated concrete
Figure D-43. The condition of two-year-old latex-modified concrete beam end repairs.
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D.2.2 STR 1215
D.2.2.1 Overview

The bridge (STR 1215) that carries [-69NB over St. Joseph River has three spans and is located in
Calhoun County, Michigan (Figure D-44). The bridge has a width of 42.4 ft and a total length of
130.1 ft. The bridge was built in 1968. Each span has six prestressed concrete [-beams. The
exterior beams in Spans 1 and 3 and all the beams in Span 2 are AASHTO Type III. The interior

beams in Spans 1 and 3 are AASHTO Type I1.

il e > = o
(a) General view of the bridge (b) East elevation
Figure D-44. 1-69NB bridge over St. Joseph River (a) general view and (b) east elevation.

After the bridge was in service for 43 years, the stringer (SIA-59) received a condition
rating of 5 (fair) during the routine inspection on 10/04/2011 due to the following reasons:
e Fascia beams at both piers and beam 2W in span 2S at both piers having spalls to
prestressing strands at the bottom flange
e Most interior beams at piers having cracks and discoloration
e Several diaphragms at piers having cracks and rust stains
e Backwalls having a few vertical leaching cracks.
The BSIRs dated 10/04/2011 and 06/18/2019 documented the same information. The
BSIR dated 06/16/2021 documented the following in addition to the information presented in the
previous reports.
e Beams 2, 4 and 5W at pier 1S having spalls to prestressing strands on the bottom
flange
e Beams 4 and 5W in span 28 at pier 2S having incipient spalls.
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The research team was unable to locate a copy of a Request for Action (RFA) to determine
the recommended repairs and the exact schedule for their completion. The 12/06/2022 and
06/05/2023 inspections assigned a condition rating of 5 (fair) for the stringer (SIA-59) and noted
beam end repairs and conditions as follows:

e All beam ends at the piers having patch repairs

e The fascia beam ends at each pier having patch repairs with FRP wrapping

e Both fascia beams having concrete surface coating (CSC) on the outside and bottom

flange for the full length

e Beam 5W in span 1S at pier 1S having cracks

e Several diaphragms at the piers having cracks and rust stains

e Backwalls having a few vertical leaching cracks.
The 10/01/2021 letting (JN 200914 A) included the repair details shown in Figure D-45 and Figure
D-46. Eight fascia beam ends over piers were repaired using unreinforced, latex-modified
concrete, partial-depth patch repairs, and FRP U-wraps (Figure D-45). Each beam end with
partial-depth patch repair was wrapped using FRP sheets that extended a minimum of 6 in. beyond
the end block patch. Cutouts were provided in the FRP sheeting for the sole plate and diaphragm
on the interior face. Sole plates were salvaged and blast cleaned. CSC was applied along the full
length of the fascia beam’s outer and bottom surfaces as well as the inside surface of the bottom

flange. Also, the entire area covered with FRP was protected with CSC.

Six beam ends were cleaned and protected as shown in Figure D-46. The type 1 detail shown in
Figure D-46(a) was used at five beam ends, while the type 2 detail shown in Figure D-46(b) was
used at only one end. The work included (1) removing loose material from beam ends, (i1) chipping
a maximum of ' in. as directed by the engineer, and (ii1) cleaning and coating exposed bars using
epoxy repair products from the qualified product list. The details in the plans did not require

patching with latex-modified concrete.
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(b) Beam end repair type 2

Figure D-46. Beam end elevation showing repair details.
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D.2.2.2 Inspection of Repaired Beam Ends

Beam ends were inspected on November 15, 2024, two years after the repairs were completed.

The repair included (a) unreinforced, latex-modified concrete, partial-depth repairs and FRP U-

wraps of fascia beam ends at the piers, (b) protecting the entire length and the repairs on fascia

beams using CSC, and (c) the repair of six interior beam ends presumably using latex-modified

concrete. Even though the repair plans did not include beam end overcasts, unreinforced concrete

overcasts were provided at several interior beam ends over the piers. The following observations

are reported during this inspection:

Figure D-47: The two-year-old CSC on fascia beams and beam end repairs are in good
condition.

Figure D-48 (a): Latex modified concrete repair in good condition.

Figure D-48 (b): Unreinforced latex-modified concrete overcast on an interior beam end.
Figure D-48 (c): Typical cracking observed in an overcast.

Figure D-48 (d): Through-thickness crack in the unreinforced latex-modified concrete

overcast.

The findings support the use of (i) CSC along the entire length of the fascia beams protecting the

exterior surface and the bottom surface of the beam and (ii) FRP and CSC to minimize the impact

of cracking and promote durability. The use of unreinforced concrete overcasts is not encouraged

due to cracking observed within two years of repair and the potential for delamination and spalling.
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(d) Beam end with partial-height repair, FRP, and CSC

Figure D-47. The condition of repaired fascia beams with FRP U-wraps and concrete surface coating.
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(c) Typical crack observed on unreinforced concrete (d) Through-thickness crack in the unreinforced
overcasts overcast

Figure D-48. The condition of two-year-old latex-modified concrete beam end repairs.
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D.2.3 STR 7412
D.2.3.1 Overview

The bridge (STR 7412) that carries US-131SB and M-46SB over Tamarack Creek has three spans
and is located in Montcalm County, Michigan (Figure D-49). The bridge has a width of 48.1 ft
and a total length of 167 ft. The bridge was built in 1972. This bridge has eight AASHTO Type

III beams in each span.

— =
(a) General view of the bridge (b) East elevation
Figure D-49. US-131SB and M-46SB bridge over Tamarack Creek (a) general view and (b) east elevation.

After the bridge was in service for 38 years, the stringer (SIA-59) received a condition
rating of 4 (poor) during the routine inspection on 03/24/2010 due to the following reasons:
e Large spalls and some vertical cracks in fascia beam ends over piers
e Some moderate cracking and spalling on interior beam ends over piers
e Spall-to-steel (STS) at several beam ends over piers
e Several hairline horizontal cracks in the lower flanges of fascia beams.

The research team was unable to locate a copy of a Request for Action (RFA) to determine
the recommended repairs and the exact schedule for their completion. The subsequent inspections
reported in Bridge Safety Inspection Reports (BSIRs) dated 03/24/2011 and 03/20/2012 stated the
same conditions observed on 03/24/2010. As per the BSIR dated 10/26/2012, beam ends at piers
Is and 2s have been repaired, new full-depth diaphragms have been installed at both piers, and the
cracking in fascia beams has been epoxy injected.

The repair details dated 04/13/2011 and shown in Figure D-50 through Figure D-52 include
replacement of elastomeric bearing pads at the piers, reinforced concrete full-depth overcasts for
all the beam ends at the piers, new diaphragms at the piers, fiber reinforced polymer (FRP) U-
wraps for all the beam ends at piers and abutments, and concrete surface coatings for all the beam
ends. A latex-modified concrete mix was used for the overcasts and the new end diaphragms at

the piers.
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Figure D-50. Beam end overcast and new end diaphragm details.
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D.2.3.2 Inspection of Repaired Beam Ends

Beam ends were inspected on October 17, 2024. Repairs included (a) overcasting of beam ends
at the piers with latex-modified concrete, (b) providing FRP U-wraps for beam ends at the piers
and abutments, (c) epoxy injection of fascia beam cracks, and (d) protecting beam ends using
concrete surface coating. As shown in Figure D-53 through Figure D-56, beam end repairs are in
good condition. The following performance concerns are noted:

e Figure D-53 (d): Corroded steel plates at the beam end.

e Figure D-54 (b) and (c): Concrete deterioration along the uncoated exterior surface of the
fascia beam bottom flange.

e Figure D-55 (b) and (c): Beam end exposure to moisture due to leaking deck and beam
end bottom flange delamination due to corroding steel plates.

e Figure D-56: FRP U-wraps can control horizontal crack propagation in the latex-modified
concrete overcasts.

e Figure D-57: Deteriorated expansion joints and clogged deck drains promote beam end
exposure to moisture.

e Figure D-54 and Figure D-56: Cracking and efflorescence highlight the need for
reapplication of concrete surface coating to extend the service life of these details.
Although the reapplication frequency needs to be determined after evaluating the full-depth
overcast and concrete surface coating performance using an adequately representative

dataset, the performance of this bridge would support reapplication at least every 10 years.

D.2.3.3 Summary

Beam ends were repaired in 2012. The research team assessed that the repaired beam ends are in
good condition after being in service for 12 years. The findings support the use of reinforced
concrete, full-depth overcasts with latex-modified concrete for extending the service life for more
than 12 years. The following maintenance activities are suggested to enhance the durability of
repaired beam ends and the fascia beams:
e Application of a thin epoxy overlay to protect the bridge deck and prevent moisture ingress
through the cold joint between the deck and the newly placed concrete along the repaired

expansion joint.
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e Regular power washing of the deck to prevent debris accumulation at the expansion joint and
the deck drainage.
e Application of a concrete surface coating along the entire length of the fascia beam, protecting

the exterior surface and the bottom surface of the beam.

e Reapplication of concrete surface coating at least every 10 years.

(b) A close-up view showing the effectiveness of concrete
surface coating and the quality of FRP bonding

i

(c) Bottom surface of a beam end (d) Bearing plate condition
Figure D-53. The condition of an FRP repaired interior beam end at the south abutment.
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(a) Elevation view of an exterior beam end (b) A close-up v 1ew showing the eﬁ'ectn eness of conaehe

(c) The condition of the exterior beam without surface coating
Figure D-54. The condition of an FRP repaired exterior beam end at an abutment.
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a) General view of an interior beam end with (b) Beam end with overcast exposed to moisture
an overcast due to leaking bridge deck

pr! : . ---\ " LA i ;N

(c) Delamination over the bearing plate

5

Figure D-55. The condition of an FRP-repaired exterior beam end with an overcast at a pier.
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a) A general view of the overcast

(c) FRP strips controlling horizontal crack development
Figure D-56. The condition of an FRP-repaired exterior beam end with an overcast at a pier.
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(c) Partially clogged deck drains
Figure D-57. The condition of the expansion joint over a pier and the deck drains.
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D.2.4 STR 10942
D.2.4.1 Overview

The bridge (STR 10942) that carries 1-94 EB over the Dancer Road has three spans and is located
in Washtenaw County, Michigan (Figure D-58). The bridge has a width of 47.4 ft and a total
length of 112 ft. The bridge was built in 1961. This bridge has two AASHTO Type II fascia
beams and six AASHTO Type I interior beams in Span 1, and eight AASHTO Type II beams in

Span 2 and 3.

