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EXECUTIVE SUMMARY

INTRODUCTION

The typical design practice is to consider the limit state stresses in structural elements of a bridge
that is completed as per the project specifications. Highway agencies design bridges in-house or
contract the design to consultants. Once the design is complete and the plans are finalized, the
project related documents go through a quality assurance and quality control (QA/QC) procedure
to ensure that the final contract documents are prepared free of errors and omissions. The
Michigan Department of Transportation (MDOT) Bridge Design Manual (BDM) Section 2.05
describes the bridge design QA/QC procedures implemented by MDOT. This process leaves the
responsibility of analysis and design for construction stages to a contractor (“the Contractor’) since
the means and methods for construction are developed by the Contractor. The agency engineer
(“the Engineer”) needs to review and approve the means and methods described in the Contractor
submittals. The Contractor selects qualified suppliers to provide materials and elements for the
bridge to assure constructability, safety, and durability. A lack of a comprehensive program for
(1) fabricated structural element quality evaluation and (ii) structural element and partially erected
structural system response analysis during construction by both parties may lead to rejection by
MDOT, project delays, change requests by the contractor, and sometimes, to construction safety
and durability issues.

This project was designed to assist the inspectors and designers in the verification of
fabrication quality of PC girders and the review of contractor submittals by developing a
comprehensive list of constructability analysis cases for each stage of construction, supported by
a set of guidelines and tools for performing calculations and inspections. The objectives of the
study are as follows:

1. Document the fabrication and construction issues/cases to be addressed.

2. Document key components of constructability reviews for MDOT bridge projects.

3. Provide analysis templates.

4. Provide manuals and guides with examples.

5. Provide implementation recommendations.

To satisfy the objectives, this project was organized into seven tasks: (1) review of
literature and state-of-the-art practices, (2) collect input from MDOT Design, Field Services, and

Construction staff and the review of typical MDOT bridge project plans and construction methods,
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(3) develop PC beam performance assessment guidelines and procedures, (4) identify common
design and construction review scenarios that require documented guidelines, (5) develop
frameworks to address the common scenarios and the Mathcad scripts, (6) develop standalone
constructability review and staged construction design guidelines, and (7) produce final research

deliverables.

SUMMARY

Constructability cases associated with capacity, deformation, stability, and durability of bridge
beams and assemblies were documented through a comprehensive literature review. These cases
were grouped under each construction activity and discussed for production and manufacturing,
transportation and lifting, erection, and deck placement stages. In addition to these activities,
phased construction and the associated constructability cases were documented. The design and
construction best practices to avert these problems as well as available methods and tools for
analyzing the constructability cases were documented. These cases were discussed with the
Research Advisory Panel (RAP). The cases documented with the RAP feedback were
incorporated to develop a constructability framework for prestressed concrete (PC) and steel (S)
girder bridges. Together with the first and second tasks, the MDOT involvement warranted the
success of this project and completion of the fourth task, which was to identify common design
and construction review scenarios that need documented guidelines.

The PC beams are manufactured and produced under stringent quality control
requirements. The final decision regarding beams with deficiencies is at the Engineer’s discretion.
To improve the QA process for PC beam performance assessment, a non-destructive testing toolkit
and a PC beam capacity assessment procedure need to be defined. Defining a non-destructive
testing toolkit is beyond the scope of this project. As a fulfilment of the third task, an excel
spreadsheet (Quality Assurance Load Testing.xlsx) was developed evaluate the load capacity of a
PC beam. The spreadsheet (i) checks for PC beam capacity against the stress limits defined in the
AASHTO LRFD (2017), (i1) identifies the flexural failure mode during load testing, and (iii)
calculates the force magnitude required for load testing using either a 3-point or 4-point loading
configuration.

The fifth and sixth tasks were to identify the common constructability cases to develop

constructability review and design guidelines. Microsoft Excel spreadsheets with embedded VBA



codes and Mathcad analysis scripts were developed for engineers. Two constructability checklists
and a post-construction review form were developed for inspectors.

To identify the potential constructability cases based on bridge type, bridge geometry, and
the construction type, the Constructability Analysis Cases Form, a spreadsheet with embedded
VBA codes, was developed. The Constructability Required Level of Analysis (RLOA) Selection
Tools, a separate spreadsheet with embedded VBA codes, was developed to identify the required
level of analysis (1D, 2D, or 3D) for the cases obtained from the Constructability Analysis Cases
Form. A set of Mathcad scripts was developed and linked to the Constructability Required Level
of Analysis (RLOA) Selection Tools. These tools provide a platform to assure the constructability

of a bridge through the collective effort of the Engineer, Contractor, and Inspector.
IMPLEMENTATION RECOMMENDATIONS

The bridge design QA/QC procedures implemented by MDOT are described in BDM Section 2.05.
The purpose is to ensure that the bridge design final contract documents are prepared with no errors
and omissions. The Structural Precast Concrete QAI Manual describes the QA/QC process of
precast concrete members. The tools and recommendations developed in this project can be

seamlessly integrated into these procedures to achieve the QA/QC objectives.

1) Employ the Quality Assurance Load Testing spreadsheet with data to (i) check for PC beam
capacity against the stress limits defined in the AASHTO LRFD (2017), (i1) identify the
flexural failure mode during load testing, and (iii) calculate the force magnitude required for
load testing using either a 3-point or 4-point loading configuration. This spreadsheet can be
integrated into PC beam QA process for checking the failure mode and load capacity of PC
beams with major nonconformance.

2) As per BDM Section 2.05.03A., “the Designers, Checkers, and Reviewers are key personnel
providing well-designed, accurate, and constructible plans for use in the construction of
bridges.” The Designers, Checkers, and Reviewers can use the Constructability Analysis
Cases Form tool to identify analysis cases that need to be considered during bridge
construction. These cases are grouped under activities of lifting, erection, deck placement
and phased construction. Constructability Analysis Cases Form can be required during the

design, checking, and review processes.

xi



3) According to BDM Section 2.05.03C5, Designers and Checkers face significant challenges
due to the complexity of the software programs used for bridge structural analysis and design.
Also, Checkers and Reviewers may face difficulties with the content and formats of
contractor submittals for review. Such difficulties can be managed by providing (i) Required
Level of Analysis (RLOA) guidance for bridge elements at each stage of construction and
(1) tools for independent verification of calculations submitted by the contractor. MDOT
can request contractors to follow the required level of analysis guidelines by providing access
to the Constructability Required Level of Analysis (RLOA) Selection Tools.

4) BDM Section 2.05.03D6 indicates that Program Level Quality Assurance (PLQA) is
performed by the Bridge Design Supervising Engineer (BDSE). The objective of performing
PLQA is “to promote consistency and uniformity between MDOT working units and
between MDOT in-house and consultant designers.” The Constructability Analysis Cases
Form will be a tool to promote consistency in constructability related calculations and the
approval of the submittals.

5) For inspectors, two constructability checklists were developed. BDM Section 2.02.18
describes the process for the final constructability review. The two checklists can be
introduced in this section to ensure that the items are addressed in the plans with adequate
details and notes. MDOT Form 5616 Pre and Post Pour Inspection Checklist can also be
updated by the items listed in the Constructability Checklist for Inspectors - Prestressed
Concrete Bridges. The checklist for prestressed concrete bridges can be linked to the Wiki
E-Construction Section 708. The checklist for steel I-girder bridges can be linked to Wiki
E-Construction Section 707. Also, checklist items related to structural stability can be
incorporated into the construction staging section of the Form 1960.

6) According to BDM Section 2.04.04, project history needs to be documented. The
Constructability Checklist for Inspectors - Post-Construction Review form can be used to
document the errors/omissions in the plans, contractor change requests, and deviations from
the approved construction plans. The compilation of such information helps to convert tacit
knowledge into explicit knowledge that can be used to enhance the QA/QC program
outcome.

The deliverables of this project can be implemented as described below to identify and

evaluate (i) the capacity and failure mode of a beam with major nonconformance and (ii) potential
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constructability cases as a result of the contractor-proposed means and methods and change

requests:

1) Employ the Quality Assurance Load Testing spreadsheet with data to identify the failure
mode of the beam with major nonconformance and to calculate the load magnitude required
to reach the design stress limits during load testing.

2) Employ the Constructability Analysis Cases Form with required input data to identify the
potential constructability cases that require analysis and development of design details. The
output can be used to check if contractor submittals and calculations are incomplete for all
the required analysis and design. The input data for this form is simple and only includes
bridge type, bridge geometry, and the construction type.

3) Employ the Required Level of Analysis (RLOA) Selection Tools to identify the required level
of analysis (i.e., 1D, 2D, or 3D) for analyzing the cases from the Constructability Analysis
Cases Form output. This tool helps to evaluate the suitability of the models and tools used
by the contractor in representing the stress state of structural elements included in the
analysis.

4) Employ the Required Level of Analysis (RLOA) Selection Tools to access structural analysis

tools for verifying the calculations given in contractor submittals.
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1 INTRODUCTION
1.1 OVERVIEW

The memorandum issued in 2000 by the Federal Highway Administration (FHWA) requires that
all bridges in the nation should be designed as per the American Association of State Highway and
Transportation Officials (AASHTO) Load and Resistance Factor Design (LRFD) Specifications.
The AASHTO LRFD design philosophy requires bridges to be designed for specified limit states
to satisfy constructability, safety, and serviceability requirements as well as inspectability,
economy, and aesthetics.

Operational responsibilities of a bridge during its entire lifetime are undertaken by various
parties. The owner’s design engineer (hereinafter referred to as “the Engineer”) is responsible for
designing the bridge as per the AASHTO LRFD specifications and the state or agency-specific
policies documented in their design manual, guides, and standard plans. Subsequently, a
Contractor with sufficient expertise and experience constructs the bridge as per the project
specifications. The Contractor selects qualified suppliers to provide materials and structural
elements for the bridge to assure constructability, safety, and durability. Before construction,
owner agencies require submittals from the Contractor for girder lifting scheme, superstructure
erection plans and procedures, deck pouring sequence, and associated supporting calculations.
These calculations include, but are not limited to, girder stability checks during lifting and erection,
stability analysis of partially erected structures, analysis of bridge frame under component and
construction loads, and the design of falsework and formwork systems used during construction
stages. The contractor submittals are reviewed and approved by the Engineer before commencing
construction activity. During construction, the owner’s field inspector (hereinafter referred to as
“the Inspector”) is responsible for verifying the approved construction plans, documenting
ongoing construction activities, and consulting the Engineer when the activities deviate from the
approved plans and procedures. The Inspector is also responsible for reporting the contractor’s
change requests to the approved plans and procedures.

AASHTO LRFD Bridge Design Specifications (AASHTO 2017a), requires that
constructability requirements are addressed during the design of highway bridges. However, the
typical design practice is to consider the limit state stresses in structural elements of a complete
structure that is constructed as per the project specifications. Analysis of construction stages is

left to the Contractor with their means and methods. The Engineer needs to review and approve
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the means and methods described in the contractor submittals. A lack of a comprehensive program
to evaluate fabricated structural element quality and the structural element and partially erected
structural system response during construction by both parties may lead to delays, change requests
by the contractor and sometimes, to construction safety and durability issues. Subsequently, there
is a need to provide a framework that outlines fabrication quality assessment needs and
constructability analysis cases during every stage of construction, as well as guidelines and tools
for performing required inspections and calculations. This framework will address the following
cases:
e [oad capacity and durability of prefabricated elements
e Adequacy of the constructability cases described in contractor submittals
e Adequacy of the level of analysis employed by the contractor for an accurate evaluation of
the constructability case under consideration
e Tools for evaluating analysis and design calculations of constructability cases in contractor
submittal.

The Michigan Department of Transportation (MDOT) has material quality assurance
procedures and a structural element quality assurance program in place. The Structural Fabrication
Quality Assurance Guidance Document (MDOT 2019¢) provides procedures and tools required
for Quality Assurance Inspector (QAI) to maintain consistency while conducting quality assurance
(QA) verification inspection at precast concrete fabrication facilities. The structural element
quality assurance program does not include procedures and tools for evaluating load capacity and
durability of prefabricated elements with the significant nonconformance.

MDOT incorporates two checklists for constructability review: one for early project
scoping (Form 1961) and the other for the project development phase (Form 1960). Aktan and
Attanayake (2013) developed a checklist in a format similar to Forms 1960 and 1961 for evaluating
the constructability of prefabricated bridge elements and systems. These forms, however, do not
include instructions or guidance to evaluate the construction activities, details on constructability
and stability, and the required level of structural modeling (1D, 2D, or 3D) for an accurate
representation of stresses and deformations under boundary conditions and loads during each stage
of construction. For this reason alone, these forms require updating with adequate instructions to
guide the Engineer for evaluating the constructability and stability of structural elements and

systems.



The significance of performing constructability reviews for bridges is being recognized by
many agencies. As an example, the New Jersey Department of Transportation (NJDOT)
developed a Constructability Manual that discusses review objectives, construction concepts, and
review checklists (NJDOT 2016). Idaho DOT (2011) has a manual with detailed constructability
review guidelines. FHWA developed a training course on Engineering for Structural Stability in
Bridge Construction. This course is offered by the National Highway Institute (NHI) under the
Course Number 130102. The course provides guidance to bridge erection engineers,
resident/construction engineers, and design engineers for the design and evaluation of bridge
superstructures during construction. The course scope includes local and global stability analysis
of bridge superstructure elements and stability analysis of the superstructure.

The current constructability practice is to perform required evaluations and analyses on a
case-by-case basis. This process has many drawbacks, as listed below:

e Projects are delayed due to a lack of guidance on acceptance testing and procedures for
evaluating the strength and durability performance of prefabricated girders with the major
nonconformance.

e Efforts are duplicated since experience gained from constructability analysis and
implementation is not effectively disseminated.

e Engineers have to repeatedly evaluate change requests by the contractors.

¢ Bridge construction and demolition procedures are not being standardized, engineers have to
deal with each case individually.

¢ During a project of some complexity, certain critical analysis steps may be overlooked.

e Needless efforts are put forth to evaluate cases that do not impact the constructability or
stability of the structure.

e A simplified analysis is often performed because a detailed analysis of construction staging
sequences requires increased time and effort. The simplified analysis might fail to capture
potential member instability or deformations that result in construction difficulties and/or poor
geometry of the finished structure.

To overcome the above-stated limitations in the current process, a constructability
evaluation framework needs to be developed by incorporating structural element production and

manufacturing, transportation and lifting, erection, deck placement, phased construction, and



bridge demolition. The framework can be the guide to develop analysis cases, as well as

calculation templates, procedures, and guidelines.

1.2 PROJECT OBJECTIVES AND TASKS

The objectives of the project include developing (i) quality assurance testing procedure for
prestressed concrete (PC) girders, (i7) preapproved construction staging and demolition methods
and (iii) additional staging methods in a format to allow analysis supported with calculation
templates, procedures, and guidelines. The specific objectives of the study are as follows:

1. Identify the fabrication and construction issues/cases to be addressed.

2. Identify key components of constructability reviews for MDOT bridge projects.

3. Provide analysis templates.

4. Provide manuals and guides with examples.

5. Provide implementation recommendations.

To achieve these objectives, this project was organized into seven tasks: (1) review of
literature and state-of-the-art practices, (2) collect input from MDOT Design, Field Services, and
Construction staff and the review of typical MDOT bridge project plans and construction methods,
(3) develop PC beam performance assessment guidelines and procedures, (4) identify common
design and construction review scenarios that need documented guidelines, (5) develop
frameworks to address the common scenarios and the Mathcad scripts, (6) develop standalone
constructability review and staged construction design guidelines, and (7) produce final research

deliverables.

1.3 REPORT ORGANIZATION

This report is organized into 7 chapters.

Chapter 1 Includes the introduction and overview of the research project.

Chapter 2 Describes a list of constructability cases that are documented during (i) production and
manufacturing of PC girders, (ii) transportation and lifting, (iii) erection, (iv) deck
placement, and (v) phased construction. These cases are associated with capacity,
durability, deformation, and stability. A framework was developed and presented for
evaluating the constructability of typical highway bridges.

Chapter 3 Presents testing procedures to assure performance expectations of PC girders.



Chapter 4 Discusses the Constructability Analysis Cases Form developed for the framework
presented in Chapter 2. The form identifies the list of constructability cases based on
bridge type, bridge geometry, and the type of construction. The Constructability
Required Level of Analysis (RLOA) Selection Tool presented in this chapter (i) defines
the required level of analysis for evaluating the cases given in the Constructability
Analysis Cases Form and (i1) lists Structural Analysis Tools for evaluating
constructability cases.

Chapter 5 Offers three inspector checklists developed for the constructability cases listed in
Chapter 2. This chapter provides an overview of the rationale behind the checklist and
constructability cases.

Chapter 6 Presents a summary and implementation recommendations.

Chapter 7 Lists the cited references.



2 STATE-OF-THE-ART LITERATURE REVIEW
2.1 OVERVIEW

Conventional highway bridge design requires an accounting of stresses in structural elements and
systems at the strength and/or service limit states assuming that the structure is constructed as per
project specifications. However, during various stages of construction, structural elements and
systems are subjected to loading, deformation, and boundary conditions that might not be present
in the completed structure. Failure to account for the stresses in the analysis and design could
result in locked-in stresses, require modifications to the structural system, trigger a failure of a
bridge element or the partially erected structure, or a combination thereof. To identify these cases
during construction, implementation of constructability reviews supported with analysis tools and
guidelines is required. According to AASHTO Constructability Review Best Practices Guide
(AASHTO 2000), constructability review is “a process that utilizes construction personnel with
extensive construction knowledge early in the design stages of projects to ensure that the projects

’

are buildable, while also being cost-effective, biddable, and maintainable.” To assure that a
bridge is buildable, cost-effective, and maintainable, the constructability review process needs to
encompass the entire process and activities starting from material selection and acceptance to
project completion, including documentation and effective dissemination of lessons learned.

This chapter presents a summary of constructability review forms or checklists used by
various agencies. As discussed later in this chapter, the review and checklists forms do not provide
the detail required to guide engineers to evaluate the impact of construction activities on
constructability and stability. Also, lacking is the required level of structural modeling (1D, 2D,
or 3D) for an accurate representation of stresses and deformations from the structural response of
elements and systems under boundary conditions and loads that exist during construction stages.
The constructability review forms need to include details to identify the need for stress analysis to
evaluate the constructability and stability of bridge elements and systems. Development of review
forms with detailed guidelines requires documenting constructability cases, level of analysis
appropriate for evaluating stresses and deformations, and procedures and tools for such analysis.

A comprehensive review of the literature was conducted to document the constructability
cases during (7) structural element production and manufacturing, (if) transportation and lifting,
(iii) erection, (iv) deck placement, and (v) phased construction. These constructability cases are

associated with structural element production and manufacturing as well as construction stages
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that impact capacity, durability, deformation, and stability of the structural elements and
assemblages of the bridge. Figure 2-1 shows the constructability framework developed using the
documented constructability cases and MDOT Research Advisory panel (RAP) feedback. The
framework in Figure 2-1 includes constructability analysis objectives and cases related to
prestressed concrete (PC) and steel (S) bridges. The subsequent sections of this chapter provide
details of (a) constructability cases identified for each of these stages, (b) required level of analysis
for the cases, (c) analysis methods, tools and procedures for calculating stresses and deformations,
(d) deformation tolerances, and (e) corrective actions for maintaining bridge element and/or system

stress limits, stability and tolerances.
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Figure 2-1. Constructability cases for conventional highway bridges
2.2 CONSTRUCTABILITY REVIEW CHECKLISTS

MDOT currently uses two constructability checklists: Form 1961- Constructability Checklist for
Early Project Scoping (preliminary review of constructability), and Form 1960 — Constructability
Checklist for Project Development Phase (final review of constructability). Resident engineers

are accountable for completing these forms. As per Section 2.02 of the MDOT Bridge Design



Manual (MDOT 2019a), the design engineer requests supplementary data from various sources
before the preparation of contract plans, including the completed Forms 1960 and 1961.

Form 1961 primarily checks the acquisition of permits required for initiating construction.
The form includes four main sections: site investigation, right of way (R.O.W), construction
staging, and maintenance of traffic. Under each section, associated permits and construction
activities that could impact the surroundings, such as site, environmental, and R.O.W constraints,
are discussed. Form 1961 is the preliminary constructability checklist and does not include review
items that relate superstructure analysis for constructability evaluation.

Form 1960 is the final constructability review and includes schedule, special
materials/conditions, and staffing categories. The content of Form 1960 is broader and addresses
a variety of different aspects of the project under consideration including required permits,
drainage, site survey and subsurface exploration, etc. The “construction staging” category includes
the followings questions that are related to constructability of superstructure units:

o Does staging cause special conditions (structural adequacy/stability, etc.)?
o Can the details as shown on the plans be constructed using standard industry practices,
operations, and equipment?

None of these forms are designed to guide the engineer to evaluate the impact of
construction practices and details on constructability and stability, as well as the need for analysis.

Constructability review checklists are used by various state highway agencies. Stamatiadis
et al. (2013) tabulated the similarities and differences in constructability reviews of various state
highway agencies. Table 2-1 is a modified version of the content presented in Stamatiadis et al.
(2013). The definitions of constructability review categories discussed in Stamatiadis et al. (2013)

are provided in Appendix B.



Table 2-1. Constructability Review Checklist Items of Selected State Highway Agencies

Category CA|CT|FL |ID |IN |[MI|NJ |NY|VA
Access 4 V| v v
Bases and Pavements v
Constructability v
Construction Staging VvV 4
Detours 4 4 v
Drainage ViIiviIiviVvIiIv|iVv I v |V |V
Earthwork v v
Environmental ViV 4 v
Erosion Control/Landscaping | v V|V v
Future Work/Maintenance v 4 v
General/Incidentals 4 4 v
Guardrail v
Maintenance of Traffic VIivVIVIV IV IV VIV ]V
Pay Items v
Plan Content v
Railroad v | v v
Reconstructability v
Removal/Demolition v v v
Right of Way v VvV v
Roadway 4 v
Schedule v |V v v
Signs/Signals/Electrical VvV v v
Site Investigation v v
Sound Walls V| v
Special Materials/Conditions v v v
Staffing v
Structure Rehabilitation v
Structures v I vV |V v N
Surveying vViIv|Vv v
Utilities VA e v
Vertical Construction 4
The following references were used for Table 2-1:
CA: CALTRANS (2006)  CT: ConnDOT (2011) FL: FDOT (2018a)
ID: Idaho DOT (2011) IN: INDOT (2010) MI: MDOT (2009, 2010)

NJ: NJDOT (2016) NY: NYSDOT (2017) VA: VDOT (2007)



The checklist items that evaluate the impacts of highway bridge construction practices on

deformations, stability, and safety of superstructure elements are summarized as follows:

FDOT (2018a), Idaho DOT (2011), NJDOT (2016), and VDOT (2007) evaluate the space
available for crane swings. This item is related to constructability cases during lifting since
lifting schemes (the number of cranes, number and position of the lifting points, etc.,) could
impact capacity, deformation, and stability during lifting of the structural members.
ConnDOT (2011) includes erection plans for curved and/or skewed girder or tub girder
bridges for calculating differential deflections and rotations. ConnDOT also reviews the
proposed deck placement sequence for multi-span bridges for constructability.

INDOT (2010) bridge design evaluates stability during construction. INDOT requires
closure pours to form longitudinal joints between construction phases when extreme
deflections are anticipated during deck placement.

VDOT (2007) checks available space for screed machine installation during each phase of
construction to limit the impact of deflection during the respective construction phases.
ConnDOT (2011) and VDOT (2007) check the need for temporary supports during phased
construction.

For phased construction projects, NYSDOT (2017) and VDOT (2007) evaluate the impact
of proposed construction stages on structural safety and stability.

Even though these constructability review checklists include steps to evaluate phased

construction issues, a comprehensive approach is lacking to evaluate the cases presented in Figure

2-1. The cases include capacity and durability assessment at the precast concrete fabrication

facilities and analysis and guidance in prescribing the required level of analysis for constructability

and stability of bridge elements and systems.
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2.3 PERFORMANCE ASSESSMENT OF PRECAST ELEMENTS
2.3.1 An Overview of MDOT Practice

The bridge structural element quality affects buildability, cost-effectiveness, durability, and
maintainability. MDOT has an established process to assure the quality of prestressed concrete
(PC) girders, the most widely used precast/prefabricated bridge element. The process is being
regularly updated in partnership with the stakeholders. The following is an abbreviated list of
MDOT manuals, guides, specifications, and forms that describe the quality of materials,
workmanship, and products used on their bridges:
e Bridge Design Manual (MDOT 2019a)
e Bridge Design Guides (MDOT 2019b)
e Materials Quality Assurance Procedures Manual (MDOT 2018)
e MDOT Construction Forms (MDOT 2020a)
- Independent Assurance Concrete Tests (Form 0503)
- Strand Tensioning Report (Form 0513)
- Notification to the Manufacturer of an Intermediate Inspection Made of Prestressed
Concrete Beams (Form 0551A)
e Special Provision for Quality Control and Acceptance of Structural Precast Concrete
(MDOT 2019d)
e Standard Specifications for Construction (MDOT 2012)
e Structural Precast Concrete QAI Manual (MDOT 2019¢)
e Supplier Qualification Standard for Prestressed Concrete Beams (MDOT 2020b)

The Bridge Design Manual (BDM) (MDOT 2019a) and the Bridge Design Guides (BDG)
(MDOT 2019b) present MDOT policies. The bridge design quality assurance and quality control
(QA/QC) procedures are described in BDM Section 2.05. The purpose is to ensure that the bridge
design final contract documents are prepared with no errors and omissions. As per BDM Section
2.05.03A., “the Designers, Checkers, and Reviewers are key personnel providing well-designed,
accurate, and constructible plans for use in the construction of bridges.” Asnoted in BDM Section
2.05.03C5, Designers and Checkers may face challenges due to the complexity of the software
programs used for bridge structural analysis and design. Checkers and Reviewers may also face

difficulties with the content and formats of contractor submittals for review. These difficulties
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require developing guidelines and formats for contractor/consultant submittals. BDM Section
2.05.03D6 indicates that Program Level Quality Assurance (PLQA) is performed by the Bridge
Design Supervising Engineer (BDSE) “to promote consistency and uniformity between MDOT
working units and between MDOT in-house and consultant designers.” The process for the final
constructability review is described in BDM Section 2.02.18. BDM Section 2.04.04 describes the
need for documenting the project history, including the changes in scheduling (with the reasons,
if known), to capture the tacit knowledge acquired by the design team.

The Materials Quality Assurance Procedures Manual (MQAP) (MDOT 2018) describes
the scope of material QA program to assure material conformance with contract documents and
the standard specifications for construction. This manual refers to additional documents such as
the construction manual, materials and source guide, Michigan test methods, quality system
manual, etc., for detailed procedures.

MDOT provides forms to assist with the QA of materials, structural elements, and
procedures (MDOT 2020a). As an example, (1) Form 0503 — Independent Assurance Concrete
Tests records fresh concrete properties evaluated in the field and hardened concrete properties
evaluated in the lab to make acceptance or rejection decisions with justifications; (ii) Form 0513 -
Strand Tensioning Report records the sequence of strand release, location of the strand (numbered
from left to right, and from bottom to top), measured elongation, actual gauge reading, inputs and
outputs of tensioning calculations with necessary corrections (including live end seating, bed
shortening, thermal elongation, and thermal force corrections), and strand type (straight, draped,
support, and debonded); and (iii)) Form 0551A - Notification to the Manufacturer of an
Intermediate Inspection Made of Prestressed Concrete Beams records findings of intermediate
inspection performed within one working day after a beam is moved to storage, results of the
shipping inspection performed at the time the beams are loaded for shipment, any work performed
on the beam, and the cause for rejection.

In addition to the manuals, guides, and forms described above, MDOT has a special
provision, a manual (Structural Precast Concrete QAI Manual), and a more recently developed
standard (MDOT Supplier Qualification Standard for Prestressed Concrete Beam) for improving
the manufacturing quality of prestressed concrete beams. The Structural Precast Concrete QAI
Manual (MDOT 2019¢) describes the QA/QC process of precast concrete members by defining

the duties and responsibilities of MDOT, Contractor, Fabricator, Engineer, and Inspector to ensure
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statewide consistency in performing quality assurance verification inspection at the fabrication
facilities. The primary steps of the MDOT precast concrete quality assurance process are shown
in Figure 2-2. The process starts with MDOT assigning a Quality Assurance Inspector (QAI) for
the project and holding a pre-fabrication meeting between the Fabricator and MDOT to discuss
general concerns about fabrication, duties and responsibilities of the Fabricator, and the schedule.
The Fabricator prepares a Quality Control Plan (QCP) to be reviewed by a certification agency
(such as the Precast/Prestressed Concrete Institute — PCI), provides a copy of QCP to MDOT, and
assigns a Quality Control Inspector (QCI) to take the responsibility for implementing the QCP.
QCI is responsible for the review of data and pertinent documents, an inspection of the process
and the final product, and deciding on the acceptance of the products. QAI notifies MDOT when
shortcomings and non-conformance are detected, and the Fabricator sends a Non-Conformance
Report (NCR) to MDOT.

MDOT nonconformance policy stated in the Structural Precast Concrete QAI Manual
(MDOT 2019¢) expects the Fabricator to submit an NCR after QCI observes a nonconformance
due to workmanship or material quality. PC beams with some nonconformance are accepted with
a price reduction if approved for use (Figure 2-3). As an example, there is a price reduction for a
beam approved for use if the strength of match cured concrete specimens is below the specified
limit at the test age. Additionally, fabrication related nonconformance is documented, such as
dimensional tolerance deviations, cracking, spalling, honeycombing, and curing temperature
above the approved limits. The price reductions for nonconformance described in the manual are
for infrequent occurrences. The price reductions are doubled “in the event of repeated occurrences
of the same defect.” But, the manual does not provide a statistically meaningful and measurable
limit to define “repeated occurrences.” Minor nonconformance, such as concrete air holes, can
be repaired using a preapproved MDOT repair procedure and without MDOT preapproval on a
case-by-case basis. Major nonconformance (such as honeycombing, voids, and damages) can be
repaired following preapproved MDOT repair procedures with the prior approval of MDOT. Even
though it is stated that the PC beams that are “judged to be structurally or otherwise unacceptable
by MDOT due to low strength, cracking, breakage, honeycombing, or other deficiency will be
rejected and replaced,” clear procedures and guidelines are not presented for the assessment of

capacity and durability to make such decisions.
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More recently, MDOT developed the Supplier Qualification Standard for Prestressed
Concrete Beams (MDOT 2020b) that requires the fabricators to implement a regularly maintained
and audited quality management system (QMS). The Precast/Prestressed Concrete Institute (PCI)
certified plants can be included in the MDOT Approved Supplier List (ASL) once their QMS
obtains approval from MDOT. The approval process requires a documentation audit and an onside
audit. The outcome of this audit process leads to Approved, Approved-Provisional, Approved-
Probation, Disqualified, Dismissed, Hiatus, and Unlisted status. Maintaining the approved status
on the ASL requires the fabricators to maintain “a functioning OMS, passing recurring MDOT
audits without major or critical nonconformance(s] and by producing work without serious
product nonconformance.” As part of the QC plan, an inspection and testing plan (ITP) is required.
Receipt inspection/acceptance inspection of materials, in-process inspection, final inspection of
PC beams as well as the list of tests performed for QC purposes need to be included in the ITP.
All products are required to be inspected before shipment. With the implementation of the
standard, MDOT could collect a wealth of information and data related to each product, the PC
beams. If the data collected from the suppliers is maintained in an easily retrievable format, the
data can be used to predict PC girder performance, frequency of nonconformance, and setting up

a data-driven schedule for the audits.
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Figure 2-2: MDOT precast concrete fabrication quality assurance process
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Apply MDOT standard repair .| Product is accepted with reduced
procedures - unit price payment

Figure 2-3: Quality control process of deficient precast concrete products
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2.3.2 Structural Performance Evaluation of Railway Ties

The quality of PC beams fabricated for MDOT projects is evaluated by visual inspection and
checking geometric tolerances. The railway industry utilizes load testing of railway ties for design
approval and production QC process (AREMA 2015). A monoblock prestressed concrete railway
tie is shown in Figure 2-4. The design approval process flow diagram for prestressed concrete
railway monoblock ties is shown in Figure 2-5. To approve a new design, 4 ties are selected from
a lot of not less than 10 ties manufactured as per the new design and labeled as Tie 1, Tie 2, Tie 3
and Tie 4. The compliance of these ties with the material, geometry (configuration and
dimensions), and weight specifications are evaluated. Tie 1 and Tie 2 are load-tested for their
structural and fastening capacities. Tie 3 and Tie 4 are retained for future tests and as a control for
dimensional tolerances and surface appearance of ties that comes out from the subsequent
production. As shown in Figure 2-5, seven tests are conducted on Tie 1 and three tests are
conducted on Tie 2 to evaluate the compliance of the products with the design specifications. Only
the tests conducted on Tie 1 are discussed in this section considering their relevance to the capacity

assessment of PC members.

Fastening devices
Seat A &

Seat B

Figure 2-4. Prestressed concrete monoblock railway tie (AREMA 2015)
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¥ ' |
The sequence of design performance test is as follows: The sequence of design performance test is as
a) Rail Seat Positive Bending Moment Test at Seat A follows:
b) Rail Seat Negative Bending Moment Test at Seat A 1) Fastening Insert Test Engineer retains these ties for as
c) Center Negative Bending Moment Test 2) Fastening Uplift Test needed tests and as a control for
d) Center Positive Bending Moment Test 3) Electrical Resistance and Impedance Test dimensional tolerances of future
e) Rail Seat Positive Bending Moment Test at Seat B fabrications
f) Rail Seat Repeated Load Test
g) E;J;Jctii ﬁe;elopmeuts, Tendon Anchorage, and Ultimate No Desi gn pro ductis
rejected

Sufficient
Safety ?

Design product is
approved

Figure 2-5. Design product approval process for prestressed concrete railway monoblock ties (AREMA 2015)

The seven tests conducted on Tie 1 are:

a) Rail Seat Positive Bending Moment Test at Seat A — see Figure 2-6a

Load rate is controlled between 3 to 10 kips/min

Load is increased until it reaches P, the load required to produce the specified rail seat
bending moment.

Tie is inspected for structural cracking while holding the maximum load for 3 minutes.

The testing requirements are satisfied if the tie shows no cracking.

b) Rail Seat Negative Bending Moment Test at Seat A — see Figure 2-6b

Load rate and the procedure are identical to the positive bending moment test.

c¢) Center Negative Bending Moment Test — see Figure 2-7

Load rate is controlled between 1 to 5 kips/min.

Load is increased until it reaches P, the load required to produce the specified midspan
bending moment.

Deflection at the center of the tie relative to the vertical support is measured.

Tie is inspected for structural cracking while holding the maximum load for 3 minutes.

The testing requirements are satisfied if the tie shows no cracking.

d) Center Positive Bending Moment Test — see Figure 2-7

Load rate and the procedure are identical to the center negative bending moment test.

e) Rail Seat Positive Bending Moment Test at Seat B — see Figure 2-6

Load rate and the procedure are identical to the positive bending moment test at Seat A.
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f) Rail Seat Repeated Load Test — see Figure 2-8

At the end of the positive bending moment test at Seat B, increase the load at a rate of 5
kips/min until the tie cracks from its bottom surface up to the lower layer of
reinforcement or strands.

Remove load and replace the elastomeric pad with a Y4 in. thick plywood.

Perform a repeated load test with a total of 3 million cycles at a frequency not to exceed
600 cycles/min (10 Hz).

Maintain a loading range of 4 kips to 1.1P during each cycle.

At the end of 3 million cycles, increase the load to 1.5P and hold for at 3 minutes.

The requirements of the test are satisfied if the tie can support a rail seat load of 1.5P for
3 minutes without a tendon slip of more than 0.001 in., concrete compressive failure,

concrete shear cracks, or tendon failure.

g) Bond Developments, Tendon Anchorage, and Ultimate Load Test

Support and load rail Seat A similar to positive bending moment test shown in Figure
2-6.

Apply a total load of 1.5P, where P is the load used for the positive bending moment
test at Seat A.

Hold this load for at least 3 minutes and measure the slippage of the outermost tendons
of the lower layer.

Bond development and tendon anchorage requirements are satisfied if the slippage of
the tendons is no more than 0.001 in. when measured with an extensometer reading to
1/10,000 of an inch.

If the requirements are satisfied, increase the load at a rate not greater than 10 kips per
minute and continuously measure tendon slippage until failure occurs.

Record the load at which tendon slippage occurs as the maximum load.

Report the failure mode at the maximum load as either tendon slip, tendon breakage, or

concrete compressive failure.
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(b) Rail seat negative moment test
Figure 2-6. Vertical load test at seat A (AREMA 2015)
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(b) Center positive moment test
Figure 2-7. Center moment test (AREMA 2015)
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Reinforcement

strand or wire Cracking Load
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Figure 2-8. Repeated load test at Seat B(AREMA 2015)
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When the testing of Tie 1 and Tie 2 is satisfactory, the design is approved and the
production begins. Production QC process to assure high-quality products is depicted in Figure
2-9. The process requires sampling one tie from a lot of 200 units or a fraction thereof to (i) verify
rail seat configuration and insert locations, (ii) conduct rail seat positive bending moment test
shown in Figure 2-6a with a load rate of at least 5 kips/min and held at least one minute after
reaching the maximum required load, and (iii) conduct fastening insert test. All 200 ties are
accepted if the sample passes QC tests. If the sample fails any of the tests, 2 additional ties are
sampled from the same lot and tested. A failure of either of these ties results in rejection or testing
of all the remaining ties in the original lot.

AREMA (2015) also specifies stringent material and curing specifications. Deterioration
of concrete due to Alkali Silica Reactivity (ASR), Alkali Carbonate Reactivity (ACR), Delayed
Ettringnite Formation (DEF), and sulfate reaction has played a key role in shaping the
specifications. The use of cement with Na,O equivalent alkali (Na,O + 0.658 K>O) content of less
than 0.6% is specified. Concrete mixes with at least 10 years of service record are recommended.
The concrete temperature during the preset period is limited to 90 °F during the first 3 hours and
105 °F during the first 4 hours. During the accelerated curing, the rate of temperature increase is
limited to 35 °F per hour with a maximum curing temperature of 140 °F. Curing temperature up
to 158 °F is allowed when the can demonstrate the long-term durability of the material used for
fabrication. Automatic measurement of the temperature at the center of the rail seat cross-section

is required for one tie in each casting bed.

| Design product is approved I
* Yes

Ties are accepted

|Mass production of monoblock ties I

Requirements
satisfied?

Yes

Randomly select one tie from every
200 ties or fraction thereof

* Test two additional ties Requ.Lr ements
No satisfied?
The following actions are taken to assure
the production quality of the ties; * No

» Verification of the rail seat
configuration and insert locations

* Rail Seat Positive Bending Moment Test

¢ Fastening Insert Test

— All 200 ties shall be either
tested or rejected

Figure 2-9. Prestressed concrete railway tie production QC process (AREMA 2015)
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2.3.3 Load Testing of PC Beams

Load testing is often performed to evaluate the capacity of PC girders when design changes are
introduced with new sections, materials, prestressing strand sizes, prestressing strand patters, or a
combination thereof. As an example, Spadea et al. (2018) performed a three-point flexural load
test to evaluate the service moment capacity of a 66 ft long double tee beam fabricated using self-
consolidating concrete (SCC) and carbon-fiber-reinforced polymer (CFRP) tendons. This beam
was designed for a pedestrian bridge to support a 100 Ib/ft> live load, a 3 in. non-integral concrete
wearing surface, and safety barriers. The load testing was performed at the precast yard after 26
days following fabrication. The required load of 27 kip was back-calculated after subtracting the
beam self-weight moment from the 809 ft-kip maximum service moment. Figure 2-10 shows the
beam cross-section and loading at the yard. As shown in the figure, 3 concrete blocks of 9
kip/block were used to load the beam. In this particular case, the calculation of the required load
and load placement to generate the maximum service moment at mid-span is straight forward since

a non-composite section is used on the bridge.

.

fat__ S——T

[ Lol ik il

Figure 2-10. Load testing of a double tee beam at the fabricator’s y;trd (Spadea et al. 2018)

MDOT recently evaluated the service moment capacity of a girder with significant
nonconformance. The loading pattern and a close-up of girder bottom flange honeycombs are
shown in Figure 2-11. This was a much challenging situation to address at a plant for the following
reasons:

(1) girder length more than 100 ft with a significant moment capacity
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(2) honeycombs visible at multiple locations along the girder with questionable internal
conditions making it harder to identify the weak section
(3) developing a loading pattern to test if service moment stresses can be developed while

the service loads are applied on a composite section

(4) placing loads to reach the service stress state while maintaining stability.

(b) A close-up view of the bottom flange honeycomb
Figure 2-11. Load testing of a bulb tee beam with bottom flange honeycombs

Load testing is not typically conducted as part of a QA program. A common purpose for
load testing is to evaluate the capacity of distress girders. Attanayake and Aktan (2011) evaluated
the capacity of a 50-year old beam by using a hydraulic ram with a load configuration developed

using the equipment and accessories available at a contractor’s yard (Figure 2-12). The primary
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challenge with this approach was to develop a significantly large counterweight to balance the
hydraulic ram reaction.

Stuedlein and Holtz (2012) presented two experimental loading setups for evaluating load
and displacement characteristics of stone columns. Figure 2-13 shows the reaction frame
developed with 8 helical piles. The load applied using this frame was 647 kips. A 1,000-kip
hydraulic ram with a 20-in. travel was used for this purpose. The service load capacity of a typical
PC I-beam under four-point loading can be evaluated with a 50 to 60-kip load at each loading
point. If four helical piles are used to develop reaction frames at each load point, the maximum
allowable capacity required per pile is 15 kips. A helical pile with a shaft diameter of 2.875 in.,
driven into cohesive soil with Ngo of 25 or non-cohesive soil with Neo of 20, can develop an
ultimate tension capacity of 49.5 kips (i.e. an allowable tension capacity of 24.75 kips with a factor
of safety of 2) (HCI 2014). With proper sizing of the helical piles and the extension couplers,
customized configurations can be developed for load testing of PC beams in the absence of

permanent load frames.