=t

(b) South elevation

(a) General e f e bidge
Figure D-58. 1-94 EB bridge over Dancer Road (a) general view and (b) south elevation.
After the bridge was in service for 55 years, the stringer (SIA-59) received a condition rating of 4
(poor) during the routine inspection conducted on 06/08/2016 due to the following reasons:
e Several beam ends having spalling and delamination.
e A few beam ends having exposed steel and prestressing strands with minor section losses.
e Several areas of fascia beams and beam ends at piers and abutments with damaged (peeling

off of) concrete surface coating.

A Request for Action (RFA) was submitted on 06/09/2016 for this bridge because of the following
beam end conditions:
e Several beam ends having delamination, spalling, and cracking, as shown in Figure D-59.
e The end of beam 3s located at the west abutment having spalling and delamination, as
shown in Figure D-60.
e The end of beam 4s in span 1w located at pier 1w having spalling in the bottom flange with

exposed steel and prestressing strands with loss of bearing area, as shown in Figure D-61.
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e The end of beam 2s in span 2w located at pier 1w having spalling, cracking, and

delamination, as shown in Figure D-62.

Even though providing temporary supports was considered as an alternative, beam ends with
significant deterioration were repaired with partial-depth overcasts, as shown in Figure D-60,
Figure D-61, and Figure D-62. For some reason, as shown in Figure D-62c, the beam end over
the bearing was not repaired even though the section over the bearing was significantly
deteriorated. This repair hinders the inspection of the beam ends over the bearing during routine

inspections. Also, the top surface of the overcast had a rough horizontal surface, promoting the

ESpe e 5 2 !

(a) Concrete cracking and delamination in front of the (b) Shallow spall at the bottom flange soffit
bearing plate

27 i

Figure D-59. Typical beam end distress.
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(c) Overcast after 2016 RFA

Figure D-60. The condition of beam 3s in span 1w at the west abutment as of 06/09/2016 and the subsequent
repair of the beam end.
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(a) General view b) North elevation
ARl e

(c) Bottom flange soffit » )';feréast after 2016 RFA
Figure D-61. The condition of beam 4s in span 1w at pier 1w as of 06/09/2016 and the subsequent repair of
the beam end.
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(a) South elevation B (b) General view

(c) Overcast after 2016 RFA

Figure D-62. The condition of beam 2s in span 2w at pier 1w as of 06/09/2016 and the subsequent repair of F
the beam end.

Another RFA was submitted on 05/08/2020, primarily due to the condition of the end of beam 1s
in span 2w located at pier Iw. As shown in Figure D-63, a spall-to-steel was noted in the RFA
with a 4-in. deep spall that reduced the bearing contact area approximately by 22%. The initial
recommendation was to have temporary supports to reduce the load at the beam end. This was
subsequently changed, and it was decided to clean and coat the exposed concrete surface with a
silane-based water repellent. However, the final decision was to provide partial depth overcasts
for the two beam ends located over the pier (i.e. the ends of beam 1s in span 1w and 2w) and
protect them with CFRP U-wraps as an experimental study, as shown in Figure D-64, since there
were three partial depth overcasts already in the bridge. In addition, the overcasts provided as a
result of the 2016 RFA were also protected with CFRP U-wraps, as shown in Figure D-65, Figure
D-66, and Figure D-67. All remaining deteriorated ends were cleaned by removing delaminated

concrete and protected with concrete surface coatings. This repair was completed in 2021.
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(a) General view (b) South elevation
Figure D-64. The overcast with CFRP wrapping at beam 1s in span 1w and 2w at pier 1w as of 10/04/2024.
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(a) South elevation (b) Bottom flange soffit
Figure D-65. The overcast with CFRP wrapping at beam 3s in span 1w at the west abutment as of
10/04/2024.

(a) South elevation (b) General view
Figure D-66. The overcast with CFRP wrapping at beam 4s in span 1w at the west abutment as of
10/04/2024.
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(a) General view (b) South elevation
Figure D-67. The overcast with CFRP wrapping at beam 4s in span 1w at pier 1w as of 10/04/2024.

D.2.4.2 Inspection of Repaired Beam Ends at Arm’s Length

The beam ends were inspected on October 04, 2024. Beam end repairs included (a) removing
delaminated concrete and cleaning and protecting with concrete surface coatings and (b)
overcasting with CFRP wrapping.

Figure D-68 shows a beam end protected with a concrete surface coating after removing
delaminated concrete in front of the bearing. This beam end was repaired in 2021. The beam end
is in good condition except having mild rust on the bearing plate. Bearing plate corrosion is a
typical durability concern at beam ends, leading to delamination and spalling of the concrete
surrounding the end.

Since this bridge is not allowed to close for traffic for more than 8 hours, all the repairs
were completed under live traffic conditions. This did not allow jacking up the beam end to replace
the sole plate and provide extra space for the repair. Hence, most of the partial depth overcasting
was not extended to cover the concrete over the bearing. As shown in Figure D-69 and Figure
D-70, this particular repair conceals beam ends and the progress of deterioration during routine
inspections.

Figure D-62 shows the condition of beam 2s in span 2w at pier 1w as of 06/09/2016 and
the subsequent repair of the beam end. The overcast was further enhanced by providing CFRP
wrapping in 2021. However, the deteriorated beam end over the bearing was not repaired. The
inspection on 10/04/2024 shows further deterioration at that location, as shown in Figure D-71.

CFRP bonding is weak and fails to provide the necessary capacity when applied as small

strips. As shown in Figure D-72, these strips can be easily removed.
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The other observations include uneven thickness of overcast and the peeling off of the

concrete surface coating (Figure D-73).

(a) Isometic view shb'wing beam end, bearing. and (b) Close-up of beam end showing bearing and a section
end diaphragm with concrete removed from the boftom flange

) I A Voot
peind ) L 3t

(c) Bottom flange showing the area cleaned and proteciéd with concrete surface coating

Figure D-68. The beam end bottom flange was cleaned and protected with concrete surface coating in 2021
and inspected in 2024.
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(a) Isometric view ho“g beam en with () Close-up of beam end showing bearing and the section over
overcast, bearing, and end diaphragm bearing without overcast

TR

() Heavily corroded bearing and the bottom flange over the  (d) éonz:rete spall between the overcast and the
bearing protected with a concrete surface coating corroded bearing

Figure D-69. The condition of beam 3s in span 1w at the west abutment as of 10/04/2024.
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‘(a-) oufh ele\}ation (b) Beam end cracing over the corroded bearing
Figure D-70. The condition of the end of beam 4s in span 1w at pier 1w as of 10/04/2024.

R

a) Beam end condition as of 06/09/2016 »

%

(c) Condition of beam end with CFRP wrapping as (d) Deteriorated beam end over the bearing
of 10/04/2024

Figure D-71. The condition of beam 2s in span 2w at pier 1w.
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(a) North elevation
Figure D-72. Short CFRP strips used below the end diaphragms at the end of beam 1s in span 2w at the pier
1w as of 10/04/2024.

: e ) : ¥
(a) Uneven thickness of the overcast and damaged concrete surface coating
Figure D-73. The condition of beam 4s in span 1w at the west abutment as of 10/04/2024.

D.2.4.3 Summary

The beam end clearing and protection is a promising maintenance approach for shallow
delaminations and spalls since it allows easy access for the inspectors to document subsequent
deteriorations and assess the condition more accurately.

A majority of the partial-depth overcasts were provided at locations that could have been
cleaned and protected with minimal impact on load capacity. The partial-depth overcasts were not
extended to protect the concrete over the bearing or enhance the load capacity. However, this
approach conceals further deterioration from the inspectors doing the routine inspection. Figure

D-74 and Figure D-75 show typical details of beam ends with overcast and CFRP repairs. Even
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though the use of CRFP to prevent concrete cracking and spall seems promising, the contribution
to load capacity is not guaranteed due to a lack of anchorage and confinement with the specific
configurations used at these beam ends.

As shown in Figure D-74c, only one side of the overcast over the bearing is protected with
a CFRP strip. However, this strip is not properly anchored and the expected performance is
questionable.

Irrespective of the repair methods, one of the major concerns is the corrosion of the bearing
plates. It is recommended to consider non-corrosive material for the bearing plates in future
bridges or when replacing bearings. For existing bridges, the bearing plate corrosion mitigation

strategies need to be developed.
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(b) South elevation
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Figure D-74. Overcast and CRFP repair details at beam 4s in span 1w at the west abutment.
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Figure D-75. Overcast and CRFP repair details at beam 1s in Span 1w at Pier 1.
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APPENDIX E: PSC I-beam end capacity calculation — User manual
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E.1 OVERVIEW

This document describes the content of the Mathcad calculation sheets shown in Figure E-1. The
working folder must contain all the files to complete the calculations since the content is shared
between these files to minimize the length of each calculation sheet. For example, the
0 Master File PSC I-Beam End Capacity file includes input data for the other files. Also, the

GirderSectionTable Excel file contains beam cross-section properties.

m 0_Master_File_PSC_I-Beam_End_Capacity

m 1.1_As-Designed_withHarpedStrands_PSC_|-Beam_End_Capacity
D 1.2_As-Designed_StraightStrandsOnly_PSC_I-Beam_End_Capacity
m 2.1_Deteriorated_withHarpedStrands_PSC_|-Beam_End_Capacity
m 2.2_Deteriorated_StraightStrandsOnly_PSC_|-Beam_End_Capacity
m 3.1_Repaired_withHarpedStrands_PSC_|I-Beam_End_Capacity

m 3.2_Repaired_StraightStrandsOnly_PSC_I-Beam_End_Capacity

m 4_lLoad_Rating_PSC_|-Beam_End_Capacity

@ GirderSectionTable

Figure E-1 The list of Mathcad calculation sheets and the section property table.

Figure E-2 shows the relationship between the Mathcad files and the Excel section property table.
The “Master File” provides necessary data for all the capacity calculation cases, including as-
designed, deteriorated, and repaired beams. Each capacity calculation case is separated for beam
ends with (1) harped strands and (ii) straight strands. The sectional design model and the strut-
and-tie method (STM) are used for as-designed and repaired cases. For the deteriorated cases,
only STM is used. The load rating file provides shear load rating using LFR and LRFR methods.
The load rating file can be used as an independent calculation sheet since it requires manually

entering shear capacity and load factors.
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CAPACITY CASES STRAND TYPES CALCULATION METHOD

1.1 WITH HARPED STRANDS SECTIONAL METHOD |1
1. AS-DESIGNED
1.2 STRAIGHT STRANDS ONLY STM METHOD |
2.1 WITH HARPED STRANDS
| 0. MASTER FILE |- 2. DETERIORATED STM METHOD | H 4. LOAD RATING |
i 2.2 STRAIGHT STRANDS ONLY
GIRDER LFR METHOD
SECTION
TABLE LRFR METHOD
3.1 WITHHARPED STRANDS SECTIONAL METHOD \
3. REPAIRED
3.2 STRAIGHT STRANDS ONLY STM METHOD ‘-

Figure E-2. Relationship between Mathcad files and the Excel sheet shown in Figure E-1.