-

u view of the oadingsemp

Figure 2-12. Testing of a deteriorated box beam using a four-point bending load configuration

(a) A view of the load setup b A close-
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Figure 2-13. Reaction frame and loading setup for a footing (Stuedlein a Holtz 2012)

2.3.4 Monitoring PC Beam Response During Load Testing
The typical responses monitored during beam load testing are the load, deflection, support

settlement, strain, the inception of cracking, crack width, and crack propagation.

2.3.4.1 Measurement of Load
The load is measured by a load cell placed between the hydraulic ram and the loading beam (Figure

2-14, Figure 2-15, and Figure 2-16).
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Figure 2-16. A closeup View:f the load cell
2.3.4.2 Measurement of Displacements

Commonly used sensors for displacement measurements are cable actuated position sensors
(CAPS), linear variable differential transformers (LVDT), and direct current differential
transformers (DCDT) (Figure 2-17). The use of CAPS, LVDT, and DCDT requires establishing
a reference to mount the sensors. These requirements and the access limitations at sites are
considered as major limitations for using these sensors. Hence, noncontact distance measurement
technologies such as Laser Tracker® shown in Figure 2-18 are popular. Attanayake and Aktan
(2019) describe the capabilities of this technology and provide outdoor implementation examples.
Laser Tracer can be used to capture beam deflection profile, curvature, and strain during load

testing by mounting a series of reflectors along the beam length and depth.
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(a) CAPS setup for beam deflection measurement (b Calibration of a DCDT at the site
Figure 2-17. CAPS and DCDT

CAPS Laser Tracker
Reflector

(a) Leica Laser Tracker (b) CAPS and Laser Tracker reflector on a beam
Figure 2-18. Laser Tracker distance measuring system

Additionally, several commercially available optical technologies are used in structural
testing. Optotrack Certus HD® is a Dynamic Measuring Machine (DMM) that tracks motion in 6
DOF of specific locations with special targets. Figure 2-19 shows the equipment and accessories.
Figure 2-20 and Figure 2-21 show two implementations under indoor conditions. A single unit of
the device can monitor an area of 8.9 ft x 12.1 ft and a 35.3 ft’ volume. With a sampling rate is
4500 targets/sec and a maximum of 512 targets located within the 35.3 ft* volume, the device can
record deformations under cyclic or rapidly applied loads. However, as with any optical
measurement system, the impact of ambient light on measurement accuracy needs to be considered
(NDI 2020). Another technology developed for full-field deformation measurement is the digital
image correlation (DIC) system (Attanayake 2013). Figure 2-22 shows the monitoring of a

webgap deformation under laboratory conditions.
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(a) Optotrack Certus HD (b) Targets and a wireless strober
Figure 2-19. Optotrack Certus HD measuring system (NDI 2020)

M Optotrack Sensors: & 7
String Potentiometer (4)
-——»

String Potentiometer (3)

-—

String Potentiometer (2)

-

String Potentiometer (1)
-

String Potentiometer (0)
]

Figure 2-21. Reversed cyclic testing of a pile pile (NDI 2020)
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(b) Measurement of a web gap deformation
Figure 2-22. Monitoring webgap deformation using VIC-3D system

2.3.4.3 Measuring Strain

Foil strain gauges are typically used to measure strain. Figure 2-23 shows the use of foil gauges
for measuring strain within a span and beam end. Optotrack Certus HD® and DIC systems can
be used to measure full-field strain distribution. Figure 2-24 shows the strain profile at a webgap

measured using the DIC system.

(a)-Foil strain gauges at midspan (b) Foil strain gauge 1ayut at beam end
Figure 2-23. Foil strain gauges

-
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(c) Strain E_, contours (c) Strain £, contours

Figure 2-24. Strain profile measured using the DIC system

2.3.4.4 Detection of Crack Initiation and Measurement of Crack Width

Crack width and growth measurement technologies are available. Bruciati et al. (2019) presented
an application of radio-frequency identification (RFID) technology based sensors for concrete
crack detection. RFID sensors need to be mounted over the surface to detect cracks. This requires
knowing the potential crack location, a challenge for monitoring crack initiation in large PC beams.
Vibrating wire crackmeters are also available off-the-shelf (Figure 2-23). The standard
measurement range of Model 4220 crackmeter is 0.5 in. to 6 in. with a resolution of 0.025% of the
full scale (F.S) and an accuracy of +/- 0.1% F.S. The distance between sensor end supports ranges
from 12.5 in. to 25.4 in. Therefore, the sensor with the 0.5 in. measurement range can be mounted
across a 12.5 in. length to monitor crack width development with an accuracy of 5 x 10 in. The
standard measurement range of Model 4422 micro crackmeter is 0.16 +/- 0.08 in. The accuracy
and resolution of this sensor are +/- 0.1% F.S. and 4 x 107 in. The distance between sensor end
supports of Model 4422 micro crackmeter is 4.72 in. Even though the sensors are labeled as

‘crackmeters’, these sensors basically measure the displacement between the supports. These
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sensors are unable to identify the initiation of a crack. Therefore, the data recorded from these
sensors cannot be interpreted as widening or closing of a crack without a knowledge of the crack.
Acoustic emission (AE) monitoring sensors can detect crack initiation, location, and progression
(BA 86 2006). Implementation of AE technology requires expertise and experience. Once the
concrete cracking sound is detected, cracks are often mapped manually with markers. Beam
surface can be painted in white before starting load testing to highlight the cracks. Crack width is

typically measured using crack comparators and noted next to the crack, as shown in Figure 2-24.

(a) Model 4220 crackmeter (b) Model 4422 micro crackmeter
Figure 2-25. Vibrating wire crackmeter (GEOKON 2020)

during load testing

Figure 2-26. leural crack prbpagatio
2.4 REQUIRED LEVEL OF ANALYSIS

Typical single girder responses under self-weight are flexure, deflection, and rotation. Curved
and/or skewed beams develop additional effects such as torsional St. Venant shear stresses,
warping normal stresses, flange lateral bending, load shifting, and twisting deformations
(AASHTO/NSBA 2014a). The load response accuracy of beams calculated by structural analysis

is dependent on the models used to represent the geometry, boundary conditions, and loads.
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Solutions using 1D line-girder and 2D grid methods are not sufficiently accurate for bridges with
skew, curvature, irregular geometry, or a combination thereof. For this reason, it is important to
provide guidelines to establish the Required Level of Analysis (RLOA) for evaluating the member
or structural system response.

The structural responses important for constructability analysis of steel I-girder bridge
superstructures include major-axis bending stresses, vertical displacements, cross-frame forces,
flange lateral bending stresses, and girder layover at bearings. White et al. (2012a), as part of the
NCHRP Project 12-79, developed guidelines for selecting the RLOA (i.e. 1D, 2D, or 3D) for
representing an accurate behavior of steel I-girder bridge superstructure response under non-
composite dead loads. The guidelines presented in Table 2-2 were developed by comparing results
of analyses from models with different refinement (i.e. 1D line-girder and 2D-grid methods) with
the results obtained from refined 3D finite element models. Column (a) of the table shows the
structural responses, and defines the bridge superstructure geometry (curved and skewed) and
classification of superstructure behavior in terms of connectivity index (/c) and skew index (/s).
Columns (b-1 and b-2) show the worst-case scores for 2D-grid and 1D line-girder analyses
obtained by comparing the results of associated structural response with 3D finite element analysis
(FEA) results. For identifying the analysis model, White et al. (2012a) suggested using the worst-
case scores when the bridge under consideration has irregular geometry such as unsymmetrical
structural geometry, unequal girder spacing, non-uniform deck width, non-uniform cross-frame
spacing, etc. Lastly, columns (c-1 and c-2) present the mode of scores for 2D-grid and 1D line-
girder analysis using the same methodology.

The scores in columns (b-1) through (c-2) are described in Table 2-3. Column (a) of the
table shows scores that are assigned to approximate methods. Column (b) provides normalized
mean error range associated with each score, and column (c) presents the interpretation of the
scores.

The connectivity index, shown in Eq. (2-1), is a function of the radius of curvature of bridge
centerline (R), number of intermediate cross-frames (7¢), and the span configuration (simple or
continuous). Cross-frame spacing and radius of curvature are the key parameters that influence

the accuracy of simplified analysis results of curved steel I-girder bridges (White et al. 2012b).
15000

I = m (2-1)
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In Eq. (2-1), R is measured in feet and the coefficient m is equal to 1 for simple-span and
2 for continuous-span bridges. For continuous bridges, /c needs to be calculated for each span,
and the largest value is assigned as the connectivity index for the bridge (White et al. 2012a).

The skew index, shown in Eq. (2-2), characterizes bridges based on the significance of
skew that directly relates to the transverse stiffness and load path (White et al. 2012b). The skew
index is a function of the bridge width measured between the centerline of the exterior girders (wy),
skew angle (6), and span length (L).

wytanf
IS S
L
In Eq. (2-2), wg and L are measured in feet and 6 is in degrees. The skew effects may be

(2-2)

neglected when the skew index is less than 0.30. Flange lateral bending stresses and cross-frame
forces are significantly affected by the skew when the index is between 0.30 and 0.65. For an
index greater than 0.65, the impact of skew becomes significant to major axis bending stresses and
vertical deflections, in addition to flange lateral bending stresses and cross-frame forces (White et
al. 2012b).

White et al. (2012a) considered curved and skewed bridges. When Ic <0.5 and Is> 0.1, a
bridge can be considered straight but skewed. When Ic > 0.5 and Is < 0.1, bridges are classified
as horizontally curved with no skew. As shown in Table 2-2, 1D and 2D analysis do not provide
an accurate estimate of girder behavior under non-composite loads for curved and skewed bridges.
This is primarily due to the inability of such modeling techniques to accurately represent the
geometry, boundary conditions, and loads to capture the torsional effects due to curvature and
skew.

A rational procedure for electing the RLOA for concrete bridges has not been studied. The
reasons for the lack of such guidelines are (1) typical prestressed concrete multi-girder curved
bridges are built with straight girder sections, (2) web and flange buckling are not of a concern for
the typical sections, and (3) a majority of concrete bridges are built using standard procedures and
details. Yet, experience-based rule of thumb policies are discussed in state highway agency
specifications specifically to address the complications due to skew. As an example, Section
7.01.14 of the MDOT Bridge Design Manual (MDOT 2019a) presents analysis guidelines based
on bridge skew (Table 2-4). Such policies apply to the constructability evaluation of concrete

bridges.
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Table 2-2. Matrix for Deciding the Required Level of Analysis Needed for Steel I-girder Bridges (White et al.

2012a)
- Worst-Case Worst-Case Mode of Mode of
Structural Response and I ad Is Limits for Curved Scores: . Scores: .
and Skewed Geometry Traditional | St 1D- |02 ditional Scores: 1D-
. Line Girder ., |Line Girder
(a) 2D-Grid (b-2) 2D-Grid (c-2)
(b-1) (c-1)

Major-Axis Bending Stresses: Curved (Ic < 1) B B A B
Major-Axis Bending Stresses: Curved (Ic > 1) D C B C
Major-Axis Bending Stresses: Skewed (/5 < 0.30) B B A A
Major-Axis Bending Stresses: B C B B
Major-Axis Bending Stresses: Skewed (/s> 0.65) D D C C
Major-Axis Bending Stresses: Curved & Skewed (/¢ > D F B C
0.5 & Is>0.1)
Vertical Displacements: Curved (Ic < 1) B C A B
Vertical Displacements: Curved (Ic> 1) F D F C
Vertical Displacements: Skewed (/s < 0.30) B A A A
Vertical Displacements: Skewed (0.30 < I3 < 0.65) B B A B
Vertical Displacements: Skewed (/s> 0.65) D D C C
Vertical Displacements: Curved & Skewed (Ic> 0.5 & I
> 0.1) F F F C
Cross-Frame Forces: Curved (Ic < 1) C C B B
Cross-Frame Forces: Curved (Ic> 1) F D C C
Cross-Frame Forces: Skewed (/s < 0.30) NA? NA? NA? NA?
Cross-Frame Forces: Skewed (0.30 < I < 0.65) F* F¢ FP F¢
Cross-Frame Forces: Skewed (Is > 0.65) F* F¢ F* F¢
Cross-Frame Forces: Curved & Skewed (Ic> 0.5 & Is> o Fe o Fe
0.1)
Flange Lateral Bending Stresses: Curved (Ic < 1) C C B B
Flange Lateral Bending Stresses: Curved (Ic> 1) F D C C
Flange Lateral Bending Stresses: Skewed (Is < 0.30) NA¢ NAd¢ NA¢ NA¢
Flange Lateral Bending Stresses: Skewed (0.30 <[5 < b . b .
0.65) F F F F
Flange Lateral Bending Stresses: Skewed (Is > 0.65) Fb Fe Fb Fe
Flange Lateral Bending Stresses: Curved & Skewed (/¢ > o Fe o Fe
0.5 & Is>0.1)
Girder Layover at Bearings: Curved (Ic < 1) NAf NAf NAf NAf
Girder Layover at Bearings: Curved (Ic> 1) NAf NAf NAf NAf
Girder Layover at Bearings: Skewed (/s < 0.30) B A A A
Girder Layover at Bearings: Skewed (0.30 < /5 < 0.65) B B A B
Girder Layover at Bearings: Skewed (Is > 0.65) D D C C
Girder Layover at Bearings: Curved & Skewed (Ic> 0.5 F F F C
& I5>0.1)

2 Magnitudes should be negligible for bridges that are properly designed and detailed. The cross-frame design is
likely to be controlled by considerations other than gravity-load forces.

b Results are highly inaccurate. The improved 2D-grid method discussed in Chapter 6 of NCHRP 12-79 Task 8
report provides an accurate estimate of forces.

¢ Line-girder analysis provides no estimate of cross-frame forces associated with skew.

4 The flange lateral bending stresses tend to be small. The AASHTO (2017a) Article C.6.10.1 may be used as a
conservative estimate of the flange lateral bending stresses due to skew.

¢ Line-girder analysis provides no estimate of girder flange lateral bending stresses associated with skew.

fMagnitudes should be negligible for bridges that are properly designed and detailed.

where: /¢ = connectivity index Is = skew index
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Table 2-3. Criteria for Assigning the Grades in the Required Level of Analysis Matrix

Grade Normalized Mean Error Performance
(a) (b) (©)
A te <6 % Excellent accuracy
B 7% <pe<12 % Reasonable agreement
C 13 % <pe <20 % Significant deviation
D 21 % <pe <30 % Poor
F pe > 30 % Unreliable & inadequate

Table 2-4. MDOT Skew Policy (MDOT 2019a)

Skew Angle Design Requirements
0 <30° |Standard design using approximate methods
0>30° |Special design using refined methods”

* Refined methods shall include using finite element methods of analysis to address girder roll,

torsion, bearing restraints, bearing rotations, thermal movement direction and amount, cross-frame

loading, camber detailing and deck edge/end reinforcement.

2.5 CONSTRUCTABILITY EVALUATIONS DURING TRANSPORTATION AND
LIFTING

Conventional highway bridge superstructure on-site construction starts with transportation and
lifting of girders or girder segments. Such activities, if not properly executed, could result in loads
exceeding section capacity or deformations exceeding the tolerances. As a result, girder stability
or the quality of the completed structure can be compromised. Thus, the analysis of girders during
transportation and lifting need to be a part of a constructability evaluation program. This section
documents calculation procedures and practices required to maintain (7) capacity of PC girders
against cracking and failure, (ii) yielding capacity of steel I-girders against local flange stresses,
(iii) capacity of steel I-girders against lateral torsional buckling and (iv) deformations due to rigid-
body rotation and cross-sectional twist of steel I-girders within tolerances. Analysis methods,
procedures, and tools available in the literature for evaluating these constructability cases are

briefly discussed along with their capabilities and limitations.

2.5.1 Lifting of PC and Steel Girders

PC and steel girder lifting procedures depend on highway agency policies and the contractor means
and methods developed based on the available equipment, accessories, and experience. Figure

2-27 and Figure 2-28 show the most commonly used lifting devices. For PC girders, MDOT
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requires using lifting loops (Figure 2-27a). The MDOT Bridge Design Guide Sections 6.65.14,
6.65.14A, and 6.65.14B specify (i) a criterion for selecting the number of strands and size for
lifting loops based on PC girder type, size, and weight, (i) the minimum angle of lift, and (iii) the
minimum and maximum distances from girder ends to lifting points (MDOT 2019b). Regardless
of the type, lifting devices do not provide rotational restraint. Thus, with initial eccentricity due
to horizontal curvature or sweep, girders are free to rotate about the roll axis (an imaginary line

connecting lifting points as shown in Figure 2-29).

3 —
i1 e WA

- ) ot L. T8 e T2 !
(a) PC girder being lifted using lifting loops (b) PC girder being lifted using basket hitch
Figure 2-27. Lifting devices for PC girders (FHWA 2015)

Figure 2-28. Steel I-girder being lifted using beam clamps (FHWA 2015)
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Figure 2-29. Typical lifting scheme of a girder with an initial eccentricity
2.5.2 Capacity of PC Girders Against Cracking and Ultimate Stress
2.5.2.1 Lifting

PC girder sweep results from fabrication tolerances such as deviations in girder cross-section, the
lateral eccentricity of prestressing strands, or a combination thereof. When a PC girder with an
initial eccentricity due to sweep is lifted, the girder rotates about the roll axis. As a result, the
horizontal component of the girder self-weight acts parallel to the major axis of the cross-section
and causes lateral deflection. Lateral deflection increases the eccentricity leading into an
equilibrium position (Figure 2-30) or moments that could exceed the girder capacity (Mast 1989,
1993). Figure 2-31 shows the position of a rotated PC girder during lifting and forces acting on

the girder. The following parameters are defined in the figure to describe the girder behavior:

€i = initial eccentricity of girder center of mass due to sweep and lifting device
placement tolerances, measured parallel to the girder major axis

w = girder self-weight

WcosO = vertical component of self-weight

Wsin® = horizontal component of self-weight

Yem = distance between top of girder and center of mass

Viift = distance between lifting point and top of girder

N = distance between roll axis and girder center of mass

z = lateral deflection of girder center of mass measured parallel to the girder major axis
0 = girder rotation measured from vertical
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\ directly beneath roll axis

Figure 2-30. Equilibrium position of a rotated PC girder during lifting
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Figure 2-31. Free body diagram of a rotated PC girder during lifting

The lateral deflection of girder centroid (z) is due to the self-weight component parallel to
the girder major axis (Wsin6)). To calculate the girder rotation (6) at equilibrium, z needs to be
calculated, which is dependent on the rotation angle 8. Mast (1989) overcomes this issue by

considering a fictitious case where the self-weight (W) is applied about the girder minor axis that
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causes lateral deflection of girder centroid (z,). Then, z, is calculated using a series of statics
equations with few assumptions, and z is rewritten as z,sinf.. Based on the studies by Mast (1989,
1993), PCI (2016) recommends using Egs. (2-3) and (2-4) for calculating factor of safety against
cracking (FS.r) and failure (£Sy) of PC girders. PCI (2016) recommends a minimum of 1.0 and

1.5 as the factor of safety against cracking and failure, respectively.

M 0
r _ YrUmax > 1.0 (2-3)

FSp = —=—T2% >
cr Ma Zoemax + €;

M 6’ 2-4
FSf — _T — ’ yT' max’ 2 1.5 ( )
My 7,0 o (1 4+ 250" 02) + €

where:

M, = applied moment

M,  =resisting moment

Omax = rotation at which section cracks

0’max = the maximum tilt angle for cracked section

2.5.2.2 Transport

Flexible bearings support PC girders during transport. The flexibility of the supports allows a
girder with lateral eccentricity to rotate about its longitudinal axis. Rotational stiffness of the truck
and slope of the roadway are other parameters included in the analyses. PCI (2016) recommends
using Egs. (2-5) and (2-6) for calculating factor of safety against cracking (FS.-) and rollover (FS,),
respectively. The recommended minimum factor of safety against cracking and girder rollover are

1.0 and 1.5, respectively.

M Ky (6 -«
FS, = — = 0Onax=®) (2-5)
Ma W[(Zo + yr)emax + ei]
M Ko(0' ax — @
FS, =— = 9(, max — @) : > 1.5 (2-6)
Ma W[(Zo(l + 2.560 max) + Yr)e max t ei]
where:
Ky  =rotational spring constant of the trailer
W self-weight of the girder
a superelevation of the roadway

0’ max critical rotation at rollover

Ky 1s often unknown but can be calculated by measuring the twisting angle of the trailer

under a known weight and its position on the trailer. The trailer can be forced to twist by placing
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a weight at various positions with an offset from the longitudinal axis (PCI 2003). Once the
rotations at either side of braces are measured, the rotational spring constant is calculated as the
average of the eccentric moment divided by the rotation in radians. In the absence of such a
procedure, Article 8.1.0.3 of PCI (2003) suggests using a range of 3,000 to 6,000 kip-in per radian

per dual-tire axle for Ky. As an example, Ky of a trailer with four dual-tire axles and a single-tire

klp in

axle can be assumed to have between 13,500 to 27,000 kip-in per radian (i.e., 3,000 X 4+

klp in klp in klp in

3,000 X = and6000 X4+ 6,000

—)

2.5.3 Capacity of Steel I-Girders Against Flange Yielding Stresses

Steel I-girders are often lifted with beam clamps as shown in Figure 2-28. Beam clamps grip
girders at bottom of the top flange on either side of the web and top of the top flange. The resulting
moment acting on the top flange generates localized stresses (FHWA 2015). These stresses need
to be checked against the yield strength of steel to determine the need for adding cover plates to
strengthen the flange. FHWA (2015) recommends using Eq. (2-7) to evaluate the flange local

bending stress (fi») due to clamping forces.

£ = Rk
")+ () /6 @-7)

where:

br = top flange width (in.)

Cr = length of clamp along the top flange (in.)

F,r = specified minimum flange yield stress (ksi)

k = distance from outer face of top flange to web toe of fillet (in.)

R. = concentrated force at each flange edge (kip)

tr = top flange thickness (in.)

It should be noted that the clamp forces are equal to half of the total weight when the

distance between the girder center of gravity and lifting points is equal (Stith 2010). In such cases,
R. is equal to 1/4™ of the girder weight. For other cases, R. needs to be calculated considering the

proposed lifting scheme.

2.5.4 Rotation of Steel I-Girders

The rationale presented in Section 2.5.2.1 for PC girder rotation during lifting also applies to the

steel girders. Girder rotation about the roll axis is not expected when lifting straight girders since
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the girder center of gravity coincides with the roll axis. However, when lifting a horizontally
curved steel girder, the eccentricity between the girder center of gravity and roll axis causes girder
rotation (Figure 2-29). Calculation of this rotation concerning a pre-approved lifting scheme and
checking against given tolerances help alleviate girder splicing complications. Based on
contractors’ and engineers’ experience documented in a survey conducted by Farris (2008),
limiting the maximum girder end rotation to 1.5 degrees reduces the steel I-girder splicing
complications.

Curved steel I-girder rotation consists of rigid-body rotation and cross-sectional twist.
Rigid-body rotation (6ygiz), which is a function of the girder center of gravity and lifting point
locations, can be calculated using Eq. (2-8) (Stith 2010).

e
6igta = tan™! ( _ ) 2-8)
Tt H+ts +Hee
where:
e = eccentricity between girder center of gravity and roll axis
H  =roll axis height measured from top of the top flange
H. . = distance to girder center of gravity measured from bottom of the top flange
te = top flange thickness

A girder that is free to rotate about the roll axis is subjected to torsion due to self-weight,
resulting in the twisting of the cross-section. The magnitude of the cross-sectional twist is a
function of girder torsional stiffness. For open sections, such as I-girders, the torsional stiffness is
the summation of St. Venant and warping stiffnesses. Stith (2010) presented a 1D displacement-
based finite element procedure for analyzing cross-sectional twist, and suggested a generalized
relationship of cross-sectional stiffness [K.], nodal displacements (nodal rotation and change of
rotation) {@}, nodal fixed end forces {G.re}, and external nodal forces (applied torques) {G}. This
relationship is shown in Eq. (2-9).

[Kel{g} = {Gepe} + {G} (2-9)

This procedure is implemented in UT Lift 1.3, a spreadsheet, for calculating cross-sectional

twist and total rotation (UT Lift 2019). Section 2.5.6.2 provides additional details about this tool.
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2.5.5 Lateral Torsional Buckling of Steel I-Girders

Steel girders are susceptible to lateral torsional buckling during lifting when unbraced length
segments are relatively long. Timoshenko and Gere (1961) proposed Eq. (2-10) for buckling

analysis of a straight, doubly-symmetric girder under a uniform moment.

il 2 m’ 2-10
M, =— |EL,G] + E?,C,, | — (2-10)
Ly, L

b

where M, is elastic lateral-torsional buckling capacity, L is unbraced length of the girder
segment, £ is the modulus of elasticity, /, is minor axis moment of inertia, G is shear modulus, J
is the torsional constant of the cross-section, and C,, is warping constant.

Eq. (2-10) is also multiplied by a moment gradient factor (Cp) to account for the non-
uniform moment. Buckling analysis of a girder during lifting is not straightforward since the
boundary conditions dictated by lifting equipment and the corresponding unbraced lengths are not
clearly defined. Farris (2008) and Schuh (2008) performed parametric finite element analyses for
investigating the buckling behavior of steel I-girders during lifting and developed moment gradient
factors that apply to this problem. The scope of their study includes straight and curved prismatic
and non-prismatic steel I-girders. The study indicated that the unbraced length needs to be taken
as the full length of the girder and that buckling capacity is maximized when girders are lifted near
quarter points. Farris (2008) recommended using the following Cj factors to multiply the elastic
lateral torsional buckling capacity, calculated using Eq. (2-10), to account for the non-uniform

moments acting on a girder:

¢, = 2.0 for “EIE < 0225 (2-11)
C, = 6.0 for 0225 < “ETt < 0300 (2-12)
C, =4.0 for 0.300 < ? (2-13)
where:
L = distance from lift points to the girder ends

L = length of the girder segment being lifted

For unsymmetrical lifting schemes, Li;77 is taken as the arithmetic average. The proposed

C) factors can also be used for the buckling analysis of straight or mildly curved (radius of

curvature, R > 1800 ft) prismatic or non-prismatic steel I-girders (Stith et al. 2013).
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2.5.6 Analysis Methods and Tools
2.5.6.1 PC Girder Stability and Capacity Analysis during Lifting and Transport

PCI Girder Stability Subcommittee developed examples encompassing various lifting and
transportation cases for PC girders. Chapter 6 of the PCI Recommended Practice for Lateral
Stability of Precast, Prestressed Concrete Bridge Girders (PCI12016) presents these examples and
associated Mathcad scripts. The Mathcad scripts are based on the methodology and equations
presented in Imper and Laszlo (1987) and Mast (1989 and 1993) for evaluating the impact of the
following parameters on girder stability and capacity:

e lifting cable configuration (vertical or inclined cables)

e wind loads during lifting and transport

e roadway superelevation during transport

e sweep and camber during lifting or transport

e harped strands on girder stresses

e rotational stiffness of the truck used for girder transport.

The Mathcad script analysis results provide:
e lateral girder eccentricities under self-weight and wind loading
e girder compressive and tensile stresses at harping points against the allowable stress limits
e factor of safety against cracking and failure during lifting

e factor of safety against cracking and rollover during transport.

The analysis procedure incorporates the following assumptions:
e Girder deformations are small enough for the small deflection theory.
e Girders are lifted using two devices.
e The distances from the girder ends to lifting points are equal.
e Girder sweep is due to form misalignment.
e Prestressing strands are placed symmetrically.

e The effect of vertical wind uplift pressure is negligible.

2.5.6.2 Steel I-Girder Stability and Deformation Analysis during Lifting

The Texas Department of Transportation (TxDOT) sponsored a project for analyzing stability and
deformation of straight and curved steel I-girders during lifting. For this purpose, the project

developed a tool on an excel platform. This tool, named as the UT Lift, incorporates the equations
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and assumptions presented in Stith (2010) and Farris (2008). The tool provides the following
capabilities:

e analysis of prismatic and non-prismatic girders

e analysis of girders with up to eight cross-sectional changes along the span

e scale factor to account for the weight of fabricated parts such as shear studs and stiffeners

e incorporating girders with cross-frames attached on the inside, outside, or either side of the

girder.

The output of UT Lift consists of:
e the center of gravity of the girder segment being lifted
- the optimum location for lifting points and the required spreader beam length to
prevent girder rotation
e reaction forces at beam clamps (i.e. lifting forces)
e girder rigid body rotation and the total rotational response at girder ends and mid-distance
between lifting points
e top and bottom flange stresses at lifting points and mid-distance between lifting points
e buckling capacity of the girder and the critical buckling load as per the procedures
presented in Farris (2008)

e out-of-plane displacement, rotation, and torsion along the girder length.

The procedures incorporate the following assumptions:
e The girders are lifted at two points with two or a single crane using a spreader beam, the
most common methods used by contractors (Farris 2008).
e Cross-frame weights are at a distance of §/2 from the girder centerline (where S is the girder

spacing).

The procedures have the following limitations:
e Wind load effects are not considered.
e (Girder rotation due to a cross-sectional twist is calculated by 1D linear finite element
analysis; thus, it neglects the effect of geometric nonlinearity.
e The critical buckling load calculated by incorporating Cj factors recommended by Farris
(2008) is only accurate for straight or mildly curved girders (radius of curvature, R > 1800

ft) but represents an upper-bound solution for moderately to highly curved girders (R <
1200 ft).
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2.6 CONSTRUCTABILITY EVALUATIONS DURING ERECTION

The challenges faced during the erection of steel and concrete superstructures are primarily related
to retaining deformation tolerances and stability of girders or girder systems. Controlling
structural geometry during erection is essential for meeting deformation tolerances and
constructing the bridge as per project specifications. Moreover, in the absence of a hardened deck,
girders or girder systems are susceptible to lateral deformations and instability. This section
addresses (i) potential constructability cases during erection, (if) available analysis methods and
tools for evaluating such cases, (iii) capabilities and limitations of the analysis methods and tools,

and (iv) the assumptions used in such methods and tools.

2.6.1 Vertical and Horizontal Alignment of Concrete and Steel Bridges

Controlling vertical and horizontal alignment of a superstructure is key to constructing the bridge
as per project specifications. Thus, the geometry of the partially erected structure should be
maintained within the specified vertical and horizontal displacement tolerances during each stage
of the erection. Table 2-5 presents the horizontal and vertical alignment tolerances for steel I-
girder bridges (AASHTO/NSBA 2014b). Table 2-6 presents the PC girder dimensional tolerances
specified by MDOT.

Table 2-5. Horizontal and Vertical Alignment Tolerances for Steel I-Girder Bridges (AASHTO/NSBA 2014b)

The maximum deviation from theoretical horizontal alignment*
= 4 1/8 in. x (total length along girder between supports (ft) / 10)

The maximum deviation from theoretical vertical alignment*
=+ 1/4 in. x (total length from the nearest support (ft) / 10)

*Both horizontal and vertical alignments shall be measured under steel dead load at
the centerline of the top flange.
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Table 2-6. MDOT PC Beam Dimensional Tolerances (MDOT 2012)

Beam Type Tolerance
Length of I-beams and 1800 beams +1/4in. /25 ft, 1 in. max
Length of box beams +3/4 in.
Width of I-beams and 1800 beams +1/2 1n., -1/8 in.
Width of box beams +1/2 in.
Height of I-beams, 1800 beams, or box beams + 1/4 in., -1/8 in.

Camber deviation from design value (measured within 24 hours

of strand release) 1/8 in. / 10 ft

Thickness of top slab of box beams +1/2 in., -1/4 in.
Length of [-beam end blocks + 2 ft
Sweep of I-beams and 1800 beams (horizontal deviation of
centerline from a straight line between ends measured at both 1/4in./ 10 ft
top and bottom)
Sweep of box beams (horizontal deviation of centerline from a 3/8 in. up to 60 ft, 1/2 in.
straight line between ends measured at both top and bottom) over 60 ft
Vertical deviation of side forms between top and bottom of beam |< 1/4 in. from plan location
Prestress strand < 1/4 in. from plan location
Location of conduit for transverse post-tensioning < 1/2 in. from plan location
Location of holes for position dowels (I-beams and 1800 beams) |< 1/2 in. from plan location
Location of holes for position dowels (box beams) <1 in. from plan location

2.6.1.1 Time-Dependent Deformation of PC Girders

PC girders develop a net upward deflection (camber) under the effect of prestressing force. During
design, the camber at transfer and before deck placement are often calculated. Estimating the
camber is necessary for quality assurance purposes and adjusting screed elevations before deck
placement. When field camber varies from calculated, remedial actions, such as adjustment of
girder seats and haunch depth, need to be implemented to achieve the intended deck profile and
ride quality. These activities increase construction duration and cost, and for certain cases, the
girder design needs to be re-checked against an increased dead load due to the modified haunch
and/or deck thickness. Thus, it is critical to maintain the deformations within the tolerances given
in Table 2-6.

PC girder camber is affected by many parameters, of which time-dependent concrete
properties (i.e. elasticity modulus, concrete shrinkage, creep, etc.) and time-dependent prestressing
losses are the dominant parameters. At present, MDOT uses Eq. (2-14) presented in Libby (1997)
for calculating PC girder deflection and camber after incorporating appropriate factors and the

effects of dead and live loads, creep, shrinkage, and prestress losses. This equation is also used in
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the MDOT Bridge Design System (BDS) for calculating the ultimate total load deflection (d,) of

a composite girder.

AP
%:@Ff7§+%m@ﬂ+%u+%m@]
o
I{ AP, —AP,
6_—
+87|-—5;

I
o7 + I CuQ = 42| + a7 K Cul = a5) (2-14)
I
+ 85 |1+ gk Cu | + 6 + 0,

where:

C, = ultimate creep ratio
I = moment of inertia of non-composite girder
I’ = moment of inertia of composite girder
k- = factor taken as 1.0 for PC girder
P, =prestressing force after transfer (after elastic loss)
os = ratio of the creep ratio for the concrete of the girder at the time the slab is cast to the
ultimate ratio
=1/(d+1t)
0a = deflection due to girder self-weight
ops = deflection due to differential shrinkage and creep between girder and slab concrete
0r = deflection due to live load
0, = deflection due to prestressing
0s = deflection due to slab dead load
AP = loss of prestress at time the slab is cast (excluding the initial elastic loss)
AP, = total loss of prestress (excluding the initial elastic loss)
A =1—(4P./2P,)
A =1—(4Ps/2Py)

Appertaining to construction means and methods, particular attention should be given to
girder storage conditions. PC girders, upon attaining the target release strength, are stripped from
beds and stored in the yard. During this period, overhang portions of girders (cantilever parts
beyond the temporary supports) induce additional camber because of elastic deflection owing to
overhang self-weight and time-dependent deflection due to creep of the overhangs (Honarvar et
al. 2015). This phenomenon applies to field storage as well.

PC girders of adjacent box-beam bridges may have unique constructability challenges due
to differential camber. In general, the construction sequence of an adjacent box-beam bridge can
be summarized as: (1) lifting and placing PC girders on their respective bearings, (2) grouting of
shear keys, (3) transverse post-tensioning of the bridge cross-section, and (4) pouring the cast-in-
place deck. An excessive differential camber results in misalignment of post-tensioning ducts and

non-uniform cast-in-place concrete deck. Thus, misalignment must be corrected before grouting
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the shear keys. Typical practice is to place dead loads or barriers on the beam with excessive
camber until the differential camber is reduced to the specified tolerances. Since the girder
behavior during preloading is linear elastic, the required load and placement can be calculated by
the elastic theory of beam deflection. The preloading results in locked-in stresses in the girder-

shear key assembly that need to be considered later during load rating.

2.6.1.2 Twist and Detailing of Steel I-Girder Bridges

Individual girders or partially erected superstructure units of curved and/or skewed steel I-girder
bridges exhibit torsional displacements (twist) under component self-weight and construction
loads. It is important to understand the fundamental difference in skewed and curved bridge
behavior that develops torsional displacements.

Girders in skewed I-girder bridges deflect vertically under the gravity loads and do not
exhibit torsional displacements before cross-frame installation. As per the AASHTO (2017a)
Article 6.7.4.2, cross-frames are placed parallel to skewed support lines when the skew is less than
or equal to 20 degrees. In this case, no differential deflection occurs at the end of cross-frames,
but the girders twist to maintain rotational continuity with cross-frames between the girders
(NSBA 2016). When the skew angle is greater than 20 degrees, the cross-frames are installed
normal to the girders. Thus, each cross-frame connects along the girder span at different positions
causing the girders to twist under the vertical differential deflection at each end of the cross-frames.
Curved I-girder bridges, on the other hand, are subjected to torsion because of the eccentricity
between the applied loads and the line of support. Thus, the girder twist is independent of cross-
frame installation. In fact, in the absence of cross-frames, torsional displacements tend to be larger
due to the lack of internal constraints (NSBA 2016).

Torsional deformations of curved and/or skewed steel I-girder superstructure units create
several complications during erection; a few examples are (1) difficulties in assembling girders
and cross-frames that may require significant force-fitting, field drilling, field welding, or a
combination thereof, (2) locked-in stresses developed in girders and cross-frames that will impact
the design capacity of the structure, (3) misalignment between the approach spans and bridge
superstructure, and (4) bearing rotation exceeding the design value (NSBA 2016). These
complications can be alleviated utilizing appropriate fit conditions for the bridge under

consideration. As per the AASHTO (2017a) Article C6.7.2, the common fit conditions are:
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e No Load Fit (NLF): Cross-frames or diaphragms are detailed to fit to the girders in their
fabricated, plumb, fully cambered position under zero dead load.

o Steel Dead Load Fit (SDLF): Cross-frames or diaphragms are detailed to fit to the

girders in their ideally plum as-deflected positions under the self~-weight of the steel after

the erection.

e Total Dead Load Fit (TDLF): Cross-frames or diaphragms are detailed to fit to the

girders in their ideally plumb as-deflected positions under the total dead load. The total
dead load typically includes the weight of the concrete deck, but not the superimposed dead

loads.

Since the torsion develops from applied loads, the girder web can only be plumb in one
particular load condition. Detailing girders and cross-frames for TDLF condition might be seen
as the first choice, however, TDL deflections are often significantly greater than SDL deflections
(NSBA 2016). Therefore, when TDLF condition is targeted, the contractor may be required to
apply substantial loads using cranes, jacks, etc., for facilitating the assembly, especially for bridges
with extreme curvature and/or sharp skews. Table 2-7 presents the recommended fit conditions
for steel I-girder bridges provided by NSBA (2016). The recommendations are also adopted by
AASHTO and included in Article C6.7.2 (AASHTO 2017a). In the table, L is the span length (ft),
R is the radius of curvature (ft), € is the skew angle (deg), and /s is the skew index calculated as

per Eq. (2-2).

Table 2-7. Recommended Fit Conditions for Steel I-Girder Bridges (NSBA 2016)

L/R ratio*, Skew Angle (0), L Recommended Acceptable Fit | Fit Conditions
and Skew Index (Is) Limits Fit Condition Condition to be Avoided
) R NLF & SDLF & | NLF & SDLF & -
L/R<0.03;6<20 Any TDLF TDLF
L/R<0.03;06>20°& Is<0.30 Any SDLF & TDLF SDLF & TDLF NLF
<200 ft SDLF TDLF NLF
< 10 >20° > =
LR =0.03:020°& 15> 030 =750 SDLF - TDLF & NLF
L/R>0.03 & <0.20; N/A Any SDLF NLF TDLF
L/R >0.20; N/A Any NLF SDLF TDLF

* Use maximum L/R of any span in the bridge
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2.6.2 Lateral Stability of PC and Steel Girders

Girders are designed as composite sections for in-service loads. The composite action between
the girders and a hardened deck increases the flexural stiffness of the superstructure and provides
continuous lateral restraint to the girders. In the absence of the hardened deck, erected girders or
girder systems are susceptible to lateral instability. The potential for lateral instability during
erection is common to both concrete and steel bridges, however, instability modes often differ.
Lateral torsional buckling is the primary instability mode for steel I-girders. Also, a rollover can
be a concern for the first erected steel girder due to a lack of bracings. For PC girders, lateral
torsional buckling is generally not a concern due to the high torsional stiffness of the girder and
the governing instability mode is only girder rollover.

In steel I-girder bridges, bridge geometry (i.e. curvature and skew), wind loading, long
unbraced length, or a combination thereof can contribute to the lateral instability. In curved
girders, eccentricity between the applied loads and line of support creates an overturning moment
that tends to de-stabilize the girders (FHWA 2015). Instability is especially a concern while
erecting the first curved girder. Intermediate supports such as shore towers and temporary holding
cranes may be required for maintaining the overturning stability. Under wind loads, lateral
deflection, flange lateral bending stresses, and overturning moments can result in girder rollover
and lateral torsional buckling. Similar to the curvature effect, roll stability under wind loads is
critical for the first erected girder in a span.

Lateral torsional buckling capacity is controlled by the unbraced length. In steel I-girder
bridges, cross-frames or diaphragms are installed as the erection progresses and provides lateral
stabilization to partially erected structures. AASHTO ASD and LFD Bridge Design Specifications
limited the maximum spacing of cross-frames to 25 feet (FHWA 2012). This requirement is
removed from the current AASHTO LRFD Specifications and allows rational analyses to
determine the required cross-frame spacing. As per AASHTO (2017a) Article 6.7.4.1, this
analysis should consider the stability of the top flange in compression before curing of the deck,
as well as controlling the torsional stresses and rotations due to loads applied to the overhangs
during deck placement. In horizontally curved bridges, however, cross-frames and diaphragms
are considered as the main load-carrying members and the AASHTO LRFD Specifications limits

cross-frame spacing. As per AASHTO (2017a) Article 6.7.4.2 and C6.7.4.2, the spacing of
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intermediate cross-frames (L) shall satisfy Eq. (2-15) in erected condition. Eq. (2-16) can be used

as a guide for preliminary framing of horizontally curved steel I-girder bridges.