Figure E-3 shows the primary data input and calculation steps in the Mathcad sheets. As required,

sub-steps are further developed for as-designed, deteriorated, and repaired beam ends.

[ STEP 1: BEAM SECTION SELECTION |

STEP 10: NOMINAL SHEAR

l —> RESISTANCE - SECTIONAL

| STEP 2: SUPERSTRUCTURE DETAILS | DESIGN MODEL \ STEP 12: SHEAR
l RESISTANCE — SECTIONAL

| STEP 3: MATERIAL PROPERTIES | STEP 11: NOMINAL SHEAR / DESIGN MODEL
i RESISTANCE - LONGITUDINAL

[ STEP 4: SECTION PROPERTIES | REINFORCEMENT
¢ STEP 16:

| STEP 5: STRAND LAYOUT | / LOAD RATING

STEP 13**: NOMINAL SHEAR K

! L+ RESISTANCE - STRUT-AND- STEP 15: SHEAR

| STEP 6: LOAD AND MOMENT DEMAND | TIE METHOD RESISTANCE - STM

| STEP7:M, AND d,ATMIDSPAN | STEP 123D ST FOR
l TRANSVERSE TIE FORCE

STEP 8*: FORCES AND STRESSES
IN HARPED STRANDS Note: Sub-steps are further developed to incorporate as-designed, deteriorated, and repaired
I beam ends. Only STM is used for the capacity calculation of deteriorated beam ends.
* Step 8 is used when harped strands are available.
STEP 9: d, AT THE CRITICAL

|| *= Step 13 is developed separately for beam end with (i) harped strands and (ii) straight strands.
SECTION FOR SHEAR

Figure E-3. The primary data input and calculation steps presented in the Mathcad sheets.

The user actions required to complete the calculations are explained using blue text. The gray
highlighted text represents the primary data input and calculation steps.
LEGEND
Presents the format and color coding used in calculation sheets to identify Commentary, -
Variables, References, Results and Checks and Special Notes.
REFERENCES

Lists the primary references used to develop the calculation process.
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ASSUMPTIONS AND LIMITATIONS
Lists the assumptions and limitations in the calculation process.

STEP 1: BEAM SECTION SELECTION

MDOT I-beam sections are defined and linked to the calculation sheet. The following image
appears when the Excel file is properly linked to the Mathcad sheet. The pull-down menu
allows selecting the desired beam section for capacity calculation and load rating. Section
properties of the selected beam are automatically assigned to the variables defined in the

Mathcad.

SectionType =

BT 36x49 V| Select the section type in the pull-down menu

When the "User defined" option is selected from the pull-down menu, the section properties
highlighted in pink need to be completed by the user.
Step 2: Superstructure Details

The user input is required only for the green highlighted cells.
Step 3: Materials Properties

The user input is required only for the green highlighted cells.
Step 4: Section Properties

STEP 4.1: NONCOMPOSITE BEAM SECTION PROPERTIES
Step 4.1.1: As-designed Noncomposite Beam Section Properties
The required data is automatically calculated based on the selected beam section or the input
data provided in Step 1.
Step 4.1.2: Damage on Beam Soffit at Z3 (BTM)

The user needs to provide the dimensions shown in the following figure.



SD = 15in Depth of spall/delamination
§p = 6in Length of spall/delamination

Sw = Bin Width of spall/delamination

z1 22 ! z3 i
SLP =0in Distance from sole plate to
. S N
spall/delamination S BS &\\\ Sw
D 'WE
SW-E = 12in Distance from flanee edee to o ! P e |
JPOT VNS S BS kol S .
spall/delamination S -

Based on the depth and location of spall/delamination, identify the number of exposed strands
to be removed from the as-designed strand layout defined in Step 5. The spalled/delaminated

area is assumed to be rectangular for calculation and reporting purposes.

E-5



Step 4.1.3: Damage on Beam Side

The user needs to provide the dimensions shown in the following figure.

Sgq = 55in o ! i
. = TF1 | o i
= [ v 1 /
e TR2. | | i ‘.
— >0 r— B ”'_‘a“
1L = Gin ! ! \
1 1 N\
= WwWB 1 1 AN
Sy = bin : : \
1 1 \
s“l = din A ,,If ,,,,,,,,, : ,,,,,, _
BF2 | [ . ?
SHR = 5.5in . 1 1

|‘_. « > [ S —
Z1, z2 Vo Z3

S Swr
- - |
Spp = 6in S| /Sir

Spg = Oin SHL%§ §EHR BF1 &ssssj IS.HUSHR
HRET Shie ‘ |I Sppe -t St e /Shre~
WL

Spgg = Oin

: . SLEL /SLER
SWR = 4in

Based on the depth and location of spall/delamination, identify the number of exposed strands
to be removed from the as-designed strand layout defined in Step 5. The spalled/delaminated

area is assumed to be rectangular for calculation and reporting purposes.

Step 4.1.4: Damaged Noncomposite Beam Section Properties
The required data is automatically calculated based on the selected beam section or the input

data provided in Step 1.
STEP 4.2: COMPOSITE BEAM SECTION PROPERTIES
Step 4.2.1: As-designed Composite Beam Section Properties

Composite section properties are automatically calculated.

Step 4.2.2: Damaged Composite Beam Section Properties
The user input is not required. The required data is automatically calculated.

Step 5: Strand Layout
STEP 5.1: DEFAULT PRESTRESSING STRAND LAYOUT

The following prestressing strand layout is selected to accommodate all possible strand

patterns in MDOT I-, bulb-tee, and Michigan 1800 beams in the MDOT Bridge Design Guide
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(BDG) as of 3/31/2025. This layout is referred to as the default prestressing strand layout

throughout this manual.