<L <—
Ly =Ly =15

k
L, = §QR@ (2-16)

where, L, is the limiting unbraced length calculated in feet as per AASHTO (2017a) Eq.

(2-15)

6.10.8.2.3-5, R is the minimum girder radius within the panel (ft), 7, is the desired bending stress
ratio (a maximum value of 0.3 can be used), and bris the flange width (ft).
As per AASHTO (2017a) Article A6.3.3, Eq. (2-17) gives the elastic lateral torsional

buckling stress (F¢,) in units of ksi.

2
Fy = (f’;’/r—r’; jl ¥ 0.078557@1,/@2 @17)

where, Cp1s moment gradient modifier, £ is elasticity modulus of steel (ksi), L, is unbraced
length (in.), 7 is effective radius of gyration (in.), Sk is elastic section modulus about the major
axis of the section to the compression flange (in.?), and / is depth between centerline of the flanges
(in.).

PC girder rollover is possible due to lateral imperfections (i.e. girder sweep), wind loading,
or a combination thereof. Theoretically, girder horizontal curvature is sweep and the eccentricity
between the applied loads and support axis generates an overturning moment. Similarly, wind
loads generate additional lateral force and overturning moment that must be accounted for in the
stability analysis of PC girders. PCI (2016) adopted the procedures developed by Mast (1993) and
recommends Eq. (2-6) for calculating a factor of safety against rollover by replacing the rotational
spring constant of a trailer with the rotational stiffness of the bearings and superelevation of the
roadway with a tilt angle of bearings. Tilt angles can be taken as the maximum transverse seating
tolerance from a level position. The procedure developed by Mast (1993) is used by state highway
agencies. As an example, FDOT developed a Mathcad script titled Beam Stability (version 2.4)
for evaluating the stability and temporary bracing requirements of simple-span PC girders during

erection. Unlike the Mathcad scripts developed by PCI (2016) (see Section 2.6.3.3), this script
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reflects FDOT policies and practices such as state-specific PC girder inventory and temporary

bracing configurations.

2.6.2.1 Bracing of PC and Steel I-Girders

Permanent and/or temporary bracings are used during erection to maintain the stability of
individual girders or partially completed girder systems. Permanent bracings consist of cross-
frames and diaphragms. Temporary bracings, on the other hand, are not well-standardized as
cross-frames or diaphragms. This is because their design and use depend on contractor means and
methods. Consequently, the bracing can be in various forms depending on availability and
experience. Permanent and temporary bracings are both designed or designated from predesigned
details. PC girders are braced near girder ends and within the span using temporary bracing
systems during erection for holding the girders in place, preventing rollover, and restraining girder
twist. End bracings are installed before crane release; intermediate bracings are installed between
adjacent girders as the erection progresses.

For PC girders, MDOT specifies cast-in-place (CIP) concrete and steel diaphragms (or
cross-frames) (MDOT 2019b). The use of steel intermediate diaphragms and steel end diaphragms
at independent backwalls with sliding slabs is preferred as it reduces the construction duration
(MDOT 2019a). Yet, MDOT Bridge Design Guide (MDOT 2019b) details CIP concrete
diaphragms to be used at piers, independent backwalls without sliding slab, and midspan.
However, CIP diaphragms cannot be counted as lateral stability bracings since formwork
installation and casting of diaphragms are completed after erecting all the girders in a span or a
bridge. Table 2-8 summarizes the MDOT practice on steel diaphragms and cross-frames for PC
girders. These diaphragms and cross-frames can serve as stabilizing members when utilized
during erection. The common practice is to install bracing just before deck placement. Thus,

temporary bracings are critical for maintaining PC girder stability during erection.
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Table 2-8. Steel Diaphragm and Cross-frame Alternatives for PC Girders (MDOT 2019b)

Steel Diaphragm / Cross-

607, 66, and 72” deep
bulb-tee PC girders

Steel X-type cross-frame

Girder Type Frame Location Layout
28” through 54” deep .
PC I-girders Steel channel diaphragm
70” deep PC I-girder | Steel X-type cross-frame Midspan
& MI 1800 with a bottom strut & Continuous line for 6 < 10°
48” and 54” deep . Independent backwalls|  Staggered for 6 > 10°
bulb-tee PC girders | Stccl channel diaphragm 1 iy 1o Glab

Figure 2-32a shows a typical TxDOT diagonal bracing system used at the girder ends. To

hold the girder in place, irrespective of the direction of loading, a timber block is used as a

compression member while a wire acts as a tension member. As per the Texas DOT Standard

Details for Minimum Erection and Bracing Requirements: Prestressed Concrete I-Girders and I-

Beams (TxDOT 2015), diagonal bracing is required at both ends of the first erected girder in a

span. In addition to diagonal bracing, top and bottom flange level braces are required in the

vicinity of girder ends and within the span. Figure 2-32b shows a TxDOT horizontal bracing

system with steel straps that are anchored to the top flange and timber blocks that are in tight fit

between the bottom flanges. Alternatively, steel straps can be welded to shear connectors. The

TxDOT practice is to place the first horizontal bracing at 4 feet from the girder ends and to limit

the maximum spacing of horizontal bracings to 60 feet.
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(a) Diagonal bracing details
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Timber blocks
(dimensions vary)

(b) Horizontal end and intermediate bracing alternative
Figure 2-32. TxDOT temporary bracing details for PC girders

Figure 2-33a shows three FDOT anchor bracing alternatives used at piers or abutments of
PC girder bridges. The contractor is permitted to use any of these configurations depending on
their experience and material availability. Anchor bracings are only used for the first erected girder
within the cross-section (FDOT 2013). Cables are often used as tension members (T) while angles
or pipes are used as tension and/or compression members (T&C). In addition to anchor bracings,
FDOT requires contractors to use temporary bracing for all the girders. Figure 2-33b shows FDOT
bracing system alternatives used in the vicinity of girder ends and within the span. The maximum
longitudinal distance between end bracings and the bearing centerline is limited to 4 feet (FDOT

2013).
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(a) Anchor bracing alternatives

(b) End and intermediate bracing alternatives
Figure 2-33. FDOT temporary bracing details for PC girders

At PC girder ends, PennDOT specifies primary and secondary temporary bracing systems
(Figure 2-34). The primary bracings are hold-down systems. Figure 2-34a shows one such system
with threaded bars and a channel. The bars are anchored to the substructure. The channel is placed
across the top flange to distribute loads and eliminate local stresses at the flange tips. The
secondary bracing, on the other hand, consists of top flange level timber blocks and a cable. The
cable connects all girders in the cross-section and is anchored to the substructure. PennDOT
requires contractors to use the primary bracings when girders are inherently unstable or placed on
high load multirotational bearings, whereas the secondary bracing is required for inherently stable
girders. As per the Pennsylvania DOT BC-772M Standard Prestressed Concrete Beam Bracing
Notes (PennDOT 2010), a girder is defined as inherently stable if the vertical reaction at the girder
support under specific load cases is located within the middle 2/3 of the bearing (load cases are
shown in Figure 2-35). The reaction is calculated at the girder seat considering moment
equilibrium. The first load case in Figure 2-35 is used for evaluating stability before crane release
while the second load case is considered for stability during erection. Table 2-9 and Table 2-10

describe the loads, load cases, and their applications.
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Figure 2-34. PennDOT temporary bracing details for PC girder ends
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Figure 2-35. PennDOT load cases for girder stability evaluation
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Table 2-9. Details of PennDOT Load Case I for Girder Stability Evaluation (PennDOT 2010)

Wwn = Horizontal force acting at mid-depth of the girder due to a wind pressure of 30 psf]
acting horizontally on girder side.
Wwv = Vertical force acting upward on one side of the top flange overhang due to a wind
pressure of 30 psf. The resultant force acts at mid-point of the load.
Pu = Horizontal load of 0.02P acting at the girder mid-depth due to girder tilt. P is half]
of the girder weight, see Figure 2-35.
eLs = Eccentricity equals to 2/3 of the 2 in. lateral bow to be used for locating the girder
weight reaction. The 2 in. lateral bow is due to 1.5 in. maximum allowable sweep
and 0.5 in. solar gain.

Table 2-10. Details of PennDOT Load Case II for Girder Stability Evaluation (PennDOT 2010)

Wwn = Horizontal force acting at mid-depth of the girder due to a wind pressure of 30 psf]
acting horizontally on girder side.
Wwv = Vertical force acting upward on one side of the top flange overhang due to a wind
pressure of 30 psf. The resultant force acts at mid-point of the load.
Wc = Construction load of 20 psf including overhang system and/or deck pans, acting
along half of the girder top flange. The resultant force acts on the flange tip.
eLs = Eccentricity equals to 2/3 of the 1.5 in. lateral bow to be used for locating the girder
weight reaction. The 1.5 in. lateral bow is due to 1.0 in. maximum allowable sweep
and 0.5 in. solar gain.

As an example, for the first load case, the vertical reaction at the girder seat (R,) and the

location of R, measured from the bearing centerline (x) are calculated using Eqgs. (2-18) and (2-19),

respectively.
_ Vot Wuvlh 2-18
Wyyld?  WyyLb?  0.02wgld 4wyl
+ + +
Y = 4 16 4 6 (2-19)
wol — WyyLb
2 4

where wg is girder weight as a line load, L is span length, b is top flange width, and d is
girder depth.

In steel I-girder bridges, lateral stability of the partially erected structure is provided by
cross-frames or diaphragms that are installed during girder erection. Cross-frame and diaphragm
designs and connection details are provided in highway agency manuals, guides, and standard
plans. MDOT specifies cross-frames/diaphragms near girder ends and within the span for steel I-
girder bridges. As an example, Figure 2-36a shows a K-type cross-frame provided over a pier.

Figure 2-36b lists the minimum bottom chord and diagonal member size (angle size) concerning
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girder spacing (L) and the length of a diagonal member (S) for straight and curved girders (MDOT
2019b).

AN

= = = | e

n SII
ngle varies

[-R-X-]
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(a) Cross-frame details
STRAIGHT GIRDERS
G gr HgY Min. Angle Size
Less than 6'-9" 3" % 3" % 516"
6'-9" to 9-3" 4" x 4" % 516"
9-3"to 11'-6" 5" x 5" x 318"
11'-6" to 13'-9" 8" x 6" x 3/8"
13'-9" to 18'-8" 8" x 8" x 172"
CURVED GIRDERS
Less than 5'-9” I % I x bM1E"
5-9"to 7'-9" 4" % 4" = 516"
7-9"t0 99" 5" x 5" x 318"
9-9"t0 11'-9" 8" x 6" x 172"
11'-9" to 15'-9" 8" x 8" x 5/

(b) Minimum member sizes (angle sizes) for cross-frames used in straight and curved I-girder bridges

Figure 2-36. MDOT cross-frame details and minimum member sizes (angle sizes) used in straight and curved
I-girder bridges

In addition to cross-frames and diaphragms, temporary bracings are commonly used in
steel I-girder bridges to maintain girder stability during construction (FHWA 2015). Figure 2-37
shows two different chain-down configurations for stability and deformation tolerance of steel I-
girders during erection. In these configurations, girders are chained to their respective pedestals
at piers or abutments. The chain-down system shown in Figure 2-37a consists of a steel chain with
load binders. The system shown in Figure 2-37b includes a steel pipe to transfer the compression
force due to wind loading and provide necessary resistance for preventing girder rollover. The
chain provides resistance to the wind load from the right, whereas the steel pipe is placed for

resisting the wind load from the left (FHWA 2015). As shown in the figures below, the chains
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and the pipe are connected to the pedestals. Alternatively, these can be directly anchored to piers

or abutments as shown in Figure 2-38.

Softener at Softener
corners

Steel chain

Steel pipe

Pier cap or
abutment

(@) (b)

Figure 2-37. Chain-down alternatives for steel I-girders

Load binder

Bearing

Figure 2-38. A chain-down system anchored to substructure (Photo courtesy: MDOT)
2.6.3 Analysis Methods and Tools
2.6.3.1 Approximate Analysis of Curved Steel I-Girder Bridges

The V-load method, an approximate method for analyzing horizontally curved steel I-girder
bridges, was developed by Richardson, Gordon, and Associates (1963). The method was
developed as an improvement to the 1D line-girder analysis for evaluating curvature effects in I-

girder bridges (White et al. 2012b). In this method, curved girders are modeled as equivalent
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straight segments (i.e. straight segment length is equal to the girder length), and curvature effects
are accounted for by applying self-equilibrating vertical and lateral forces at cross-frame or
diaphragm locations. Figure 2-39a shows a representative segment of a two curved I-girder system
and the internal forces developed within the system. In this figure, the flange force couples (Mi/h)
are due to applied loads. A horizontal load couple (H,) is introduced to the system to satisfy the
equilibrium on flanges at cross-frame locations, (Figure 2-39b). Finally, the cross-frames transfer

vertical shear forces (V) to achieve moment equilibrium.

—a—M/h

Outside girder

]
M/h / My/h /

Inside girder

Mz/h,/
(a) Internal forces develop in a curved I-girder system (b) A flange segment at a cross-frame
Figure 2-39. A twin curved I-girder system showing the internal forces

The analysis steps of the V-load method are summarized below (Fiechtl et al. 1987; Stith 2010):

1. Calculate bending moments and shear forces along the equivalent straight girders due to
applied loads (P-loads).

2. Calculate moments due to P-loads at each cross-frame or diaphragm location.

3. Calculate the vertical shear force (V-loads) at each cross-frame or diaphragm location from
Eq. (2-20).

4. Apply V-loads as point loads at each cross-frame or diaphragm locations.

5. Calculate bending moments and shear forces due to applied V-loads.

6. Calculate final moments and shear forces by superposing the results of Step 1 and 5.

( Mp1 + Mp2
RS b =2
V= a (2-20)
= N -
Zizy Mpi N, > 2
Ny(Ny+1) (RS b
L6(N, — 1) d
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where V' is the vertical shear force (V-load) at cross-frame or diaphragm locations, M,; is
the moment at cross-frame or diaphragm locations due to the P-load of the i™ girder, R is the radius
of the curvature, S is the girder spacing, d is the arch length between cross-frames or diaphragms,
and N, is the number of girders in the cross-section. The method is developed with the following
assumptions and limitations (AASHTO 2017a, White et al. 2012b):

e Vertical shear forces are distributed linearly across the bridge cross-section, therefore, the
method is increasingly accurate for bridges with girders having approximately equal major
axis stiffness.

e The method only accounts for the torsion due to curvature.

e Inherently, the method is not capable of addressing skew effects; thus, the method is not
applicable for curved bridges with a skew.

e The method is only valid for open-framed systems (i.e. non-composite I-girder systems
connected by cross-frames or diaphragms located within the girder webs). The method is
not applicable for composite sections as well as the girder systems with lateral bracing

between the flanges.

2.6.3.2 Erection Analysis of Steel I-Girder Bridges

For analyzing straight, curved, or skewed steel I-girder bridges during erection and deck
placement, the TxDOT project developed a 3D finite element software UT Bridge. Modeling
features that were specifically developed for erection and deck placement analysis makes UT
Bridge a useful tool for constructability evaluations. Figure 2-40 shows the analysis feature
window for the data input process. This window optimizes the data input efforts by allowing the
user to select modeling parameters. The user can select the type of analysis (e.g. erection analysis,

deck placement analysis, buckling analysis, etc.) from the same window.
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Feature Check
Curved bridge

Skewed supports

Tapered cross-section
Multiple girders

Bridge supports

Splices/ Transitions
Stiffeners

X-frames

K-frames

Lateral trusses

Temporary supports
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Additional reference points
Erection analysis
Placement analysis
Eigenvalue buckling analysis
Point loads

Wind loads

Springs

Special DOF fixities

Large displacement analysis
Modal dynamic analysis
Top flange uniform loads
Thermal loads
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Figure 2-40. UT Bridge (v2.2) analysis feature window

The finite element types available in UT Bridge and their applicability to specific bridge elements
include:
e nine-node isoparametric displacement-based shell elements to model girder plates (flanges
and web) and deck slab
e three-dimensional two-node truss elements to model cross-frames
e three-dimensional two-node beam elements to model stiffeners

e spring elements to model shear stud interaction.

The software analysis and modelling options allow:
e defining first-order structural analysis, large displacement (non-linear) analysis, or
eigenvalue buckling analysis
e defining the number of elements through the web depth (4 or 8 elements) and approximate

mesh size

62



defining prismatic or non-prismatic girder and girder systems
assigning X- and K-type cross-frames
defining support and intermediate cross-frame sectional properties separately
modeling lean-on cross-frame configuration (this feature allows inclusion or exclusion of
cross-frames between girders as needed)
accounting for the reduction in cross-frame stiffness due to bending moment from
connection eccentricities
modeling stiffeners along the girder length and specify stiffener dimensions
defining applied load and self-weight factors and performing analysis concerning the
AASHTO LRFD limit states
specifying the number of girders to be erected, the corresponding length of the girders,
cross-frame installation, and the applied loads in each step of erection
defining flange level temporary lateral bracings, shore towers, or temporary holding cranes
in each step of erection
specifying the number of pours, start and end locations of each pour along the bridge
length, time of each pour (hours), and girders to be involved in each pour during deck
placement sequence
defining shear stud parameters for composite action between the girder and deck slab
accounting for early stiffness gain of deck slab concrete and the corresponding effects on
cross-frame forces, vertical displacement and rotational behavior of girders
defining the following loads:
o point loads — the location and direction of the load along the girder and on the cross-
section (nodes) can be specified (Figure 2-41).
o top flange uniform loads (area loads) — construction loads can be defined with this option.
o wind loads — load magnitude and direction can be defined for specific girders that are
expected to be exposed to wind loads.
o thermal loads — the coefficient of thermal expansion and temperature values can be

defined with this option.
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The loads may be defined at nine different points on the cross-section: > ¢ .
* the bottom flange left tip (1)
* the bottom flange to web node (2)
* the bottom flange righttip (3) ® 6
* the web lower quarter point (4)
* the web mid-depth (5) ® 5
* the web upper quarter point (6)
* the top flange left tip (7) ® 4
* the top flange to web node (8)
* the top flange right tip (9)
The loads may be applied in the X-direction (1), Y-direction (2), or Z-direction (3). 1._;_;
(a) UT Bridge point load definition
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(b) UT Bridge global coordinate system
Figure 2-41. UT Bridge (v2.2) point load application

Analysis result options are:
¢ bending moment, shear force, torsion, and top and bottom flange lateral moment
diagrams
e displacement and rotation along the girders
e Von Misses and principal stresses
e cross-frame forces

e cigenvalues for buckling analysis.

2.6.3.3 PC Girder Stability and Capacity Analysis during Erection

PCI Girder Stability Subcommittee developed an analysis example for the stability and capacity
of single and multiple PC I-girders during erection. The example is developed in the Mathcad
script and included in Chapter 6 of the PCI Recommended Practice for Lateral Stability of Precast,
Prestressed Concrete Bridge Girders (PCI 2016). The analysis is based on the methodology and
equations presented in Imper and Laszlo (1987) and Mast (1989 and 1993). The impact of the

following parameters on girder stability and capacity is defined:
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wind loads for active and inactive construction cases

bearing pad rotational stiffness incorporated from the NCHRP (2008)
slope of transverse seating between girders and bearings

sweep and camber of girders

harped strands on girder stresses.

The calculation procedures evaluate:

lateral girder eccentricities due to self-weight and wind loading

girder compressive and tensile stresses at harping points against the allowable stress limits
factor of safety against cracking, failure, and rollover during the erection of single girder
factor of safety against cracking and failure during the erection of multiple girders
bearing pad effectiveness under applied loads to determine the need for external bracings

the required number of external bracings and the resulting bracing forces.

The calculation procedures incorporate the following assumptions:

Girder deformations are small and based on small deflection theory.

During the erection of single and multiple girders, active and inactive construction
activities are considered, respectively. Wind pressure magnitudes are calculated
independently during these activities.

Effect of vertical wind uplift pressure is neglected for active construction activity (i.e.
single girder erection).

Drag coefficient is taken as 0.3 for calculating uplift pressure during extreme wind effects
for inactive construction activity (i.e. multiple girder erections).

Prestressing strands are placed symmetrically and do not contribute to girder sweep.

Girder sweep is due to form misalignment.

2.7 CONSTRUCTABILITY EVALUATIONS DURING DECK PLACEMENT

Conventional highway bridges utilize cast-in-place concrete decks. During deck placement,

plastic concrete between adjacent girders is often supported by stay-in-place (SIP) forms. For

supporting overhang concrete temporary formwork is installed. The overhang formwork is

supported on brackets (fascia jacks) placed at specific intervals. Figure 2-42 shows the elevation

of a typical supporting system for deck overhang concrete in steel I-girder bridges, including

overhang formwork, bracket (bracket beam, diagonal and vertical legs), and hanger rod. The figure
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also shows the bracket-bearing point and the distance between the bearing point and top of the
bottom flange (Hs-). Hanger rods, which are either welded or clamped to the exterior girder top

flange, support the bracket.
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Figure 2-42. A typical overhang bracket and its components

Maintaining deck profile as per the project specifications during deck placement requires
knowledge of girder and formwork deformation under wet concrete weight, especially the
overhang portion of the formwork. Differential deflection of steel girders, steel exterior girder
warping, and web out-of-plane deformation, or a combination thereof impacts deck profile (ODOT
2007a).