I,
O |
% ' 7
. e Row T4
~~~~~~~ At == ROWT2
N M G D it Row T3
4=+ —— Row T4
—He-+4+——Row T5
~H*#-++——-Row T6
—ft=p-H1——-Row T7

+1-Row B8
H-~-—- Row B7

— Row B2
~ Row B1

j— Row B3

The layout includes 8 rows (Row B1 to Row BS8) and 19 columns (L9, LS, ..., CL, ..., R8, R9) in
the bottom flange, and 7 rows (Row T1 to Row T7) and 3 columns (L1*, CL*, R1%*) in the top

flange. The center-to-center spacing between strands in each column and row is 2 in.

As shown in the following figure, the column 1 of the table PS Layout Hor represents the
maximum number of strands that can be accommodated in each row. The column 2 represents the
vertical distance to each row from the extreme bottom fiber or the top fiber of the section. The

user shall not change the content of this table.
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DO NOT change the comterst of the foliowing table

PS_Layout Hor =

1

2

'Row B1*

~

'Row B2*

—
o

PRow B3*

-
w

Row B4*

-
-

Row BS*

Row B6"

"Row B7*

'Row B8"

[Row T1*

VisINjojw|lalwiINI=ID

'Row T2"

-
o

'Row T3*

Niw

=
=

Row T4"

-
~N

Row TS*

11

-
g

Row T&*

13

[Rowe T7°

[
-

Wiwlwilwlwiwlwlwiwlwiv

15

Columm 0: strand row label

Columm 1: the maximum muanber of strands that can
be accommodated in each row.

Column 2:

For Row Bl to Row BS: vertical distance from
extreme bottom fiber to the center of strands in each
row (in.)

For Row Tl to Row I7. vertical distance from beam
extreme top fiber to the center of strands in each row
(in.)

As shown in the following figure, the column 1 of the table PS Layout Ver represents the

maximum number of strands that can be accommodated in each column. The column 2 represents

the horizontal distance to each column from the centerline of the section. The user shall not change

the content of this table.

DO NOT cheange the content of the foliowing table.

PS_Layout_Ver =

1] 1 2
1] "Le" 1 -18
1 "La" 2 -16
2 b 3 -14
3 "Le" 3 -12
4 "Ls" 4 -10
3 "L4" 4 -8
] L3 3 -6
7 L2 3 -4
B "L1" B -2
9 "L B8 0
10 "R1" B 2
11 "R2" 3 4
12 "R3" 3 ]
13) "Re 4 8 Columm 0: strand coluamm label
14 "R5" 4 10 Column 1: the meximum mumber of strands that can
15| "R6" 3 12 be accommodated in each colimmn.
16| "R 3 14 Columm 2:
17| "Re" z 16 r includiv o = an )
18| "Re" 1 18 herizontal distance from beam vertical centerline
19] "L1=" 7 .2 {CL} to the center of each colummn (in.)
20| "CL=" 7 0 L1* CL* and RI* represent harped strands.
21| "R1*" 7 2
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STEP 5.2: AS-DESIGNED PRESTRESSING STRAND LAYOUT AT MIDSPAN

The number of prestressing strands in the as-designed beam section is defined with respect to
the default layout presented in the “Default Prestressing Strand Layout” section. The following
example demonstrates the procedure for defining prestressing strand layout for an as-designed

beam.

Example 1: The following figure shows a 36 % 49 in. bulb-tee beam midspan section.

Vol
L !
P
c
L
\ Vol /
| L
1
| |
1 | : ~
777 ’
P
PN
AT TSN
[ [ T T
R N N R R B T R R B R
— = — 4+~ ———— —a— + + + + + —+— —— — Row B3
~Frii444444ddadiddtii]-—RowB2
b dn b o T ow
__Lal.;44.4_¢_o_o_d_a_¢_e_a-¢.44.4l_: _____ R B1
R s ) ow
| N N S B S S B B B B N N B |
1 [ 1 LI [ 1 LI R B | 1 [ [
L T A A A A N B B I A
235993295 | xR RRRR
-l

The following tables presents the procedure to identify the number of strands to be removed

from the default layout to define the midspan strand layout of this 36 x 49 in. section.

Table 1. Number of Strands to be Removed from Each Row to Define the As-Designed Midspan Layout

Row no. No. of strands in No. of strands No. of strands to No. of §trands in.the
the default layout a(li)zg:lflirl(;moﬂ;e :)he r(;nfmvlidl fromt as-designed section
you e default layou
(©) (d)=(c)
(a) (b) (©)=(b) - (d)
Bl 17 0 0 17
B2 19 6 6 13
B3 15 13 13 )
B4 11 11 11 0
B5 7 7 7 0
B6 3 3 3 0
B7 3 3 3 0
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Row no. No. of strands in No. of strands No. of strands to | No. of §trands in.the
the default layout absent from the | be removed from as-designed section
default layout the default layout
(© (d)=(c)
@ (b) (@ =(b)-(d)
B8 3 3 3 0
Tl 3 3 3 0
T2 3 3 3 0
T3 3 3 3 0
T4 3 3 3 0
T5 3 3 3 0
T6 3 3 3 0
T7 3 3 3 0

Table 2. Number of Strands to be Removed from Each Column to Define the As-Designed Midspan Layout

Column | No. of strands No. of strands No. of strands to be | No. of strands in the
no. in the default absent from the removed from the as-designed section
layout default layout default layout
(b) () @=(
(a) (@ =(b)—(d)
L9 1 1 1 0
L8 2 1 1 1
L7 3 2 2 1
L6 3 1 1 2
L5 4 2 2 2
L4 4 2 2 2
L3 5 3 3 2
L2 5 3 3 2
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Column | No. of strands No. of strands No. of strands to be | No. of strands in the
no. in the default absent from the removed from the as-designed section
layout default layout default layout
(b) (©) @=(
(@) (©=()-(d)
L1 8 5 5 3
CL 8 6 6 2
R1 8 5 5 3
R2 5 3 3 2
R3 5 3 3 2
R4 4 2 2 2
R5 4 2 2 2
R6 3 1 1 2
R7 3 2 2 1
RS 2 1 1 1
R9 1 1 1 0
L1* 7 7 7 0
CL* 7 7 7 0
R1* 7 7 7 0

As shown below, complete Column I of “AsD _PS Mid Layout Hor” table using the numbers
in column (d) of Table 1. The table “StrandLayout Mid Hor AsD’ represent the as-designed

strand layout at the midspan.
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—— Strandl svout Mid Hoe AsD'Y = (PS5 Layowt Hor ) - [AsD PS M4 Layous Hoe ¥

HHEEHECOEODRO000N

':n;:s‘-ulnuiunu-

As shown below complete Column I of “AsD_PS Mid Layout Ver” table using the numbers
in column (d) of Table 2. The table “StrandLayout Mid Ver AsD’ represent the as-designed

strand layout at the midspan.

. StrandLayout_Mid_Ver_AsD'" = (PS_Layout_ver ") - (AsD_PS_Mid_Layout_ver' )

8] :
0 | ! °
1 o] o
(2 A
(3 2| 1
4 | 3| 2
5 O
6 | 5| 2
|7 6| 2
8 | 7| 2
5 | s 3
10} 5| 2
11 o] 3
12/ n| 2
13 2| 2
14 3l 2
15| 4 2
16 1 2
17, 18] 3
18 v 1
19 8 o
20 9 o
21 | 20 o
2| o

STEP 5.3: AS-DESIGNED PRESTRESSING STRAND LAYOUT AT BEAM END

The number of prestressing strands in the as-designed beam section is defined with respect to
the default layout presented in the “Default Prestressing Strand Layout” section. The following
example demonstrates the procedure for defining prestressing strand layout for an as-designed

beam end section.
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Example 1: The following figure shows a 36 x 49 in. bulb-tee beam end section

1
-
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|

|
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Table 3. Number of Strands to be Removed from Each Row to Define the As-Designed Beam End Layout

Row No. of strands in No. of strands to | No. of strands in the
no. the default layout No. of strands be removed from as-designed section
absent from the the default layout
default layout
© @ =

(@) (b) (©=(b)-(d)
Bl 17 0 0 17

B2 19 9 9 10

B3 15 15 15 0

B4 11 11 11 0

B5 7 7 7 0

B6 3 3 3 0

B7 3 3 3 0

B8 3 3 3 0

T1 3 1 1 2

T2 3 0 0 3

T3 3 3 3 0

T4 3 3 3 0

T5 3 3 3 0

T6 3 3 3 0

T7 3 3 3 0

Table 4. Number of Strands to be Removed from Each Column to Define the As-Designed Beam End Layout

Coll:)mn No. of strands No. of strands No. of strands to be i::é)gs:t;tl:idsselcl:i:)l:le
: in the default absent from the removed from the g
layout default layout default layout
b c d) =(c
(a) ®) © @=© © =)~ @)
L9 1 1 1 0
L8 2 1 1 1
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Column

No. of strands

No. of strands

No. of strands to be

No. of strands in the

no- in the default absent from the removed from the as-designed section
layout default layout default layout

(@) (b) (©) @=( () = (b) - (d)
L7 3 2 2 1
L6 3 | 1 2
L5 4 2 2 2
L4 4 2 2 2
L3 5 3 3 2
L2 5 3 3 2
L1 8 7 7 1
CL 8 7 7 1
R1 8 7 7 1
R2 5 3 3 2
R3 5 3 3 2
R4 4 2 2 2
RS 4 2 2 2
R6 3 1 1 2
R7 3 2 2 1
R8 2 1 1 1
R9 1 1 1 0
L1* 7 5 5 2
CL* 7 6 6 1
RI1* 7 5 5 2
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As shown below, complete Column 1 of “AsD PS End Layout Hor” table using the numbers
in column (d) of Table 3. The table “StrandLayout End Hor AsD’ represent the as-designed

strand layout at the end.

- (nfw_s«“’ ) - (AsD_PS_End_tayout Hor”)

0
17
10

i
0
1
2
3
&
5
6
7
8
9
10
11
12
13
14

N EEE R R RS E R N

As shown below complete Column 1 of “AsD_PS End Layout Ver” table using the numbers
in column (d) of Table 4. The table “StrandLayout End Ver AsD’ represents the as-designed
strand layout at the end.

{3

5 T 3 ] ] Swndlayout End Ver AsD = (PS_Layout_ver V) - (AsD_PS_End_Layout_ver V)

BEHEEEHEHEEEEERARAMCRORAN

L e R e R R R L L o e B B B L S T L e e

i B B B B 1 0 e 650 A Bl e R B B B el 8
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STEP 5.4: ELIMINATION OF DAMAGED STRANDS FROM THE DEFAULT BEAM
END LAYOUT

Follow a similar process as described in Step 5.3 to remove damaged strands from the default

layout.

Fill Column 1 of the table “D PS End Layout Hor” with the number of strands to be

removed from each row (Row BI to Row T7) representing the number of strands absent from

the default layout.

Fill Column I of the table “D PS End Layout Ver’ with the number of strands to be removed

from each row (L9 to R1*) representing the number of strands absent from the default layout.

Step 6: LOAD AND MOMENT DEMAND

The user need to provide factored moment at midspan and factored moment, shear and axial

force at the critical section for shear.

The effective shear depth, dv, at the critical section for shear is calculated in Step 9. The

location of the critical section for shear is located at a dy, distance from the face of support on

the span side.

Step 7: Mn and dv AT MIDSPAN

The necessary steps for calculating nominal flexural strength, My, and the effective shear

depth, dv, at midspan are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 8: Forces and Stresses IN Harped Strands

This step is used when harped strands are available.
The user is NOT required to make any changes to the calculations presented in this section.

Step 9: dv AT the Critical Section for Shear

The necessary steps for calculating dy at the critical section for shear are presented.

The user is NOT required to make any changes to the calculations presented in this section.
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Step 10: Nominal Shear RESISTANCE — Sectional Design Model

The necessary steps for calculating V,, at the critical section for shear are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 11: Nominal Shear RESISTANCE on Minimum Longitudinal Reinforcement
Requirement

The necessary steps are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 12: Shear RESISTANCE — Sectional Design Model

The necessary steps are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 13: Nominal Shear RESISTANCE - Strut-And-Tie Method

STEP 13.1: STM FOR AS-DESIGNED SHEAR RESISTANCE WITH HARPED
STRANDS
The necessary steps are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 14: 3D STM for Transverse Tie Force

Enter the value of “i” to decide the number of bonded strands (ny) in one side of the bottom

flange outer portions of the web.

Similarly, enter the value of “i” to calculate the horizontal distance from the beam centerline

to centroid of the number of bonded strands.

Example 1: The following figure shows the strand arrangement in a 36 % 49 in. bulb-tee beam

end section.
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———Row T1
T2

For example, R2 to R9 represent the prestressing strands in the right-side outer portion of the
web. As shown below, the tables in Mathcad calculation sheet lists the row numbers
corresponding each label and the number of strands. For example, “R2” is listed in row 11

with 2 strands. Similarly, “R9” is listed in row 18 with 0 strands.

0 0

o[ o] |® Lo

1 1| |2 "L8"

2 1] |2 "

3 2] |3 "L6"

4 2] |4 g oy

5 2| |5 "L4"

6 2 6 .L3'

7 2 7 -LG

8 (] 8 iy

9 1 9 .q‘

) 4 1 )y 10 1 10 'Rl'

StrandLayout_End_Ver_AsD .=I m 2] |11 "R2"

12 2| |12 "R3"

13 2| |13 "R4"

14 2 14 "R5"

15 2| |15 "R6"

16 1 16 "R7"
17 1 17 'RL

l[18] o] [18] "R

19 2| |19 b 5

20 1 20 a0 b

21 2| |21 R

To count the number of bonded strands in the right-side outer portion of the web, the user need

enter 11 and 18 for the range, as shown below.
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18

ng = Z (Su'and]_ayom_End_Ver_AsDi 1) =12 Number of bonded strands in one side of the bottom flange outer
P ) portions of the web
1=

Similarly, the user need to enterl1 and 18 for the range to calculate the horizontal distance

from beam centerline to the centroid of the bonded strands in the right-side outer portion of the

web.
18 _ Horizontal distance from the beam
Z [ShandLayout_End_Ver_AsD. ~(AsD_PS_End_Layom_V& 2)] centerline to the centroid of the
1,11 L bonded strands in the selected

— = 1 in=017in bottom flange outer portion of

ng web.

The vertical distance from beam soffit to the centroid of the bonded strands in the selected

bottom flange outer portion of web need to be calculated.

As shown below, enter the number of bonded strands in each layer located in the selected
bottom flange outer portion of web and the vertical distance from beam soffit to the centroid
of each strand layer.
_ StrandArea-[(7-2) + (53-4) + (0-6) + (0-8) + (0-10)]in _ 2.83in Vertical distance from beam soffit to the centroid of

P StrandArea ng the bonded strands in the selected bottom flange
outer portion of web.

As shown in Step 5, the default strand layout has five rows of strands in the bottom flange
outer portion of the web, labeled as Row B1 to Row B5. However, the as-designed details of
the 36 % 49 in. bulb-tee beam end section used in this example include bonded strands only
in Row B1 and Row B2. The bottom flange outer portion of the web includes 5 bonded
strands in Row B1 and 5 strands in Row B2. The vertical distance from beam soffit to the
centerline of Row 1 1s 2 in. The vertical distance between each row is 2 in., too. Hence, the

following numbers are included in the above calculation.

(7-2)+(5-4)+(0-6)+(0-8)+(0-10)

Input height of the bulb (hy).

hy, = 125in Height of the bulb
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Input an average cross-section area of a stirrup and average spacing for the stirrups located
Wlthll’l Ltjbrce.

i 1
| |

lt_f-m“ = . ) | + Iy = 19.75in Becm length with tranzverze steel resisting the tie force
Yy

Ag, = 0.llin”

Spacing = Jin
Step 15: Shear RESISTANCE - STM

The necessary steps are presented.

The user is NOT required to make any changes to the calculations presented in this section.

Step 16: Load Rating
NOMINAL SHEAR RESISTANCE
User defines the nominal shear resistance of the damaged/repaired section.
DEAD AND OTHER LOADS

User defines the shear due to dead and permanent loads.

e total unfactored dead load shear acting on the noncomposite section, Vanc (i.e. beam
self-weight, diaphragm weight, slab weight, and haunch weight).

o total unfactored dead load shear acting on the composite section, Vg (i.e. barrier
weight) and Mpw (i.e. unfactored dead load moment due to wearing surface and
utilities).

o unfactored shear due to permanent loads other than dead loads, Vp.

e unfactored shear due to secondary prestress forces, V.

LIVE LOADS

User defines,
e [ive load distribution factor for shear (LFR method), DFy 1rr
e [ive load distribution factor for shear (LRFR method), DF|_rrrr

o shear due to HS 20 truck, Vir us2o
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o shear due to HL 93load, Vi1 Hi93

o shear due to Michigan Operating Truck Loads: one-unit truck (Vir mi), two-unit
truck (Vi m2), and three-unit truck (Vir m3)

o shear due to permit loads, Vii permir.

LOAD AND IMPACT FACTORS

User defines,
e the LRFD load factor for wearing surface and utilities for strength I and II limit
states (Ypw strength)-
o [ive load factor for strength I limit state for MI legal loads, y11 swengthi Mioper
e [ive load factor for strength Il limit state for permit loads, y.L1_swrengthil permit
o length of beam between bearing centerlines, Beam span

o dynamic load allowance (LRFR) for permit loads, IM_LRFR_permit.
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PRESTRESSED CONCRETE I-BEAM CROSS-SECTIONS WITH STRAND DETAILS
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: | (T—1t 1ol
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L &
my o -
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5 5P, @ 2" FOR ROW (1) OWLY
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7% a0 70 g .?.. g
® ey [
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= 7"
E on
u'q? Ll }E
4
:N & & & & @ 5 "
S YA, S OJP L Y
— ..........——-—(___3_) vil o
:_‘_ lillilllil——@mm
sasnase E- (D)
N
TYPE 111 TYPE IV
| ¥
* 7 SPA. @ 2" FOR ROW @ OWLY £9 S”ﬁ.m@l ONLY
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BEAM PROPERTIES
[ WEIGHT | AREA ST S5 I
TYPE e L . .
Ibs/ft inZ ind ind n4
[ 288 276 1475 1805 | 22,800
II 384 369 2530 3220 | 51,000
111 583 560 5070 6180 | 125,000
Tv 822 789 8310 | 10.550 [261.000] BYG 6.60.01
311l
1'-10%" 2 1'-10%"
N W] Y =]
, § ! D
S S S — U T
T | =1 D = l
,’;"‘% | O
5y o |-
gl MICHIGAN 1800 GIRDER
o . BEAM PROPERTIES
S == WEIGHT | AREA S S I
o Ibs/ft in? ind in3 ind
910 875 16,600 | 18,800 |524,700
’{')\*22 -
\/ o @ BDG 6.60.02
- = N Y5 <
ol 7 eesssoe —4) o
4 o csseessessan : =35 .
Sl 3 "
8 A B D o —

P
15 SPA, @ 2" =2"-6
2" -11ls
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i E- l
7 — ) |
y 43" T0P FLANGE WIOTH
m WA S V//j _® ‘«-[ DEPTH | WEIGHT | AREA oot .[';
g Y — D & n Issft ind in in
- — l;‘_ 1 915 ATR. 3 18.2 | 145.582
= = = 47 365 926.3 | 21.1 | 217.451
& 1 (T i 48 1015 | a74.3 | 24.0 | 305.9%4
S \ 54 1065 | 1022.3 | 27.0 | 412.0%%
.- \ &0 1115 | 1070.3 | 79.9 | 536.513
E NP — 66 1165 | 1118.3 | 32.9 | 680,289
v AT ERDS 12 1715 | 1166.3 | 35.8 | B44.060
ORLPED STRANDS -
= AT MIDSPAN 61" TOP FLANGE WIDTH
. WE [GHT AREA Yaor [y
ol D— Ibs/ iné ind in4
g T
- ® = oL 972 937.4 19.1 | 158.022
. 5-’ -I
- e=——® 1022 | 980.4 | 22.1 |235.306
o W W
I..': Pl @'/\!—} 1072 1028.4 25.2 330.233
-___|' 1112 1076.4 28.2 443,668
L BEWEL (TR BPAei =3 2" 1172 1174.4 1.3 S5T6.476
122¢ 1172.4 14.3 129,521
1272 1220.4 it.3 903.667
BDG 6.60.03

The following figure shows the typical length of beam endblock.

T
Type | or Il 6" 2'-0" min.
Type llI: 9" 3-6" min.
Type IV: 1-0" 4'-6" min.
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Appendix F: Construction of full-depth overcast repair
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F.1 OVERVIEW

The construction process of full-depth reinforced concrete overcasts at PSC I-beam ends is
described. The bridge (STR 3805) that carries [-96 WB over Washington Avenue Road
has three spans and is located in Ingham County, Michigan (Figure F-1). The bridge has a
width of 46.58 ft and a total length of 107.92 ft. The bridge was built in 1962. Each span
has seven AASHTO Type beams. The tail span fascia beams and all beams in span 2w are

36 in. deep. The interior beams along both tail spans are 28 in. deep.

(a) Aerial view of the bridge (b) South elevation
Figure F-1. 1-96 WB bridge over Washington Avenue (a) aerial view and (b) south elevation.

The regular BSIR inspections of the bridge recorded the following condition ratings of the
beams (item SIA-59): in 2000 and 2002, the bridge received a rating of 6 (fair); in 2004,
the rating declined to 5 (fair). In 2006, following the diaphragm repair, the rating improved
back to 6 (fair). The beams consistently received a rating of 6 until 2014, when it dropped
to 5 (fair), and it was recommended that short temporary supports be provided. The
inspection conducted on 08/12/2018—after 56 years in service— beams received a BSIR
condition rating of 4 (poor) due to the following reasons:
e Beam ends over piers have cracks, spalls, and spalls with exposed steel.
e Short height temporary supports at: beams 1s-6s in span 1w at pier 1w; beams
Is, 4s, and S5s in span 2w at pier 1w; beam 1s in span 2w at pier 2w; beam 4s in
span 3w at pier 2w.
e High load hit spalls along beams 6s and 7s in span 2w

e Few diaphragms with minor spalls and delaminated areas.

A scoping report was submitted on 06/12/2018 for this bridge. The report recommended a

deep concrete overlay on the deck surface, PSC beam end repair, including temporary



supports, and cleaning and coating of sole plates. The JN 204942 - 08-29-2022 letting
documents specified full-depth reinforced concrete overcasts for all the beam ends at pier
Iw and 2w. Beam end overcast elevation and cross-section details are shown in Figure F-2
and Figure F-3, respectively. The repair plan also included deck patching, railing patching,
expansion joint replacement, deep concrete overlay, removal and replacement of slope

paving, application of concrete surface coating, and substructure patching.
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Figure F-2. Beam end elevation showing overcast details.
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Figure F-3. Section B-B showing overcast details.
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F.2 CONSTRUCTION PROCEDURE
F.2.1 Erection of Temporary Supports

The construction of a full-depth reinforced beam end overcast begins with the installation
of temporary supports for the beam ends and working platforms to provide access to
perform repair activities. Proper soil base preparation for a temporary support column is
crucial to ensure stability and prevent the column from settling or tilting during
construction. Moreover, a well-prepared soil base helps protect the existing roadway from

damage. Figure F-4 shows the elevation details of a temporary support.
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Figure F-4. Details of temporary supports at a pier.

Figure F-5 shows the preparation of a soil base over the road surface and the placement of
a temporary support column. The temporary support installation process includes checking
column alignment, welding base plates, and connecting multiple support columns to ensure
structural stability, as shown in Figure F-6. After erecting the temporary support frame, a
working platform is mounted to provide safe and efficient access for subsequent repair

operations (Figure F-7).
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(a) Soil basrpreparation h (b) Completed base support

Figure F-5. Preparing a temporary support base over the road surface.

(a) thimn alignment check (b) Column base elding (c) Framing up the support using

horizontal members
Figure F-6. Erection of a temporary support.

Figure F-7. Teporary support system with a working latfor.
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F.2.2 Jacking and Lifting of Beam Ends

Figure F-8 illustrates the jacking and lifting process used to elevate PSC I-beam ends for
repair. The detailed setup, including the hydraulic jack, base plate, shims, and the jack
bearing plate, is shown in Figure F-8(a). As shown in Figure F-8(b), a manual hydraulic
jack is placed on a steel support column to gradually lift a beam end. The beam end is
carefully lifted approximately 1/4 in. to relieve the bearing pressure and allow for repair
access. After reaching the desired elevation, steel shims are inserted to maintain the lifted
position of the beam end, as shown in Figure F-8(c). Figure F-8(d) presents the beam end
in its elevated state, clearly showing the gap created by this lifting operation.

G JACK & G TEMP
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(TYP)

JACK BRG R 1'4" X 14" X
J%" ELASTOMERIC F‘AD: | /

5" X 14" SHIM (TYP) |
(THICKNESS AS REQ'D) |

55 TON MIN HYDRAULIC —|
JACK (TYPE 1) |

TYP
'\/Zu

[ ! ]
BV R
w14xeo/ {

(a) Jacking details (b) Hydraulic jack

|
:\cmxso (TYP)
|

/]ACK BASE R 14" X 1'4" X 2

i

3 - o)

(c) Placing steel shims and measuring elevation (d) The gap at the lifted beam end

Figure F-8. Jacking and lifting of beam ends.
F.2.3 Chipping and Cleaning of Beam Ends

Once the beam ends are lifted, the repair process begins with the removal of the concrete
deck section over the beam end, as shown in Figure F-9. The deck rebar is preserved and
not cut during this process to allow for proper integration during subsequent deck repairs.
Removal of the deck section is necessary to expose the underlying structural components

for access to repair.