Assuming that the overhang formwork and falsework are attached firmly to the exterior
girder, the total rotation of an overhang bracket (6;) in steel I-girder bridges can be calculated using

Eq. (2-21).

0 =0,+6,+06,, (2-21)
where:
6s = exterior girder rotation due to differential deflection
0, = exterior girder rotation due to warping
Owe = exterior girder top flange rotation due to web out-of-plane deformation

Subsequent to the total rotation calculation, the variation in deck profile (44eck) due to girder

deformations during deck placement is calculated using Eq. (2-22).

b
Ageck= <% + bov) tan(gt) (2-22)
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where by is the width of screed rail platform and b,, is deck overhang width shown in
Figure 2-43. Many state highway agencies define deck profile tolerances in terms of exterior

girder rotation or variation in deck profile. Table 2-11 provides a few such policies.

Table 2-11. Highway Agency Tolerances for Exterior Girder Rotation and Deck Profile

Source of Information Tolerance
KDOT (2016) — Section 16.8 Exterior girder rotation < 1°
MDOT (2017) Adeck <0.1251n. /10 ft
ODOT (2016) — Section 302.2.7.3 |Ageck <0.5 in.

bSr bOV
R J
X W 7N
=

Figure 2-43. Dimensions for calculating the variation in deck profile (4 decx)
2.7.1 Differential Girder Deflection

Girder deflection is a function of loads, boundary conditions, and girder geometry and stiffness.
Girder differential deflection is controlled by the connection details of cross-frames and
diaphragms. This is because cross-frames and diaphragms define the load transfer mechanisms
and boundary conditions. In the absence of a hardened deck, cross-frames (or diaphragms) along
with temporary bracing systems control lateral stability of the erected superstructure. For this
reason, the common practice is to fully fasten the cross-frames before deck placement. When
girders are subjected to differential deflection with fully connected cross-frames, girders rotate
about their longitudinal axis. Since screed rails are supported by overhang brackets that are
attached to exterior girders, rotation of the exterior girders will impact the intended deck profile as

illustrated in Figure 2-44.
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Figure 2-44. Rotation of overhang brackets due to girder differential deflection

According to ODOT (2007a), girder differential deflection is a function of the difference
in load magnitudes transferred to individual girders. ODOT (2007a) Section 302.2 states that for
a new superstructure, girder rotation due to differential deflection can be neglected when the
tributary deck load carried by exterior girders are below 110% of the average deck tributary load
carried by the interior girders. During deck replacement, the limit defined for existing bridges is
115%. These recommendations primarily consider the effect of deck overhang width concerning
a given girder spacing of bridges with similar girders at equal spacing. Most likely these limits
are based on field observations. Rational analysis is required to investigate the impact of boundary
conditions, structure geometry, and stiffness characteristics of individual girders.

Girder deflections from non-composite loads are often calculated using 1D line-girder
analysis. In line-girder analysis, a girder is isolated from the rest of the structure and analyzed
independently. Inherently, 1D line-girder analysis cannot incorporate the effects of cross-frames
or diaphragms on structural behavior. The study by Fisher (2006) demonstrated that even in
straight steel I-girder bridges, transverse load distribution through cross-frames has an influence
on differential girder deflection under non-composite loads. Fisher (2006) measured girder
deflections during deck placement of seven simple-span and three continuous-span steel I-girder
bridges with skew angles varying from 0 to 62 degrees. Then, 3D finite element models were
developed and field measurements were used to calibrate these models. Finally, simplified
procedures were developed for predicting girder deflections under non-composite loads. These
procedures were adopted by North Carolina DOT for estimating girder deflections during deck

placement. Further details are provided in Section 2.7.5.1.

2.7.2 Steel I-Girder Web Out-of-Plane Deformation

The horizontal component of the bracket diagonal leg axial force acts on the exterior girder web
as a lateral load at the bearing point (Figure 2-45). The magnitude of steel I-girder web out-of-
plane deformation is a function of diagonal leg force magnitude, bearing point location, and web

slenderness. The resulting overhang bracket rotation () is the cause of uneven deck thickness.
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Consequently, exterior girder web behavior needs to be evaluated before deck placement. Unlike
steel I-girders, the web out-of-plane deformation is not a concern for PC I-girders due to the high

flexural rigidity of the webs.
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Figure 2-45. Overhang bracket rotation due to web out-of-plane deformation

Several highway agencies provide guidance for controlling web out-of-plane deformation.
The most common requirements are related to the bearing point position (H) with respect to the
bottom flange of the exterior girder under consideration. Table 2-12 summarizes the limits for Hy:
specified by agencies that warrant excluding the web out-of-plane deformation and local distortion
check. In addition to the limits provided in Table 2-12, Ohio DOT and Pennsylvania DOT provide
further guidelines. The ODOT (2007a) Section 302.2.7.2, requires web out-of-plane deformation
to be evaluated when the web depth is greater than 84 inches. PennDOT (2015) Article
6.10.3.2.5.2P provides the maximum permissible overhang bracket spacing and the horizontal
loads with respect to overhang bracket depths to control web buckling due to out-of-plane
deformations (Figure 2-46). The horizontal loads include the weight of concrete, formwork, and
screed machine, and other construction loads. The limits provided in Figure 2-46 are valid for the
following conditions:

(i)  girder web depth <8 ft

(ii) overhang width <4 ft—9 in.

(iii) deck thickness < 10 in.

(iv) transverse stiffener spacing < girder depth

(v)  yw < 2.5 within the region of interest (see the PennDOT (2015) Article D6.10.1.9.3P for
details)

(vi) the dead load shear factored with 4.0 is < the buckling shear calculated as per the
AASHTO (2017a) Article 6.10.9.3.
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The maximum permissible horizontal loads by PennDOT (2015) were determined from
field measurements and finite element analysis. When the above requirements are not satisfied,

the limits for Hp- are shown in Table 2-12 for PennDOT and other agencies.

Table 2-12. Hpr Limits from Various Highway Agencies

Source of Information Hpr Limits
AASHTO (2017a) — Article C6.10.3.4 | = 0 (at bottom flange web intersection)
FDOT (2018b) — Section 400-4.4 <6 in.
IDOT (2016) — Section 503.06b <6in.
KDOT (2016) — Section 16.8 = () (at bottom flange web intersection)
ODOT (2016) — Section 508.02 <8 in.
Oklahoma DOT (2009) — Section 502.04 <6 in.
PennDOT (2015) — Article 6.10.3.2.5.2P <6 in.

| /% Nominal Depth,| Maximum Permissible
' v i y (in.) Horizontal Load, h (kip/ft)
36 1.250
y 56 0.750
76 0.540
h

Maximum permissible jack spacing is 4 ft.

Figure 2-46. Bearing point distance and max. permissible horizontal load (PennDOT 2015)

Web out-of-plane deformation and the corresponding formwork rotation need to be
evaluated if the bracket diagonal leg bearing point cannot be placed closer to the bottom flange-
web intersection due to site constraints, exterior girder depth, incorrect bracket size, or a
combination thereof. Based on similar cases, studies have been reported in the literature for
evaluating the web out-of-plane deformation under lateral loads resulting from the bracket
diagonal leg. Yang et al. (2010) investigated steel I-girder web out-of-plane deformations under
deck overhang loads. The primary parameters considered by Yang et al. (2010) are: girder web
slenderness, the position of the bracket-bearing point on the girder web, transverse web stiffeners,
and deck overhang width. Additional parameters included girder top flange width, P-delta effects,
and initial web imperfections. The study concluded that web slenderness, the position of bracket-

bearing point on the web, transverse stiffener spacing, and the overhang width are the dominant
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parameters influencing web out-of-plane deformations. A computational tool was not provided

for analyzing web out-of-plane deformation and the associated overhang bracket rotation.

2.7.3 Steel I-Girder Warping

During deck placement, loads act eccentrically to the exterior girder. With cross-section warping
restrained at cross-frame locations, the exterior girder is subjected to non-uniform torsion between
consecutive cross-frames as shown in Figure 2-47. The overhang bracket also rotates with the
exterior girder and impacts the deck profile. The assumption of full restraint against warping at
cross-frame locations is an idealization. The actual warping fixity provided by cross-frames is
somewhere between fixed and pinned boundary conditions (KDOT 2016). Unlike in steel I-
girders, warping of exterior PC I-girders is not considered due to the high torsional stiffness of the

girder.

/

Cross-frame

Overhang
bracket

Figure 2-47. Exterior girder behavior under non-uniform torsion (ODOT 2007b)

Approximate solutions and a computer-based analysis tool are available for estimating the
rotational response of exterior girders under torsional loading. As per the Idaho DOT’s LRFD
Bridge Design Manual (I1daho DOT 2017) Article 6.10.3.4, torsion applied on an exterior girder
can be resolved as a force couple acting on the top and bottom flanges, as illustrated in Figure
2-48. The flanges are then modeled as continuous beams and analyzed under applied lateral loads.
Finally, rotation of the exterior girder is calculated by dividing the sum of two resulting flange
deflections by the girder depth. Article 6.10.3.4 states that the rotation estimated using this
analysis will be approximately 10% greater than refined analysis. Article A6.1 provides an

example procedure for calculating the rotation due to exterior girder warping.
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Figure 2-48. The force couple on an exterior girder (Idaho DOT 2017)

KDOT (2016) utilizes the solution of the governing differential equation of torsion for
calculating rotation of the exterior girder due to warping. As shown in Eq. (2-23), the total
torsional moment (7)) resisted by the cross-section restrained against warping, is the summation of
St. Venant (77) and warping resisting (7,) moments.

T=T,+T, =GJ§ —EC,0" (2-23)

where:

C. = warping constant of the cross-section

E  =modulus of elasticity

G = shear modulus of elasticity

J  =torsional constant of the cross-section

6 = torsional rotation about the longitudinal axis
@' = first derivative of the rotation (6)

6" = third derivative of the rotation (6)

Solutions of Eq. (2-23) under various boundary and loading conditions are provided in the
Design Guide 9: Torsional Analysis of Structural Steel Members (AISC 2003). KDOT (2016)
provides an example calculation procedure using Eq. (2-23). The example calculates two rotations
corresponding to fixed-fixed and pinned-pinned boundary conditions. The final estimate is
calculated as the average of the two. Instead of averaging, the two rotations can be presented as

upper and lower bounds due to warping.

2.7.4 Custom Overhang Brackets

On rare occasions, contractors use custom bracket configurations. Figure 2-49 shows an example
of such a bracket used in the deck placement of a steel I-girder bridge in Michigan. In the figure,
the mid-depth of the web is marked by a dashed line. In this case, the bearing point is away from

the bottom flange; thus, the web out-of-plane deformation may exceed deck thickness tolerance.
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Figure 2-49. A custom overhang bracket for a steel I-girder bridge (Photo courtesy: MDOT)

2.7.5 Tools and Analysis Methods

2.7.5.1 Steel I-Girder Differential Deflection Analysis during Deck Placement

The North Carolina Department of Transportation (NCDOT) sponsored a project for the accurate
estimation of girder deflections in steel I-girder bridges under non-composite loads. As a result,
Fisher (2006) proposed three different procedures: simplified procedure (SP), alternative
simplified procedure (ASP), and single girder line straight line (SGLSL) procedure. The use of
the specific procedure is depended on the span type and exterior-to-interior girder load ratios. The
exterior-to-interior girder load ratio is the ratio of the loads acting on the exterior and interior
girders. For a bridge under consideration, two separate ratios are calculated for each of the exterior
girders. If the difference is less than 10%, exterior-to-interior girder load ratios are taken “equal”.
The simplified procedure is recommended for simple-span bridges with equal exterior-to-interior
girder load ratios. For simple-span bridges with unequal exterior-to-interior load ratios, the
alternative simplified procedure is recommended. The SGLSL procedure is recommended for
calculating deflections in continuous steel I-girder bridges with equal exterior-to-interior load
ratios. Fisher (2006) did not provide a procedure for continuous steel I-girder bridges with unequal
load ratios.

The procedures developed by Fisher (2006) are subjected to the following limitations:

e Span length <250 feet

e (Girder spacing < 11.5 feet

e Number of girders < 10 (this limit is only for the ASP method)
e Girder spacing to span ratio < 0.08.
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These limits encompass the majority of steel I-girder bridge stock in the U.S. Thus, the
procedures have a broad range of applicability.

In the simplified procedure, exterior girder deflection (d.x) and differential deflection
between the adjacent interior girders (44 are calculated using Egs. (2-24) and (2-25), respectively.
Then, Eq. (2-26) is used for calculating rotation from differential girder deflection.

A, = [Ay, — (0.03 — aB) (100 — n,)][1 — 0.1tan(1.26)] (2-24)
Ain S
Bair =% [(3 — bB) (Z — 0.04) (1+ z) — 0.1tan(1.26) (2-25)
inm
0, = tan~! (—S"”f ) (2-26)
where:
b =-0.08,if $<0.05

= -0.08 + 8( —0.05), if 0.05 <> < 0.08
L = span length (ft)
S = girder spacing (ft)
= [10G; - 0.04) +0.02](2 -0.02n)

a =0.0002, if S<8.2 ft
=0.0002 + 0.000305(S-8.2), if 8.2 ft <S<11.5ft

Agir = differential deflection between girders (in.)
A'ex = exterior girder deflection (in.)

N

Ain = interior girder deflection calculated using 1D line-girder analysis (in.)
Ain_m = interior girder midspan deflection calculated using 1D line-girder analysis (in.)
nL = exterior-to-interior girder load ratio (%)

0 = skew angle (deg)

The alternative simplified procedure is recommended for simple-span bridges with unequal
exterior-to-interior load ratios. Such cases likely come up during phased construction and due to
unequal deck overhang widths as discussed in Section 2.8.2.

The SGLSL procedure (for continuous steel I-girder bridges with equal exterior-to-interior
load ratios) uses 1D line-girder analysis to calculate exterior girder deflections along the girder at
defined locations. The deflections are taken equal to interior girder deflections. In other words,
the SGLSL procedure results in a straight-line deflection profile throughout the bridge cross-
section, implying no differential deflection between girders. Although the deflected shape of

continuous span bridges tends to be flat in general, the SGLSL procedure over-simplifies this
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behavior. The procedure indirectly indicates that when the difference between the exterior-to-
interior girder load ratios is below 10%, or in other words, when exterior girders are subjected to
equal loads, differential deflections are negligible. The procedure may be useful as an approximate
tool; however, a refined analysis should be required in continuous bridges for estimating rotation
of exterior girders under differential girder deflection. Finally, the procedures by Fisher (2006) do
not apply to curved or curved and skewed steel I-girder bridges.

UT Bridge is capable of evaluating differential girder deflection in straight, skewed, or
curved I-girder bridges during deck placement considering the effect of cross-frames and

temporary lateral bracings. Section 2.6.3.2 provides further details.

2.7.5.2 Steel I-Girder Web Out-of-Plane Deformation Analysis during Deck Placement

Within the scope of this project, Inceefe (2018) developed an analytical procedure for calculating
web out-of-plane deformation and the associated overhang bracket rotation in steel I-girder
bridges. Inceefe (2018) approached the problem by isolating a girder segment bounded by flanges
and two adjacent transverse stiffeners as a representative module of the girder. The girder segment
was analyzed using the theory of thin plates with simply supported edges. Figure 2-50 shows a
representative rectangular plate with a thickness of #, and side lengths of D and d,, where D and
d, represent web depth and stiffener spacing. The plate flexural rigidity is Dz A concentrated
normal force of P, determined from overhang bracket analysis, is acting at point (x; = D-Hpr, y1)
shown in the figure. Eq. (2-27) is used for calculating deflection at any point (X, y) on a plate
surface under a concentrated normal force, assuming the plate is simply supported on all four

edges.
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Figure 2-50. A plate under a concentrated load
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Rotation of the bracket and rotation of the top flange will be equal when the bracket and

® sin
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the exterior girder top flange are rigidly connected, and the top flange is unconstrained. When the
top flange and web are rigidly connected, top flange rotation at the web-top flange connection will
be equal to the web rotation at the connection. Consequently, the bracket rotation will be equal to
the web rotation at the flange-web connection. Web rotation is calculated at specific locations
along the y-axis; thus, x is the only variable in Eq. (2-27). Hence, as shown in Eq. (2-28), the first

derivative of Eq. (2-27) with respect to x at x = 0 represents the overhang bracket rotation.

_ aw(0)

e = - (2-28)

Simply supported boundary condition is an idealization and does not account for the
constraints provided by the flanges and stiffeners. The rotational fixity provided to the girder web
by flanges and stiffeners was investigated by refined FE analysis. Based on the results of the
analysis, adjustment factors for various bracket-bearing point locations are given in Table 2-13.
The adjustment factors are used with plate theory solutions to estimate the bracket rotation for any

girder that is designed following AASHTO (2017a) and AASHTO/NSBA (2016) specifications
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and procedures. In curved bridges, the spacing between two consecutive transverse stiffeners will
be small compared to the girder length. Hence, a model of the exterior girder web that is bounded
by flanges and stiffeners can be assumed as straight. In skewed as well as curved bridges, the
overhang bracket is placed perpendicular to the flange. In that case, the lateral load at the bearing
point acts perpendicular to the web. Consequently, the adjustment factors are also applicable for
curved and skewed girders. Inceefe (2018) also concluded that the 6 in. limit stated in Table 2-12

is sufficient for reducing the web out-of-plane deformations in steel I-girder bridges.

Table 2-13. Suggested Adjustment Factors (Inceefe 2018)

Bearing Point Location |Factor, a.
0.5D <D - Hu <0.6D 0.300
0.6D <D —-Hw <0.7D 0.275
0.7D<D - Hw <0.8D 0.250
0.8D <D -Hw <0.9D 0.200
09D <D—-Hw<D 0.125

2.7.5.3 Steel I-Girder Warping Analysis during Deck Placement

The Kansas Department of Transportation (KDOT) sponsored a project for evaluating the torsional
behavior of exterior girders during deck placement. The project developed a computational tool,
described as Torsional Analysis of Exterior Girders (TAEG), which became a commonly used tool
by the bridge industry. For example, Section 302.2.7.2¢ of Ohio DOT Bridge Design Manual
(ODOT 2007a) suggests using TAEG for calculating exterior girder rotation due to warping during
deck placement and provides data and equations to reflect the ODOT practice. TAEG is based on
the force method of analysis and spring-supported girder models. User inputs include:
e Structure of cross-frames or diaphragms with cross-sectional area and moment of inertia
e Girder and diaphragm connection details such as bolt number, size, and spacing
e Cross-sectional area of top flange level tie-rods and bottom flange level timber blocks
e Custom overhang bracket geometry, bracket spacing, and weight
e Screed machine wheel spacing
e The following loads:
o live load on walkway and deck slab
o formwork and concrete dead load
o maximum screed machine wheel load
o maximum top and bottom flange stresses due to non-composite dead loads at

positive and negative moment regions. Stresses are either defined at or between
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cross-frame or diaphragm locations such that torsion stresses are superimposed
with non-composite dead load stresses.
The calculation procedures allow evaluating:
e exterior girder top and bottom flange stresses at positive and negative moment regions due
to applied torsion and non-composite dead load
e exterior girder top and bottom flange lateral deformations, screed rail vertical deflection,
and exterior girder rotation due to warping

e overhang bracket component, and permanent and temporary lateral support forces.

The calculation procedures incorporate the following assumptions:
e Self-equilibrating concrete and formwork loads on the interior side of the exterior girder
are neglected as shown in Figure 2-51.

e Screed machine is operated on eight wheels (four wheels on each side).

futane, Wivee| Load

oL - Concrate (hhgiemdl

Figure 2-51. Exterior girder loading configuration in 7AEG (Roddis and Kulseth 2005)

The calculation procedures have the following limitations:

e Top and bottom flange stresses due to non-composite dead loads need to be calculated to
input to TAEG.

e Analysis is limited to prismatic girders.

e Loads are not factored.

e Curved girders and the associated torsional effects are excluded.
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e Skew effects are neglected for skew angle less than 20 degrees. When the angle is greater
than 20 degrees, skew effects are incorporated by unsymmetrical loading.

e Non-uniform cross-frame or diaphragm spacing is not considered.

e The maximum number of temporary lateral supports between two consecutive cross-

frames or diaphragms is limited to three.

2.8 CONSTRUCTABILITY EVALUATIONS IN PHASED CONSTRUCTION

Phased construction, also called part-width construction, refers to a procedure where one portion
or phase of the structure is in service while the other portion is under construction. Phased
construction is implemented for deck replacement, superstructure replacement, or widening
projects. The constructability cases outlined in the previous sections are equally applicable to
phased construction. However, phased construction possesses unique constructability aspects that
need to be evaluated for assuring structural safety and retaining deformation tolerances and
stability. This section discusses (1) the capacity evaluation of in-service structures, (2) vertical
and horizontal misalignment of phases due to differential deflection, the twist of bridge cross-
section, foundation settlement, or a combination thereof, and (3) global lateral torsional buckling

instability of steel I-girder systems.