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Figure F-9. Exposed beam ends after the removal of the deck at the expansion joint.

Beam end diaphragms are removed using a jackhammer following the deck removal to
provide adequate access to the beam end, as shown in Figure F-10. At locations where
adjacent beam ends are not repaired, only half of the diaphragm is removed to maintain

structural continuity.

Figure F-10. Removal of an end diaphragm using a jackhammer.

Following the removal of end diaphragms, beam ends are carefully chipped out and cleaned
to expose sound concrete and steel (Figure F-11). The entire beam end region designated
for overcasting is chipped out, including areas with sound concrete to enhance bonding

between the overcast and the beam end (Figure F-11c).
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(c) Chipped out and cleaned beam ends
Figure F-11. Beam ends prepared for overcasting.

As shown in Figure F-3, three horizontal rebars are placed through the holes drilled at the
beam ends and connected to the rebar cages prepared for the diaphragms. Figure F-12
shows the drilling of holes across the beam webs at the ends for three adhesive anchor

rebars. According to the repair details, a 1.5-inch diameter drill is used for this purpose.

Figure F-12. Drilling holes at the beam end for adhesive anchors.
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The existing rebars exposed during beam end preparation are thoroughly cleaned and
embedded into the overcasts without the application of any coatings or corrosion protection
measures. Additional epoxy-coated reinforcements are included at the beam ends to
support the full-depth overcast repair. The completed reinforcement arrangement is shown

in Figure F-13.

Figure F-13. Beam ends prepared for overcasts with additional reinforcement.
F.2.4 Formwork and Overcasting

Figure F-14 shows the formwork setup for full-depth overcasts and end diaphragms. The
overcast and end diaphragm are cast monolithically to ensure structural continuity and
durability. Latex Modified Concrete (LMC), mixture type C-L, is used as the repair
material when the repair depth exceeds 1.5 inches, as shown in Figure F-15. Table 703-1
of the MDOT Construction Manual provides the mix proportions for LMC mixes. The

concrete mix used in the specific bridges discussed in this document is highlighted.

The concrete is mixed on-site using a mobile volumetric concrete mixer truck, as shown in
Figure F-16(a). Concrete field tests are conducted during the placement of LMC at the
beam ends. Fresh concrete properties are recorded, as shown in Figure F-16(b), including
slump, air temperature, concrete temperature, and air content. For example, the report
includes a slump of 5 inches, an air temperature of 72°F, a concrete temperature of 79°F,
and an air content of 5.9%. These field test results confirm that the delivered concrete
meets the specified performance requirements for the beam end overcast repair, as outlined

in the MDOT Construction Manual, Table 703-1.
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)

Figure F-14. Formwork for an interior beam end overcast with an end diaphragm.

Table 703-1
Structures Patching Mixtures
Mixture Proportions per cyd, dry weight

Depth of Mixture Net Water Latex Fine Coarse Air
Patch Aggregate Type Cement (approx) Admixture | Aggregate | Aggregate Content

in Required (g) Ib b Ib (gal) Ib b %
<1.5 2NS F-L 752 (c) (b) 235 (28.0) 2,450 NIA 6.0+2.0
1.5-4 2NS & 26A M 799 358 (a) NIA 1,260 1.260 75+15
15 2NS & 26A C-L 658 (c) 169 (b) 143 (17.0) 1,348 (e) 1,458 (e) 4515
— (d) C-L-HE 846 (c) (b) 228 (27.0) 1,308 (e) 1.416 (e) 45415
Cc 705 315(a) NIA 1.220 1,530 6515
>4 2NS & 6AA C-HE 848 300 (a) NIA 1.220 1,590 5.5+1.5

a. Control water to provide a stiff, workable mixture with 1 into 2 in slump. During hot and windy weather, the Contractor may
increase slump to 3in to 4 in, as determined by the Engineer.

b. Add water, in addition fo water in the latex admixture, to control slump to within 3 in to 5in. Measure slump from 4 min o
5 min after discharge from the mixer. During this waiting period, deposit concrete on the deck and do not disturb. If placing
mixtures on sections within super-elevated curves, the Contractor may need to use the lower allowable range of the slump
requirement, as determined by the Engineer. Do not exceed water-cement ratio, by weight, of 0.30 including water contained
in the latex emulsion.

c. Use only Type | cement in these mixtures.

d. Ensure the 26A absorption does not exceed 2.5%, in accordance with ASTM C 127.

e. The aggregate proportions are approximate; due to gradation changes, the Engineer may make adjustments. The Contractor
may increase the fine aggregate quantity by no greater than 5% by weight of total aggregate if reducing coarse aggregate by
an equivalent velume.

f. Substructure repairs.

g. F, M, and C indicate fine, medium, and coarse: L indicates latex modified; HE indicates high-early strength. Type F mixtures
are mortars.

Figure F-15. Concrete mix proportions for patching.
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CONCRETE FIELD TEST REPORT

CLIENT: Pavi§ c0nSTruwerion 3 ROWFScheip D&A PROJECTNO.: DATE:
23460089.4p 07/0%/2024
PROJECT: T -9b OVed M-94, Washing Ton ST, INSPECTOR:

Bivveod Hwyd Grama Rived Levi JacKSen
CONTRACTOR: CONTROL SECTION/MDOT JOB NO.:
DaviS (olyrpwetion 33093 / a04 907
CONCRETE SUPPLIER & CITY: PROJECT ENGINEER:
Davis consTiwerion [ Lansing Jim Stapfiewicz ~AECoM

EATHER (CIDud g 72°F TIME ARRIVED: £ | 5am
@ SCHEDULED ARRIVAL TIME: 400 qm

M TIME LEFT SITE: |}1 Jo on

AGGREGATE CORRECTION FACTOR: —
Pour Description: L= 3L w_0vel § wasning Ton 4ve Beom epds folf bpiage
ovel 5 wasning Torl.

Mix Design: LaTeX (oL Quantity Placed (yd):  — Lot Number:__— Sublot: =
Grade of Conerete: €=\~ Batch Quantity (yd"): PourStart: 130 Pour End:
FIELD TEST RESULTS
Tk | pickern | B | tare | Empry | SR Temp. %-E); c:?/j{;“ :\Zg Yieig) [SeNEeL
: 410 9.3 [4230 S A= 2R
(a) Mobile volumetric concrete mixer (b) Concrete field test report

Figure F-16. Preparation of LMC mix in the field.

Once the formwork is in place, concrete is poured at the beam ends, as shown in Figure
F-17(a). Vibrators are used during placement, as depicted in Figure F-17(b), to ensure
proper consolidation and elimination of air pockets. This process is critical in achieving a

high-quality repair with strong bonding to the existing beam and diaphragm surfaces.

op e r iy

e i
ing a porker

(a) Pouring concrete (b) Consolidation of concrete us
vibrator
Figure F-17. Pouring concrete over beam ends.

After concrete placement, the repaired area is immediately covered to ensure proper curing
conditions, as shown in Figure F-18. Plastic sheeting is used to retain moisture and protect
the freshly placed latex-modified concrete from direct sunlight, wind, and potential
contamination. At the end of curing the formwork is removed. A properly completed job
is expected deliver a smooth and well-integrated repair at the beam end, as illustrated in
Figure F-19. The completed repair is expected to exhibit good quality, with no signs of
initial cracking or distress, indicating proper bonding between the new overcast and the

existing concrete surfaces.
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Figure F-19. Repaired beam ends after removing formwork.
F.3 TYPICAL OBSERVATIONS

The repair plan recommends removing only unsound concrete and limiting the chipping
depth to 1 in., along with forming three shear keyways in sound concrete, as illustrated in
Figure F-20(a). However, field observations revealed that the entire beam end region
designated for overcasting is chipped out, including areas with sound concrete, as shown
in Figure F-20(b). This excessive chipping resulted in the unintended exposure of
additional prestressing strands in the beam soffit and some strands on the sides of the
bottom flange. Consequently, a portion of the prestressing force is lost, and the capacity

of the beam end is reduced.
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(a) Beam end repair details (b) Chipped out and cleaned area

Figure F-20. Chipped out and cleaned more area than recommended in the repair details.

Figure F-21 shows significant corrosion on the existing reinforcement at the beam end
before concrete placement. Although the exposed rebar is cleaned after chipping, corrosion
develops due to the delay of several weeks between cleaning and the start of concrete
casting. Corrosion on existing reinforcement is a concern, as it compromises bond strength
and accelerates future deterioration. This concern can be addressed by applying a
protective coating to the exposed steel immediately after cleaning and before pouring

concrete.

Figure F-21. Corrosion was observed on the existing reinforcement before pouring concrete.

Figure F-22 shows an inconsistency in the gap between adjacent beam ends observed
during the repair process. The beam end repair details require a two-inch gap between the

beam ends. However, as shown in Figure F-22 (a), the actual gap at one location is only
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one inch, while the gap at another location is two inches, as shown in Figure F-22 (b).
Maintaining the specified gap is necessary to allow for adequate spacing to accommodate

thermal expansion.

(a) One (1) in. gap (15) Two (2) in. gap
Figure F-22. Inconsistent spacing between beam ends.

F-14



Appendix G: Structured light 3D scanning technology for documenting
prestressed concrete beam end conditions
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G.1 INTRODUCTION

The degradation of in-service prestressed concrete (PSC) bridges has been a concern. One
specific issue that significantly affects PSC bridges is the deterioration of the girders' end
sections. This deterioration is mainly caused by the leakage of expansion joints, which
allows water, deicing chemicals, and contaminants to penetrate the girder ends. Figure G-1
illustrates typical beam end conditions in PSC I-beam bridges. As a consequence of the
deterioration, there is a loss of bearing area, corrosion of prestressed strands and transverse
reinforcement, and a reduction in the effective concrete section, all of which negatively

impact the load-carrying capacity of the beam.

e

i
(a) Spall and corroded bearing (b) Cracking, (c) Spall behind the bearing

delamination, and spall
Figure G-1 Typical deteriorations at PSC beam ends.

The evaluation of a bridge's condition starts with biennial inspections. The FHWA Bridge
Inspector's Reference Manual (1) stresses the significance of scrutinizing the bearing areas
of PSC beams for delamination, spalls, or vertical cracks. Additionally, the inspection
should encompass the examination of beam ends and sections above substructure units for
transverse cracks on the bottom flange of [-beams and diagonal shear cracks in webs. In
the AASHTO Manual for Bridge Element Inspection (2), PSC bridge elements are
evaluated using a condition state scale ranging from 1 (good) to 4 (severe). These
assessments take into account various factors, such as spalls, delamination, patch areas,
exposed rebars, exposed prestressing, cracking, vehicle impact damage, and more. The
manual designates spalls as fair when they are not deeper than 1 in., or not greater than 6

in. in diameter. However, it does not provide a quantitative explanation of how these spalls
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specifically affect the bearing or shear capacity of the beam. The inspectors have the

discretion to decide on condition states.

Currently, the primary approach for assessing deterioration in bridges relies on visual
inspection. Inspectors commonly use tools like tape measures, rulers, calipers, and crack
gauges to measure the extent of deterioration. However, the accuracy of these on-site
measurements heavily depends on the inspector's ability to correctly identify the defects in
the deteriorated area. With these traditional tools, inspectors are left with pictures and field
notes to re-review the condition when there are ambiguities in the assessment. Therefore,