2.8.1 Capacity Evaluation of the In-Service Structure

As per MDOT (2019a) Section 7.01.17, the structural performance of the in-service structure needs
to be evaluated when phased construction is utilized. This assessment is often performed by a load
rating analysis for the portion of the bridge that will remain in service. Load rating for phased
construction is a complex analysis and requires documenting the current condition of structural
elements, time-dependent material properties, and locked-in stresses (if exist) in the structure.
Also, the designer needs to be aware of the historical perspective of design criteria, such as live
loads, allowable stresses, etc. (SCDOT 2006). Additionally, if live load analysis is performed
using the approximate methods given in the AASHTO LRFD Specifications (e.g. application of
the load distribution factors), the designer should consider the applicability of the associated
equations.

Some DOTs have standardized load rating procedures for phased construction. As an
example, Figure 2-52 shows the flowchart used by FDOT describing the load rating procedure for

assessing the structural performance in widening or rehabilitation projects. Further details of this
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procedure are explained in FDOT (2018c) Section 7.1.1. The procedure used by FDOT recognizes
the need for structural performance evaluation during phased construction, addresses the historical

design perspective of the structure, and provides options to the engineer if the capacity of the

structure is insufficient.

Perform LRFR Load Rating
(MBE, Section 6, Part A) —
(if necessary, use FDOT Additional Methods)

Design
Inventory and
FL 120 Permit
Rating Factors
=107

Yes

No

Inventory Rating
Factor=1.0
and
Operating Rating
Factor = 1.677

Perform LFR Load Rating
(MBE, Section 6, Part B)
(if necessary, use FDOT Additional Methods

No

Design
Variation
approved?

Option 1
— Apply for Design Variation
A Option 2
Choose an Option |—1*| Program Bridge for Strengthening
(LRFR Load Rating = 1.0) v
#| Proceed with plans
Option 3 l

—*| Program Bridge for Replacement

(LRFR Load Rating = 1.0)

Figure 2-52. Load rating procedures for bridge widening and rehabilitation (FDOT 2018c)
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2.8.2 Vertical and/or Horizontal Misalignment between Phases

In phased construction, each phase is constructed as an independent structure. The completed
phases are connected for securing structural integrity. Common methods of combining phases
include detailing a longitudinal expansion joint in the corresponding portion of the deck or by a
closure pour. The expansion joints often create bridge maintenance problems, and a potential
safety hazard if located within the clear roadway (CALTRANS 2010, SCDOT 2006). Thus, a
closure pour is typically specified to connect the two phases.

Width of closure pour is often detailed in a way to provide the required development length
for reinforcing bars, preclude effects of superstructure differential elevation differences, and
provide a smooth transition between the phases. Several highway agencies have provided limits
on the closure pour width in design specifications and guidelines. For example, Utah DOT (2017)
and Towa DOT (2019) specify a minimum closure width of 3 ft, whereas Louisiana DOT (2019)
and INDOT (2013) require a minimum width of 30 in. and 20 in., respectively.

An elevation difference of the structures needs to be managed within a specified tolerance
before a closure pour so that a smooth transition between the phases and the intended deck profile
is maintained. The elevation difference is a result of the structural performance of the phases
(stiffness, loads, and support conditions), foundation settlement, or a combination thereof. The
elevation difference leads to complexities in deck formwork and cross-frame installation, deck
transverse reinforcement splicing, and/or maintaining the deck profile. Even though slotted-holes
can be used to overcome the cross-frame installation challenges, the magnitude of deformation
tolerance that can be accommodated is limited by the length of the slotted holes. AASHTO
(2017a) Table 6.13.2.4.2-1 provides the maximum permissible hole sizes for various hole types.
Relevant information from the AASHTO table is provided in Table 2-14. For example, the length
of a long slot cannot exceed 2.5 in. for a 1 in. diameter bolt. Also, the use of oversized or slotted

holes is not allowed in horizontally curved bridges as per AASHTO (2017a) Article 6.13.1.
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Table 2-14. Maximum Hole Sizes (AASHTO 2017a)

Bolt Diameter (d) Short Slot Long Slot
(in.) Width x Length (in.) Width x Length (in.)
0.625 0.688 x 0.875 0.688 x 1.563
0.750 0.812 x 1.000 0.813 x 1.875
0.875 0.938 x 1.125 0.938 x 2.188
1.000 1.125 x 1.313 1.125 x2.500
>1.125 (d+0.125) x (d+0.375)| (d+0.125) x (2.5d)

Superstructure units of each phase may be subjected to unbalanced torsional loading from
unequal overhang widths and eccentric construction loads. In other words, when the sum of the
torsional moments about the shear center of each cross-section is not zero, the resultant
deformations cause vertical and horizontal misalignment between the phases (Yang et al. 2010).
Figure 2-53 shows a twin steel I-girder system in widening an existing bridge. In this case, the
system is torsionally unbalanced since part of the interior overhang concrete load during the
placement is transferred to the existing structure. The exterior overhang concrete during placement
is primarily supported by the twin I-girder system.

Unbalanced torsional loading may appear also during deck and superstructure
replacements. Individual phases may have unequal overhang widths before the closure pour, deck
reinforcement lapping, or cross-frame installation as per the project specifications. As an example,
CALTRANS (2010) and SCDOT (2006) require removing a part of the overhang concrete of
existing structures to accommodate the required lap length of the deck reinforcement to maintain
continuity. Thus, in the presence of unequal overhang widths, torsional analysis of individual
phases is required for calculating vertical and horizontal displacements and their impact on the

closure pour.
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Figure 2-53. A twin I-girder system subjected to unbalanced loading (Yang et al. 2010)
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Phased construction can cause differential settlement within a single substructure unit, i.e.,
pier or abutment (UDOT 2017). This can occur due to changes in load acting on the substructure

during construction phases, soil consolidation differences, or a combination thereof. Chapter 17
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of the Utah Structures Design and Detailing Manual (UDOT 2017) provides limits for settlement
allowances that need to be considered during design. However, there are no clear guidelines on
developing remedies when the allowable settlement limits are exceeded.

These cases require a system-level evaluation and cannot be accurately analyzed with 1D
line-girder methods. Also, state-of-the-art literature does not provide any explicit methods or tools
for displacement analysis during phased construction. Analyses can be performed using general-

purpose software with 2D or 3D modeling features.

2.8.3 Global Buckling of Steel Multi-Girder Systems

For widening projects, it is common to add a new superstructure unit with a limited number of
girders. Often, the girder assemblage will have a large span to width ratio. Lateral torsional
buckling of individual steel girders can be effectively controlled by cross-frames, however,
superstructure units with large span-to-width ratios are susceptible to global lateral buckling.
Global buckling mode is relatively insensitive to cross-frames spacing since the assemblage
behaves as a unit (Figure 2-54).

Literature documents construction failures due to global lateral buckling of girder systems.
As an example, Marcy pedestrian bridge structure of a single trapezoidal steel tub-girder collapsed
during construction due to global lateral buckling. The section behaved as a double I-girder system
with the absence of top flange bracing before deck hardening. In another instance, a two I-girder
assemblage with several cross-frames used in a widening project in the state of Texas twisted

during deck placement (Yura et al. 2008).
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(a) Individual girder buckling

(b) Global system buckling
Figure 2-54. Lateral buckling modes for girders and girder systems (Yura et al. 2008)

AASHTO (2017a) Article 6.10.3.4.2 states that the sum of the largest total factored girder

moments developed within the span during deck placement should not exceed 70% of the elastic
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global lateral torsional buckling resistance. The resistance of the system, My, s calculated using
Eq. (2-29), which was developed by Yura et al. (2008) and presented in AASHTO (2017a) as Eq.
6.10.3.4.2-1.

y 7T2WgE

gs = Cps L—Z\/ Iefflx (2-29)

in which

Cps = system moment gradient modifier
= 1.1 for simply-supported units
= 2.0 for continuous-span units

Loy =1, for doubly-symmetric girders

=L, + Elyt for singly-symmetric girders

where ¢ is the distance from the centroid of the noncomposite steel section under
consideration to the centroid of the compression flange (in.), / is the noncomposite moment of
inertia about the horizontal centroidal axis of a single girder within the span under consideration
(in.*), and I, and I, are moments of inertia of the compression and tension flange, respectively.
The article states that provisions apply to straight steel I-girder bridge units with three or fewer
girders under the following conditions:
o The unit is not braced by other structural units and/or by external bracing within the span.
e The unit does not contain any flange level lateral bracing or lateral bracing from a

hardened composite deck within the span.

2.9 CONSTRUCTION LOADS AND LOAD COMBINATIONS

The loads need to be clearly defined for constructability cases associated with capacity,
deformation, and stability during various stages of construction. This section describes the loads
acting on bridge superstructure during each stage of construction and appropriate LRFD load

combinations for evaluating the stresses and deformations.

2.9.1 Construction Loads

The loads, boundary conditions, and structural elements and system configurations change
throughout the construction process. Figure 2-55 presents the type of loads to be considered during

lifting, erection, and deck placement analysis.
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Lifting Erection Deck Placement
* Component Loads (DC) * Component Loads (DC) * Component Loads (DC)
Girders Girders Girders
Cross-frames/diaphragms (if exists) Cross-frames/diaphragms Cross-frames/diaphragms
* Wind Load (WS) * Wind Load (WS) Deck concrete
SIP form

* Construction Dead Loads (CDL)
Overhang formwork and bracket
Walkway

* Construction Live Loads (CLL)
Construction live load
Screed machine

* Wind Load (WS)

Figure 2-55. Loads for constructability analyses during lifting, erection, and deck placement

During lifting, girders are subjected to component loads (DC) and wind loads (WS).
Component loads include girder self-weight and cross-frame and/or diaphragm weight if such
members are connected to the girder during lifting. Wind load magnitude depends on parameters
such as girder geometry, type, position in the bridge cross-section, girder spacing to depth ratio,
and construction duration. Wind load needs to be calculated for each girder, considering the stage
of construction. Wind loads are calculated in terms of wind pressure (P:). Eq. (2-30) is widely
used for calculating P. (AASHTO 2017c).

P, = pV?R?K,GC), (2-30)

where p is a constant related to the air density, V is 3-second design gust wind speed, R is
wind speed reduction factor, K- is pressure exposure and elevation coefficient accounting for the
effect of the elevation of the bridge or bridge component, site topography, and surrounding
obstructions to wind action, G is gust effect factor accounting for the distribution of wind pressure
on the surface and/or dynamic effects, and Cp is drag coefficient accounting for the effect of the
structural element shape on wind pressure. A Mathcad script is included in Appendix C for
calculating the wind loads during various stages of construction following the procedures given in
the AASHTO Guide Specifications for Wind Loads on Bridges during Construction (AASHTO
2017c).

Erection analyses also include components and wind load calculations. In steel bridges,
cross-frames and/or diaphragms are installed as the erection progresses; thus, component loads
include the weight of cross-frames. For concrete bridges with CIP diaphragms, the diaphragm

weight is not included since formwork installation and concrete placement for these members are
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completed after girders are fully erected. The weight of temporary components such as lateral
bracings is usually small and can be neglected.

During cast-in-place deck construction, girders are subjected to construction loads in
addition to component loads (such as girder weight, cross-frames or diaphragms, deck concrete in
a plastic state, and SIP forms). As per AASHTO (2017a) Article C3.4.2.1, construction loads
include the weights of material, removable formworks, the live load of workers and construction
equipment such as screed machines, and any loads applied to the structure through falsework or
temporary supports.

Guidelines and recommendations on the load magnitudes and applications are presented in
the literature (AASHTO 2017b, Consolazio and Edwards 2014, FDOT 2018c, INDOT 2013,
KDOT 2016, McPheron et al. 2012, MDOT 2019a). Highway Agencies show an overall
agreement on the component loads, but there is no consensus on the magnitude and application
procedures of such loads. This is primarily because construction procedures are handled by the
contractors’ means and methods.

As per AASHTO (2017b) Article 2.3.3.1, the combined load of normal weight concrete,
reinforcing and prestressing steel, and formwork shall not be taken less than 160 pcf. Unlike
AASHTO, DOTs separate the weight of concrete and formwork. FDOT (2018c) and INDOT
(2013) specify the weight of concrete as 150 pcf. INDOT (2013) and MDOT (2019a) indicate the
weight of SIP forms as 15 psf. Additionally, FDOT (2018c) specifies the combined weight of
overhang formwork and overhang bracket as 15 psf. These load magnitudes represent a
conservative estimate of the combined weight of concrete and formwork provided in AASHTO
(20170b).

AASHTO (2017b) defines different construction live loads for the design of falsework and
formwork. As per Article 2.3.3.2.1, construction live load for falsework design includes the weight
of equipment to be supported, a uniform load of 20 psf applied over the area supported by the
falsework, and a 75 plf load applied at the outside edge of deck overhang. On the other hand, for
the design of formwork, Article 3.2.1 states that construction live load shall not be taken less than
50 psf. Construction live loads are transferred to superstructure when falsework or formwork is
supported by the superstructure. Highway agencies define construction live loads for the design
of falsework or formwork specified in AASHTO (2017b) for the constructability analyses of the

superstructure. Overhang brackets, a component of falsework, are supported by girders and
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subjected to direct and non-redundant load distribution (KDOT 2016). Conservative estimation
of displacements is a contradiction during construction, however, deck finish tolerances are
provided for the worst-case calculations. Consequently, in the absence of a comprehensive and
accurate state-specific construction load database, conservative assumptions for construction live
load for overhang bracket design and displacement analysis are appropriate.

The total weight of a screed machine is defined by the machine size and components. The
accurate weight of a machine can be obtained from the manufacturer. Several highway agencies
specify the weight of the screed machine to be used in the absence of more accurate information.
INDOT (2013) specifies the screed machine weight as 4500 lbs, whereas FDOT (2018c)
standardizes the load magnitude with respect to the bridge width. The total weight of the screed
machine differs based on the machine size, so the FDOT’s guidance is more appropriate.

Table 2-15 provides a summary of component loads, construction dead loads, and
construction live loads for deck placement analyses documented in AASHTO (2017b), FDOT
(2018c¢), INDOT (2013), KDOT (2016), and MDOT (2019a). It should be noted that the weight
of girders and cross-frames (or diaphragms) and wind loads are also considered during deck
placement. Figure 2-56 illustrates the application of the loads given in Table 2-15 on an exterior
steel I-girder with concrete, SIP forms, combined overhang formwork and bracket, and walkway
loads. Construction live load is applied across bridge width and the walkway. Lastly, half of the

screed machine load is applied on each screed rail.
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Table 2-15. Vertical Loads for Deck Placement Analyses

Load and Magnitude Source
Component Loads (DC): Concrete = 150 pcf FI?DO g,r(z(g(l)?g;
Component Loads (DC): SIP form = 15 psf 15[\]];) OOTT((22001191))
Construction Dead Loads (CDL): Overhang formwork + bracket = 15 psf FDOT (2018c)
Construction Dead Loads (CDL): Walkway =15 psf INDOT (2013)
Construction Live Load (CLL) = 50 psf A?S)%TTO (gﬁgb)

Construction Live Load (CLL): Screed Machine = 7 kips, if 26 ft < Bridge Width <32 ft FDOT (2018c)

Construction Live Load (CLL): Screed Machine = 11 kips, if 32 ft < Bridge Width < 56 ft FDOT (2018c)

Construction Live Load (CLL): Screed Machine = 13 kips, if 56 ft < Bridge Width < 80 ft FDOT (2018c)

Construction Live Load (CLL): Screed Machine = 16 kips, if 80 ft < Bridge Width <120 ft | FDOT (2018c¢)

Screed !.H(h‘me»

|

1
Overhang Formwork i B B
+0verhang BracketH l l i i l\l SIP Form

l’ Concrete
Y Y YY)

VAR A

Figure 2-56. Gravity loads acting on an exterior steel I-girder during deck placement
2.9.2 Load Combinations

AASHTO (2017a) Article 3.4.2 presents the load factors for construction analyses. AASHTO
Article 3.4.2.1 states that the load factors for a dead load of structural elements and appurtenances,
DC and DW, shall not be taken less than 1.25 for the construction stages using Strength I and
Strength III limit states. Additionally, construction loads, including the dynamic effects, shall be
factored with a minimum of 1.5 for Strength I limit state. For the Strength III limit state, however,
construction loads and the wind load during construction shall be factored with a minimum of
1.25. Further, AASHTO (2017a) considers an additional load combination to amplify the effects

of component and construction loads in the absence of service loads. In this particular load
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combination, a minimum factor of 1.4 shall be applied to a dead load of structural elements and
construction loads, including the dynamic effects. Also, AASHTO Article 3.4.2.2 states that the
deflections during construction shall be evaluated using Service I limit state with a load factor of
1.00. Table 2-16 summarizes the load combinations to be considered for the constructability

analysis cases discussed above.

Table 2-16. Load Combinations for Construction Analyses

Limit State Load Combination AASHTO Article
Service | 1.00(DC) + 1.00(CDL+CLL) Article 3.4.2.2
Strength 1 1.25(DC) + 1.50(CDL+CLL) Article 3.4.2.1
Strength 111 1.25(DC) + 1.25(CDL+CLL) + 1.25(WS)| Article 3.4.2.1
Additional load combination |1.40(DC) + 1.40(CDL+CLL) Article 3.4.2.1

where:
CDL = construction dead loads
CLL = construction live loads
DC = dead load of structural elements
WS = wind load on structure

Note: Dead load of wearing surfaces and utilities (DW) does not exist during construction stages; thus, it is

excluded from the load combinations above.

2.10 SUMMARY

Primary parties involved in a bridge construction include the Contractor and highway agency
Engineer and Inspector. The Contractor is responsible for selecting suppliers to provide materials
and structural elements, developing the means and methods, submitting construction plans and
associated calculations to the engineer prior to construction, and completing and delivering the
project in compliance with the specifications. The contractor’s calculations often include, but not
limited to, girder stability and displacement checks during lifting, stability and deformation
analysis of partially erected structures, and displacement analysis of the bridge frame under
component and construction loads. Also, the Contractor may request changes to pre-approved
construction plans depending on the material and equipment availability and other constraints.
The Engineer reviews and approves the contractor submittals and perform supplemental
calculations, when needed. The Inspector reviews the approved construction plans and verifies
construction activities primarily by visual inspection, and consult the Engineer when the activities
deviate from the approved construction plans.

Developing construction plans and performing associated constructability analyses are the

contractor’s responsibility. Yet, the Engineer needs to be well-informed on (7) potential PC girder
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quality issues that affect capacity and durability (i7) potential superstructure constructability cases
for the specific bridge, (ii7) the required level of analysis for accurate evaluation of these cases,
(iv) methods and tools available for performing as needed analyses, and (v) geometry, boundary
conditions, construction loads, and load combinations appropriate to evaluate these cases. Also,
the Inspector’s productivity can be enhanced with guidelines, tools, and checklists for assuring
that the fabricated elements and the constructed bridge are complying with the tolerances and
details provided in the construction plans and project specifications.

A comprehensive literature review was conducted to document the information required
for developing a toolkit to assist engineers and inspectors to evaluate constructability. As shown
in Figure 2-57, with the help of these tools, the constructability of a bridge is accomplished by a
collective effort of the Engineer, Contractor, and Inspector. Chapter 3 presents guidelines, tools,
and procedures for PC girder capacity assessment during QA verification inspection at precast
concrete fabrication facilities. The Constructability Analysis Cases Form was developed from the
framework presented in Figure 2-1 to identify the potential constructability cases based on bridge
type (PC or Steel), bridge geometry (straight, skewed and/or curved), and the construction type
(complete bridge superstructure construction or phased construction). The Required Level of
Analysis (RLOA) Selection Tools provide the level of analysis required for evaluating the cases
given in the Constructability Analysis Cases Form. The Structural Analysis Tools for evaluating
constructability cases include UT Lift (Section 2.5.6.2), UT Bridge (Section 2.6.3.2), TAEG
(Section 2.7.5.3), and Mathcad scripts developed as part of this project. Chapter 4 presents the

details of these tools. Three inspector checklists were developed and presented in Chapter 5.

y

N

Engineer

» Constructability Analysis Cases Form
» Constructability RLOA Selection Tools
« Structural Analysis Tools

* Inspector Checklist

Inspector <

N

—> Contractor

Figure 2-57. Constructability evaluation toolkit for engineers and inspectors to assess contractor means and
methods
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3 ASSESSMENT OF PC BEAM PERFORMANCE EXPECTATIONS
3.1 OVERVIEW

The PC beams, manufactured and produced under stringent quality control requirements, are
expected to improve buildability, cost-effectiveness, durability, and maintainability.
Constructability cases for conventional highway bridges are shown in Figure 2-1. As shown in
the figure, the capacity and durability performance of the manufactured beams need to be
evaluated. MDOT PC beam QA/QC process is described in Section 2.3.1. As a requirement of
the current QA/QC process, the compressive strength of match cured cylinders is evaluated and
beam cracking and surface defects are documented through visual inspection. The strength and
visual inspection data are required for accepting (with full or reduced payment) or rejecting the
beams. The current practice is to evaluate cylinder strength, not the beam concrete strength.
Concrete durability properties (such as permeability) and beam internal conditions (honeycombs
and voids) are not directly evaluated.