there is a critical need for introducing innovative tools and techniques that can provide

quantitative data and assessment of hard-to-reach details with traditional procedures.

In recent years, there has been notable progress in the development of reliable bridge
inspection methods through the use of three-dimensional (3D) scanning and point cloud
data. By employing 3D scanning technology, point cloud data is generated, representing
the scanned objects' surfaces as 3D space coordinates and normal vectors. These methods
serve various bridge inspection purposes, such as creating geometric models, measuring
displacement and settlement, generating Bridge Information Models (BIM), and
identifying surface defects. The application of 3D scanning in bridge engineering has
become increasingly common, leading to several recent comprehensive review papers (3-
7) in this field. These publications have showcased the widespread use of laser scanners,
particularly terrestrial laser scanners, in bridge engineering, proving their effectiveness in
various applications. However, the literature also highlights some limitations associated
with this technology, including high costs and time-consuming processes. Despite these
limitations, the advancements in 3D scanning and point cloud data analysis have shown

great promise for enhancing bridge inspection practices.

Alternative 3D scanning techniques can address some of the limitations associated with
traditional laser scanning. One such option is photogrammetry, which reconstructs 3D
models by using multiple images taken from different angles. While photogrammetry is
cost-effective, it typically offers lower accuracy compared to laser scanning. Another

viable alternative is structured-light scanning (SLS). The structured light 3D scanners
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adopt a striped light pattern with horizontal and vertical bands using an uncalibrated near
IR dot, bars, or stripe projector which is captured by two cameras to reconstruct the object.
Typically, structured light scanners can capture 20-30 frames per second, which allows to
create a handheld device. Structured light scanners consist of a projector that projects a
light pattern onto the surface and multiple cameras slightly offset from the projector to
capture the shape of the projected light pattern and to calculate the distance of every point
in the field of view. Compared to laser scanning, SLS offers several advantages, including
enhanced safety, faster scanning speed, higher resolution, and generally lower cost. Despite
the advantages of structured-light scanning, there have been relatively few studies reported
in the literature regarding its implementation in bridge inspection. Some noteworthy
examples include Hain et al. (8), who applied structured-light 3D scanning to create high-
resolution representations of locally corroded steel girders. Wang et al. (9) used structured-
light cameras to inspect the overall dimensions of precast concrete components.
Franceschini et al. (10) utilized a structured-light 3D scanner to evaluate pitting corrosion
damage of prestressed strands by extracting pit depth, mass loss, and wire section loss from

the 3D scanning data.

SLS systems also have limitations. For instance, the coverage area may be insufficient for
scanning larger areas, making it challenging to scan full-size bridges or bridge components.
Nevertheless, this limitation is less of a problem when scanning smaller areas as beam
ends. Another drawback is that the reconstruction quality of scanned objects can degrade
under strong outdoor ambient light due to large amounts of infrared radiation, manually
holding the scanner at the same location for prolonged periods to scan a specific area, and
the higher post-processing hardware requirement to achieve a considerable result in real-
time. One possible solution is to increase the power of the light source of the projector, but
this may not always be feasible in outdoor settings, especially with low-cost hand-held
projectors that are becoming increasingly popular. Providing proper shade during outdoor

work could be an alternative solution, but this can add complications due to site constraints.

This paper presents an overview of structured-light 3D scanning technology and
equipment, data collection procedure, post-processing of the data and preliminary results,

and lessons learned from a field application. It is anticipated that the conclusions and
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observations presented will provide support for the use of structured-light 3D scanning as
a tool for bridge engineers to collect inspection data more accurately reflecting the state of
the in-service bridges. The data will be crucial for bridge owners and engineers to make

more informed decisions regarding the preservation and maintenance of bridges.

G.2 SCANNING TECHNOLOGY, DATA COLLECTION, AND DATA
PROCESSING

G.2.1 An Overview of Available Scanners

Many different 3D scanners exist in the current market varying from portable to advanced
systems where they have an extensive range of applications. For instance, it can be
attempted to compare different perspectives which can be categorized as handheld, aerial,
terrestrial, and metrological. Handheld scanners have advantages in portability which are
required to have the ability to reach tight spaces and sufficient scanning accuracy (11).
Also, handheld scanners should be lightweight; therefore, operators should not get tired of
holding the scanner for a longer duration. The post-processing software that comes with
the scanner is the most important part of the 3D scanning workflow where it eases the

operator’s work to generate a high-quality 3D model of the object (12).

The metrological 3D scanners are specialized hardware developed to scan the most
demanding use scenarios like quality inspection of parts, and archeological object
reconstruction with the highest accuracy corresponding to the reference physical object
(13). Most metrological scanners can achieve an accuracy of at least 0.0008 in. (0.02mm)
with combined laser and structured or standalone laser technologies. The measurement
rates of metrological 3D scanners are significantly faster than any other scanner type
according to the specifications. Moreover, in contrast to other 3D scanner types
metrological and terrestrial 3D scanners are the most expensive scanner types in the
commercial market (14). The terrestrial 3D scanners are a model of 3D scanners which
deploy lasers to capture larger areas or objects at longer distances with precision. These
scanners are typically mounted on a tripod and are widely used in surveying archeological
sites, coastal projectors, and constructions (15). Due to the underlying applications, aerial
3D scanners are particularly used for 3D mapping purposes such as traffic monitoring,

landslide activity analysis, and defense and military surveillance purposes (16).
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Table G-1 shows the comparison of specifications of various 3D scanners available at
present. The accuracy of the laser-type 3D scanners is comparatively higher than structured
light-type scanners because the laser triangulation is more precise than pattern-based 3D
reconstruction. In addition, handheld scanners are the most affordable 3D scanners with
performance matching up to other high-end scanners. Overall, handheld scanners are the
best tool that can be employed for structural condition assessment.

Table G-1. Comparison of Available 3D Scanners

Accuracy, in. Measurement
Model Technology (mm) ¥y Rate, points/s
Handheld
Shining 3D Einstar Structured 0.004 (0.102) 980,000
Shining 3D Einscan HX Structured+ Laser | 0.040 (1.016) 480,000
Revopoint pop 2 Structured 0.050 (1.270) 8,000
Metrological
Creaform Handyscan BLACK Elite | Laser 0.025 (0.635) 1,300,000
Shining 3D FreeScan Combo Laser +Structured | 0.020 (0.508) 1,860,000
Scantech Simscan Laser 0.020 (0.508) 2,020,000
Terrestrial
Leica Geosystems Leica BLK360 Laser 4(101.6) 680,000
Surphaser 100HSX Laser 0.25 (6.35) 208,000
RIEGL VZ-400i Laser 5(127) 500,000
Aerial
TOPODRONE Lidar HI-RES | Laser | 30 (762) | 300,000

A 3D structured-light handheld scanner was used in this study. Based on the study
requirements and budget, the Shining 3D Einstar® 3D scanner was selected. The scanner
is capable of capturing details of deteriorated PSC beam ends. Features like texture-based
alignment, availability of IR (Infrared) dot projectors, and portable design preferably a
better solution to scan the beams under outdoor conditions without having markers placed
on the scanning surface. The RGB (Red, Green, Blue) color camera combines the color to
the point clouds and acts as the grayscale viewfinder for the scanner in real-time (16).

Figure G-2 shows the components of a Structured Light 3D scanner.

G-6



Stereo depth cameras

LED light source

Infrared dot projection

RGB color camera

Figure G-2 Structured Light 3D scanner.
G.2.2 Data Collection Procedures

These scanners need a compatible laptop with the scanner manufacturer’s software. The
software is essential for configuring scanner parameters and saving the scanned data.
Before commencing the scanning process, it is necessary to calibrate the scanner. During
this calibration, the scanner parameters are recalculated. Following the calibration, a new
project with a user-defined file name is created. The scanning parameters are selected based
on the site conditions and object size. After configuring the scanner parameters, the
scanning process is initiated using the preview option to track the starting location. During
scanning, an operator moves the scanner around the object slowly while maintaining a
relatively perpendicular orientation to the surface of interest. Tracking problems may arise
due to excessive rotation or being out of the scanning distance range. When a track-lost
warning occurs, it is necessary to return to the previously scanned area to reestablish the
track. The scanner uses structured light to capture the surface geometry and texture of the
object. During the scanning process, the laptop displays a live image of the scanned area,
enabling the user to verify that the specific object geometry of interest has been
successfully captured. The scanner operating system typically includes pause and restart
features. If necessary, the scanning process can be paused to allow for a change in the user's

position. After completing one side of the bridge beam scanning, the operator checks the
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scan data before proceeding to the other side. In case any part of the selected object is
incomplete or missing, the scanning operation can be resumed to capture the missing
details. However, it's important to note that frequent pauses and restarts increase the size
of the data file. Figure G-3 illustrates the basic steps to collect data under field conditions.
Once the scanning is complete, it is recommended to save the file by generating point cloud
data. However, this particular step can be quite time-consuming, and its duration largely
relies on the processing speed of the computer being used. To save time during data
collection and to minimize the time spent at the site, scanning operations can be aborted
manually without generating a point cloud. The manufacturer’s software by default stores
the scanned data as a *.asc file. Later, this file can be opened to resume data collection or
post-process data to generate the geometry. However, the inspectors need to be careful in
handling the aborted data files since there is a possibility of accidentally adding unwanted

data to the file.

Set-up the
scanning system

[ Calibrate |
l

_[Create new project

group

1 Scan Mode

Set project Alignment

parameters Resolution
| Texture

Review and adjust the
brightness of the light
|

| Start scanning |

[Pause and resume]

" Quitscanning |

Figure G-3 Process for setting up and operating a scanner for data collection.

For this study, the scan data was collected on several PSC I-beam ends in an in-service
bridge. The scanner and the laptop were powered using an inverter connected to the
vehicle’s battery. A portable power station served as a backup power source for the scanner.
Figure G-4 (a) shows the scanning device, laptop, portable power source, and extension
cables. Since it was required to connect the laptop placed at the ground level and the

handheld scanner, two extension cables, each more than 20 ft long, were used to power the
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scanner and establish a connection with the laptop. This setup allowed the operator to move
around the beam end to capture the required data. Figure G-4 (b) shows an operator
scanning a beam end while standing on a ladder. Figure 4 (c) shows another checking the

data for completeness as the beam end is being scanned.

Portable pc
station

USB and barrel
extension cables
=

#| Calibration p i.“ ‘:;

(a) (b) ()
Figure G-4 (a) Scanner, laptop, and other accessories, (b) scanning a beam end, (c) checking data
during scanning.

G.2.3 Post-processing and Analysis

Typically, a scanned dataset contains additional data (noises) from the surrounding
surfaces. During post-processing, the dataset is cleaned by removing unwanted data using
editing tools in the post-processing software. Figure G-5 shows the scanned image
generated after cleaning the data file. The raw file in *.asc format is processed to generate
a point cloud for further processing. This step takes at least 20 minutes per beam end and
demands significant memory to process. The resulting working model consists of

meticulously selected scanned locations specifically focusing on the sides of the beam end.

(2) (b)

Figure G-5 Scanned image after cleaning the data file: (a) left side and (b) right side views.
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To create a mesh for the model, the "unwater tight" model option is selected. Further
editing of the model, such as completing the model by filling in missing data, is possible
with mesh editing tools. Subsequently, the model is saved using *.stl and *.asc formats.
Before saving the model, alignment adjustments are made to ensure it is suitably positioned
in the global coordinate system. Proper alignment significantly reduces post-processing
time when using third-party software such as CATIA® (17). These post-processing steps
ensure a refined and optimized dataset, leading to manageable file sizes and a model

defined in the global coordinate system.

The converted *.stl file was used for further processing in CATIA® V5 modeling software.
The Digitized Shape Editor (DSE) was used to import the file without scaling the mesh
size. The imported scanned object is shown in Figure G-6, along with its statistical
information from the analysis option. To maintain the highest mesh surface quality, mesh

decimation was not performed during this stage.

Statistics -
Name : Sp2W_P2W _B7s.1

Nb. cells = 1

Nb. points = 2534477

Nb. visible points = 2534477

Nb. activated points = 2534477

Nb. filtered points = 0

Nb. triangles = 5052045

Nb. boundaries = 1

Min extremity: -20.962in -0.644in -0.276in
Max extremity: 6,001in 11.668in 18.623in
Dimensions: 26.962in x 12.312in x 18.89%n (0.103m3)
Area = £03.132in2

Volume = 2.613¢-008m3

(2) (b)

Figure G-6 (a) Imported scanned object and (b) statistical information.

The editable plane was generated using the quick surface reconstruction (QSR) workbench.
The "basic surface recognition" option was employed to create a new plane from the
scanned object surface. Then the plane was extended to cover the desired area.
Subsequently, the extended plane portion was removed using the trim command. In cases
where the scanned object contained curved regions, the "planar sections" tools were used
for selection. Then, either the "curve from scan" or "sketch from scan" option was used to

draw the desired line shape before using the extrude command to develop the plane. For
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rough and highly irregular surfaces in the scanned object, like the section loss area of the
beam end, the "automatic surface" option provided a suitable solution. Once the basic shape
was created, measuring tools were used to determine the section loss and other
measurements. Figure G-7 showcases a model that closely resembles the scanned shape,

highlighting the effectiveness of the post-processing steps.

Figure G-7 Working model developed from the 3D scanned data.

G.3 DOCUMENTATION OF BEAM END CONDITION OF AN IN-SERVICE
BRIDGE

Data was collected from the PSC I-beam bridge that carries 1-96 Eastbound over
Washington Avenue in Ingham County, Michigan. Built in 1962, this 5° skew bridge has
three spans with a total length of 107 ft 11 in. and a width of 43 ft 7 in. Each span has 7
beams. Span 1 and 3 have AASHTO Type I interior beams and Type Il fascia beams. Span
2 has Type II beams. The beam layout and north-side elevation view of the bridge are

shown in Figure G-8.
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Figure G-8 (a) Beam layout and (b) north side elevation view

The beams are supported on expansion bearings at the piers and fixed bearings at the
abutments. The bridge deck has expansion joints over the piers. The failure of these
expansion joints exposed the beam ends to chloride-laden water from the deck. The latest
inspection conducted in October 2022 reported that the beams are in fair condition.

However, the latest scoping report rated the beams as in fair to poor condition.

G.3.1 Beam End Conditions

Figure G-9 and Figure G-10 show the condition of beam end 7s over pier 2W in span 2W
before and after preparing for the repairs. The latest scoping report mentioned the spalls
and delamination on the selected beam end but did not quantify the bearing area loss. Even
though the photographs have higher resolution compared to the 3D scan images, the
physical features can be extracted only from the 3D scans. When the image developed
using scan data is rotated, the inspectors or load rating engineers can get a more
comprehensive view with finer details that may not be easily visible in photographs or 2D

representations. Also, the scan data offers enhanced measurement capabilities. It is possible
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to identify exposed strands and rebars. By comparing the scanned models captured before
and after cleaning for repairs, the loss of cross-section due to deterioration can be
calculated. Indeed, 3D scanning can be more time-consuming compared to regular visual
inspections, especially for relatively large objects like bridge beams. Scanning each beam
end alone can take approximately 30 to 40 minutes, not accounting for other related
activities during the process. In contrast, visual inspections are generally faster since
inspectors can move around and visually examine multiple areas in a shorter amount of
time. However, while visual inspections are faster, they may not capture every inch of the

beam end with the same level of accuracy provided by 3D scanning.

Figure G-10 Beam end condition after cleaning for repairs: (a) left side photograph, (b) left side scan,
(¢) right side photograph, (d) right side scan.

G.3.2 Calculation of Bearing Loss
The beam end has two spalls, on the left and right sides as shown in Figure G-11. The
spalled areas over the bearing and on the right and left sides are 3.4 in.? and 2.3 in.%,
respectively. The bearing sole plate area of 160.1 in.2 (17.925 in. x 8.929 in.) is also

calculated from the model, as shown in Figure G-12. Bearing area loss due to spalls is less

than 5% when compared to the bearing sole plate area.
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(b)

Figure G-11 (a) Model with the section losses, (b) right side spall, and (c) left side spall.

Figure G-12 Sole plate dimension from the scan.

G.4 LIMITATIONS AND CHALLENGES

Several limitations and challenges of this technology were identified during this study.
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a) The scanner is not wireless. It requires power supply and data transfer cable connections.
Connecting the scanner to the laptop can be challenging at times, particularly when
dealing with tall piers or site constraints for parking. During this study, such challenges
were overcome by connecting the scanner using a long extension cable to the operating
device and the power supply. Users need to be careful about the scanner extension cable
while scanning. When the user is unable to view the real-time scan output, it presents a
challenge in resolving tracking issues. This challenge is amplified when there is a time
delay in the real-time output caused by the processing capabilities of the laptop.
Moreover, the computer may experience freezing or slow down when dealing with large
scans. To tackle this issue, use a computer with a powerful graphics card and ample
memory to surpass the scanner specification requirements. A robust graphics card and
sufficient memory allow the computer to handle and process a substantial amount of

data generated during scanning more efficiently.

b) Each beam end generates a significant amount of 3D scan data, including point cloud
information and other backup data. Before post-processing, the size of a complete scan
of one beam-end ranged from 25 to 35 gigabytes (GB). Storage space can indeed become
a concern when dealing with many beam ends. If the anticipated data size is substantial,
considering using external storage solutions such as external hard drives or network-
attached storage (NAS) can be beneficial. Regularly archiving and backing up the data
to free up space on the primary storage and safeguard against data loss is also

recommended.

¢) Maintaining the scanning distance range of approximately 6.3 to 24 inches suitable for
medium to large-scale objects becomes a challenge in the presence of closely positioned
temporary supports or diaphragm sections near the beam end, as shown in Figure G-13.
When the scanner is out of the specified distance range the projected light pattern of the
scanner might become distorted or less distinguishable, leading to less precise

measurements.

d) Direct sunlight on the beam ends, especially on the fascia beams exposed to direct

sunlight can interfere with the structured light patterns projected by the scanner. This is
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often not a concern for scanning interior beam ends, as the deck or other structural
elements typically shade them. During this study, the beam ends were scanned both in
the presence of the deck and after the deck was removed over the beam ends. To mitigate
the effects of sunlight, a temporary shade was provided on the removed deck section

using a blue poly tarp, shown in Figure G-14.

Figure G-14 (a) Exposure to ambient light through the removed deck section; (b)removed deck
section; (c) tarp placed over the opening to block ambient light.

G.5 CONCLUSIONS

The possibility of using a structured-light handheld scanner for documenting bridge details

was evaluated. The following conclusions are derived from this study:
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= The structured-light scanner was selected for this study due to its acceptable
accuracy and precision in capturing the required 3D data. This scanning technology
proves to be a useful tool for documenting details under field conditions.

= Although 3D scanning requires more time compared to traditional visual inspection, the
process can be optimized by selecting critical details for scanning since it provides
substantial advantages over visual inspection. By capturing all visible details at very high
accuracy, it reveals information that may not be easily identified during visual inspection.

= The reverse engineering of as-is details plays a vital role in visualizing and
comprehending the extent of deterioration. This allows for a more precise
calculation of section loss and reduction in bearing area and the identification of
damaged strands and reinforcing steel to improve the accuracy of condition

assessment and load capacity calculation.
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