When deficiencies are detected, either from strength tests on match cured cylinders or the
visual inspection, the QAI need to notify the Fabricator and Engineer. The Engineer engages the
Engineer of Record (EOR) in girder structural capacity related decisions. The capacity of beams
with various deficiencies is sporadically evaluated through load testing. The final decision
regarding beams with deficiencies is at the Engineer’s discretion. Hence, the following changes
are suggested to improve the QA process for PC beam performance assessment:

(1) define a non-destructive testing toolkit to assess in-situ strength, cracks (length, width,

depth, and orientation), surface defects, and internal defects to provide quantitative data
for decision making and performance evaluation.

(2) define a PC beam capacity assessment procedure to evaluate safety.

The process of defining a non-destructive testing toolkit is beyond the scope of this project.
This chapter presents a procedure to calculate the loading for the physical PC girder testing. The
loading is calculated to verify that the PC beam can achieve the flexural tensile stress limit at and

near the midspan.
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3.2 PC BEAM CAPACITY ASSESSMENT PROCEDURE

The PC beam design is based on stresses at release and in service being at or below the respective
AASHTO defined stress limits. The capacity assessment procedure determines the load level
required for the manufactured PC beam to reach the critical stress limit. The calculation procedure

uses a sign convention where tensile stress is negative.
3.2.1 Midspan Stress State at Release

Top and bottom fiber stresses of the noncomposite beam section under a prestressing force and the
beam’s self-weight should be below the allowable tension and compression stress limits. These
limitations are formulated below as Condition 1 and 2.

Condition 1: Beam top fiber tensile stress check at release
F; Fje M -
LRFD Table 5.9.4.1.2-1
_E @ — & < f.
A, S S, — ¢
where,
F; = prestressing force at release (kip)
Ap = area of beam cross-section (in.?)
epg = eccentricity of strands with respect to girder centroid (in.)
St = section modulus for top fiber (in.?)
Mg = moment due to beam weight at release (kip-ft)

f; = allowable concrete tensile stress at release (ksi)

Condition 2: Beam bottom fiber compression stress check at release
E Fiepg _ Mgr < F

< Ty LRFD Art. 5.9.4.1.1
A, S, Sp

where,
S = section modulus of noncomposite beam for bottom fiber (in.?)

f.; = allowable concrete compressive stress at release (ksi)
3.2.2 Midspan Stress State of a Beam During Construction and in Service

In addition to the stress conditions at release, the following conditions are considered to verify the
stress limits of beams during construction and in service:
e Moment due to beam, cast-in-place deck, and haunch weight on the noncomposite section.
e Moment due to the non-structural elements (barrier and future wearing surface) weight

and live load on the composite section.
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These limits are formulated and shown as Condition 3, Condition 4, and Condition 5.

Condition 3: Beam top fiber compression stress check under effective prestress and
permanent loads

F, nFe Mg + M My + M .
nFi MFiepg | Mg+ Mp) | (Mp +Mws) - LRFD Table 5.9.4.2.1-1
A, S St St P

where,
n = ratio of effective stress after losses to prestressing steel stress before transfer
M; = moment due to beam weight (kip-in)
Mp = moment due to deck and haunch weight (kip-in)
My, = moment due to barrier weight (kip-in)
M,s = moment due to future wearing surface (kip-in)
St = section modulus of composite beam for beam top fiber (in.?)

fcp1 = allowable compressive stress for concrete subjected to effective prestress
and permanent loads (ksi)

Condition 4: Beam top fiber compression stress check under effective prestress, permanent
loads, and transient loads

nF; _nFiepg  (Mg+Mp) = (Mp+Mys+Mir + M) _ o LRFD Table 5.9.4.2.1-1
A, St St Ste -
where,
f.q = allowable compressive stress for concrete subjected to effective prestress,
permanent loads, and transient loads (ksi)
MLt = moment due to design truck or axle load (kip-in)

ML = moment due to design lane load (kip-in)

Condition 5: Beam bottom fiber tension stress check under effective prestress, permanent
loads, and transient loads
T]_Fi + T]Fiepg _ (Mg + MD) _ (Mb + MWS + 0'8MLT + 08MLL)

> (—f,
Ap Sb Sb Sbe (o)
F F M, + M LRFD
_NF; _nFiepg (Mg + Mp) Table 5.9.4.2.2-1
A, S, Sy
My, + M, + 0.8M; 1 + 0.8M _
+ ( b ws LT LL) < fts
Sbc
where,

Ske = section modulus of the composite beam for bottom fiber (in.?)
f.s = allowable tensile stress for concrete with bonded steel and subjected to not worse

than moderate corrosion condition (ksi)
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For calculating the required prestressing force and associated eccentricity from the midspan
stress checks, the five inequality conditions given above are merged graphically to demonstrate
the iterative approach of the design. In this process, the five conditions are rearranged to represent
the relationship between eccentricity (e,g) and initial prestressing force (Fi = fpiApsN, where Aps is
the area of a prestressing strand and N is the number of strands). In addition to the five conditions,
a sixth condition is defined limiting the eccentricity of the prestressing strands to be bounded by
the depth of the concrete cover. A 2 in. concrete cover is typically used in standard beam sections.

All six conditions are summarized and shown below:

Condition 1:

1 -
epg < kb + [F—] (Mgr + ftiSt)
i

Condition 2:

1 _
epg < k¢ + [ ] (Mg + £¢iSp)
l

Condition 3:
(Mp, + My5)S: -
epg = kyp + [‘1 ] (M + MD) + TWH — fepiSt]
C
Condition 4:

(Mp + Mys + M + My)Se i
St - Ctlst]
(o}

epg_kb+[n1 ] [(Mg + Mp) +
Condition 5:

epg = ke + [—] [(Mg + Mp) +
Condition 6:

epg < Yp — 21in.
k¢ = distance from the centroid to upper limit of kern = -Sp/Ap

(M, + M5 + 0.8M; 1 + 0.8M;;)Sp -
- ftsSb]

Sbc

ky = distance from the centroid to lower limit of kern = Sy/Ap
yb = distance from the centroid to the extreme bottom fiber of the noncomposite precast
beam (in.)

These six inequalities are illustrated graphically in Figure 3-1. The highlighted area
represents the ‘feasibility domain’ of the prestressing force (Fi) and strand eccentricity (epg)
combinations that will not violate the five stress limits and the maximum allowable eccentricity

limit.
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Figure 3-1. Feasibility domain of epg and Fi at midspan
3.2.3 Beam Failure Mode and Loads

Using the stress inequalities as the basis, an excel spreadsheet (Quality Assurance Load
Testing.xlsx) was developed as part of this project to identify the failure mode and to calculate the
load magnitude required to reach the design stress limits. The spreadsheet (i) checks for PC beam
capacity against the stress limits defined in the AASHTO LRFD (2017a), (i1) identifies the flexural
failure mode during load testing, and (iii) calculates the force magnitude required for load testing
using either a 3-point or 4-point loading configuration.

The service moments under dead and live loads, epe and F; at midspan, and cross sectional
properties of the beam to be tested represent the input data for the spreadsheet. At the completion
of data input, the graphical representation of stress inequalities and the coordinates representing
epe and F; at midspan are displayed as shown in Figure 3-2. The ‘Final Design’, located within the
‘feasibility domain’, represents the epg and F; at midspan of the beam. For the specific beam, the
spreadsheet calculates the governing flexural failure mode by gradually increasing the moment at
midspan until the stress limit is reached (Figure 3-3). The spreadsheet also calculates the forces
required to achieve the stress limit for 3-point and 4-point loading. Increasing the moment at
midspan changes the slope of stress inequality relationships for condition 3, 4, and 5. The position
of the original and new stress inequality relationships under increasing moment are graphically

presented as shown in Figure 3-4. For the example represented in Figure 3-3, the beam bottom
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fiber stress reaches the allowable stress limit (fi) under the applied moment; thus, in this case

Condition 5 represents the critical failure mode.

-10 .

-8 I/Fi (l/klp)
-6

-4

.0poo 0.0003 0.0004

0.0005 070006

0.0007 0.0008

€pg (10.)
oo (=)} = [ T - e

0.0D09

——Condition 1 ——Condition 2 Condition 3 ——Condition 4
——Condition 5 Condition 6 @ Final Design

Figure 3-2. Location of epg and Fi of the selected beam

Flexural failure mode

L
Bottom Fiber Tension Failure (Condition 5) }.L-\
Moment Required at Midspan to Reach Stress Limits Support [‘:’] EI
1844.3 kip-ft o N
] & & ¥
Force Required at Midspan for 3-Point Loading E O — - "g: ........... "E ______________ . .
8.1 kips : 8 g ]
s Endanchor |g& b Li
Disance between loading points, Lig ft {chain-down) Girder
(with harped/draped strands, L,y < 0.2 x beam length) @ E)]
Force Required for 4-Point Loading o Lgs o
50.0 kips N -

Four-point loading
Figure 3-3. Flexural mode of failure and the required loads for testing
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Figure 3-4. Condition 5 is the critical mode of failure with the application of an additional moment at
midspan

3.3 LOAD TESTING AND BEAM RESPONSE MONITORING

Section 2.3 presented various options for potential apparatus for load testing and beam response
monitoring. Load configurations can often be developed with the equipment and accessories
available at a contractor’s yard. The service load capacity of a typical PC I-beam under four-point
loading can be evaluated with a 50 to 60-kip load at each loading point. With proper sizing of the
helical piles and the extension couplers, customized reaction frames can be developed for load
testing of PC beams at the fabrication facilities. The use of such reaction frames improves the
safety and control of loading rate and magnitudes.

During beam load testing, the typical responses that require monitoring are the load,
deflection, support settlement, strain, initiation of cracking, crack width, and crack propagation.
Section 2.3.4 listed numerous state-of-the practice technologies for the monitoring of beam
responses. The load, deflection, support settlement, and strain measurement technologies are quite
common and can be economically acquired. The detection of crack initiation is very important
when a beam capacity is evaluated against the allowable stress limits. Hence, the development
and implementation of an acoustic emission (AE) based monitoring system to detect concrete

cracking and crack propagation is recommended.
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4 CONSTRUCTABILITY EVALUATION TOOLS FOR ENGINEERS
4.1 CONSTRUCTABILITY ANALYSIS CASES FORM

The Constructability Analysis Cases Form, a Microsoft Excel spreadsheet with Visual Basic for
Applications (VBA) language, was developed as part of this project. The purpose of this form is
to identify a list of potential constructability analysis cases during all stages of construction that
would require the engineer’s involvement. Figure 4-1 shows a screen image of the form. The
form provides fields for inputting project name, engineer’s name, and date. The form requires
input for three parameters to execute the VBA code. The input parameters and the option are
shown in Table 4-1. The appropriate option for each parameter is selected from the drop-down

lists provided in the spreadsheet.

CONSTRUCTABILITY ANALYSIS CASES FORM

Project: Analyzed by: Date:
INPUT Potential Analysis Cases During
Bridge type
Bridge geometry
Construction type

Submit Clear

Note: Clear the form before submitting another case

Figure 4-1. Constructability Analysis Cases Form

Table 4-1. Input Parameters of the Constructability Analysis Cases Form

Input Parameter Options
Bridge type PC I-girder
Steel I-girder
Bridge geometry Straight
Curved
Skewed
Curved and Skewed
Construction type | Complete superstructure construction
Phased construction

Following the entry of input parameters, the VBA code is executed by clicking on the
Submit button. The scope of analysis of typical PC I-girder curved bridges is limited to those
constructed using straight girders. Hence, a message (shown in Figure 4-2) appears to inform the
user about this limitation when the curved or curved and skewed option is selected as the bridge

geometry for the PC I-girder bridge type.
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Analysis is limited to bridges with straight PC I-girders.

OK

h

Microsoft Excel [éj

-]

Figure 4-2. Pop-up message showing the PC I-girder geometry used in the analysis of curved or curved and

skewed PC-I girder bridges

Figure 4-3 shows the full list of constructability analysis cases that need to be considered

for PC I-girder bridge construction. These cases are grouped under lifting, erection, and phased

construction. The number of analysis cases required for straight and skewed PC I-girder bridges

1s the same because:

Lifting scheme includes only straight girders.

Skew effects are observed with lateral load paths developed by the diaphragms (or cross-

frames), and these elements are included in the superstructure after the girders are fully

erected.

Phased construction cases are equally applicable.

Potential Analysis Cases During

Lifting

Capacity against cracking and ultimate stress

Erection

Time-dependent deformation of girders

Lateral instability of girders

Phased Construction

Capacity of the in-service structure

Elevation difference between phases due to differential deflection

Elevation difference between phases due to foundation settlement

Cross-sectional twist of phases

Figure 4-3. Constructability analysis cases for PC I-girder bridges

Figure 4-4 shows the full list of constructability cases that require analysis for curved steel

I-girder bridges. As it was described in Section 2.6.2 that bridge geometry (i.e. curvature and

skew), wind loading, long unbraced length, or a combination thereof contribute to the lateral

instability of I-girders. Each of these loads and attributes, when applicable, are included in girder
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stability evaluation. Thus, lateral torsional buckling stability during erection is included as a single

constructability case.

Potential Analysis Cases During

Lifting
Capacity against flange yielding stress

Rigid-body rotation and cross-sectional twist

Lateral torsional buckling capacity of girders

Erection

Girder twist and detailing

Lateral torsional buckling capacity of girders

Deck Placement

Unintended deck profile due to differential deflection
Unintended deck profile due to exterior girder warping

Unintended deck profile due to exterior girder web out-of-plane deformation

Phased Construction
Capacity of the in-service structure
Elevation difference between phases due to differential deflection

Elevation difference between phases due to foundation settlement

Cross-sectional twist of phases

Global lateral torsional buckling capacity of multi-girder systems (widening projects)

Figure 4-4. Constructability analysis cases for curved steel I-girder bridges

It is important to indicate that the constructability cases form lists those requiring analysis
for the specific bridge project. In other words, all these cases may not be warranted for every
bridge project and construction. As an example, controlling the deck profile due to exterior girder
web out-of-plane deformation is excluded if the overhang bracket-bearing point is located near the
bottom flange-web intersection. The descriptions in Chapter 2 of this report will help discriminate

the nature of constructability cases listed.

4.2 REQUIRED LEVEL OF ANALYSIS (RLOA) FOR CONSTRUCTABILITY
EVALUATION

A set of Microsoft Excel spreadsheets with embedded VBA codes were developed in this project
for the engineer to determine the level of analysis required for modeling the constructability cases.
These spreadsheets are labeled as the Required Level of Analysis (RLOA) Selection Tools and cover
only a subset of constructability cases listed in the Constructability Analysis Cases Form. This is

due to practical difficulties in developing tools for all the cases listed in the form. Two RLOA
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selection tools were developed for steel and PC I-girder bridges. The following sections
summarize structural modeling options, methodology, and rationale of developing RLOA

selection tools, and the Structural Analysis Tools for analyzing constructability cases.

4.2.1 Constructability Cases Structural Modeling Options

The RLOA selection tools developed for steel I-girder bridges are based on Table 2-2 and the
supplementary discussions provided in the NCHRP 12-79 project report. Table 2-2 compares the
analysis results of 1D line-girder and 2D-grid models with refined 3D finite element models
(White et al. 2012b).

A single girder or a girder segment is isolated from the rest of the structure and analyzed
as a discrete element with the 1D line-girder models, the interaction between girders and bracings
is ignored or considered using simplified assumptions. The loads acting on the girders are
calculated from the tributary area or member cross-section. The construction stages that involve
a single girder, such as lifting or erection of the first girder in a span, can be accurately analyzed
using the 1D line-girder models. However, a 1D model is not suitable for modeling of girder
systems that are affected by stiffness and secondary load paths provided by cross-frames, skew,
curvature, structural asymmetry, or a combination thereof (FHWA 2015). Supplementary methods
with 1D models can be used - such as V-Load analysis (see Section 2.6.3.1), the SP method given
in Fisher (2006) (see Section 2.7.5.1), or AASHTO (2017a) Eq. C6.10.3.4.1-2 for calculating the
flange lateral bending moment with the overhang brackets. These supplementary methods extend
the capabilities of the 1D girder model to approximate the interaction of a girder system when
skew, curvature, structural asymmetry, etc., are limited.

The common 2D methods used for the analysis of highway bridges are the traditional 2D-
grid (also known as a “plane grid” or “grillage method”), the generalized grid (also known as a
“2D-frame method”), and the plate and eccentric beam analysis (AASHTO/NSBA 2014a, White
et al. 2012b). In the 2D-grid analysis, girders and cross-frames (or diaphragms) are modeled as
line elements on the same plane as shown in Figure 4-5. These elements often have three degrees
of freedom (dof) at each node; one translational and two rotational (White et al. 2012b). The
translational dof (u; and us) represent vertical displacement, and the rotational dofs (u2, us and us,
Ue) represent major axis bending and torsional responses, respectively as shown in Figure 4 6. The

2D-grid analysis model cannot explicitly incorporate the depth of a girder. Girders and cross-

101



frames connections are modeled as common nodes on the centroidal axis of the girders. Boundary

conditions are also defined at the level of the centroidal axis.

e
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girder Z X J cross-frame
B

elements Lo elements

Figure 4-5. Analytical model of a curved bridge developed using the traditional 2D-grid method
(AASHTO/NSBA 2014a)

m? N

&

%\:‘ o«

< -
&

Figure 4-6. Line elements for modeling girders and cross-frames in the traditional 2D-grid method (White et
al. 2012b)
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The generalized grid analysis shown in Figure 4-7 is a variation of the 2D-grid analysis
with line elements and six dof at each node. The dof shown in red in Figure 4-7 represent those
common to the 2D-grid method while the dof shown in black represent those specific to the
generalized grid analysis. The additional dofs provide refinement in modeling such as shear-
deformable cross-frames (or diaphragms), physical girder supports, etc. (AASHTO/NSBA 2014a).
In principle, the generalized grid analysis is practically identical to the traditional 2D-grid method
when line elements are defined on the same plane, neglecting the position of bridge elements with
respect to the vertical axis (White et al. 2012b). Thus, the NCHRP 12-79 project classified the

generalized grid method under 2D-grid analysis.
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Figure 4-7. Line elements for modeling girders and cross-frames in the generalized grid method (White et al.
2012b)

The plate and eccentric beam analysis is a variation of the 2D-grid. In this method, the
concrete deck is modeled by plate or shell elements and connected to the girder elements with rigid
links with an offset equal to the distance between the centroids of the deck and girders, as shown
in Figure 4-8. The plate and eccentric beam model is often used for the analysis of in-service
structures. Thus, the NCHRP 12-79 project did not consider this method in their evaluation.
Consequently, this method is not included in the matrix of the RLOA in Table 2-2 (White et al.
2012b).

Deck elements

Figure 4-8. Bridge analytical model: plate and eccentric beam method (White et al. 2012b)

According to AASHTO/NSBA (2014a), 3D finite element analysis (FEA) refers to any
computer-based matrix analysis in which:

e the structure is modeled in three dimensions,

o the girder flanges are modeled using line, beam, plate, shell, or solid elements,

o the girder webs are modeled using plate, shell, or solid elements,

o the cross-frames and diaphragms are modeled using line, beam, plate, shell, or solid
elements as appropriate, and

o the deck is modeled using plate, shell, or solid elements.
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The NCHRP 12-79 project adopted the same definition. Also, the UT Bridge program (see
Section 2.6.3.2) complies with this definition.
The tool for PC I-girder bridges adopted the same terminology and definitions for the

analysis methods.

4.2.2 RLOA Selection Tool for Steel I-Girder Bridges

The RLOA Selection Tool for Steel I-Girder Bridges is a Microsoft Excel spreadsheet with
embedded VBA codes. The input parameters shown in Figure 4-9 are required for executing the
VBA codes. Input parameter definitions are provided in Table 4-2. The blue cells require direct
user input. The green cells are calculated based on user input. These input parameters are needed
for (i) establishing potential constructability cases, (ii) calculating the connectivity and skew
indices, (7ii) describing the use of the mode of scores or worst-case scores given in Table 2-2, and
(iv) defining the recommended fit conditions. A parameter definition can be displayed by moving
the cursor to the cell corner marked in red, shown in Figure 4-9. If there are missing inputs, a
warning message is displayed directing the user to complete the input data, as shown in Figure

4-10.

INPUT
L (o) 250
w, (ft) 100
R (f) No
0 (deg) 10
D¢ 5
m 1
Is phased construction employed? Yes

Does the structure have an nrregular geometry? No

L/R 0.00
Connectivity Index, I, 0.00
Skew Index, Ig 0.07

Clear Submit

Figure 4-9. Input parameters in Constructability RLOA Tool for steel I-girder bridges
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Table 4-2. Input Parameters and Definitions for the RLOA Selection Tool for Steel I-Girder Bridges

Input Parameters Definitions
L Length of the span under consideration (ft)
We Width of the structural unit measured between centerline of exterior girders
(ft)
R Radius of curvature of bridge centerline (ft)
Select No for straight girders
0 Skew angle (deg)
Input 0 for straight bridges
Nef Number of intermediate cross-frames within the span
m Factor for span type
Select

1 for simple-span bridges

2 for continuous-span bridges

Construction Type | Select

Yes for phased construction

No for complete superstructure construction

Irregular Geometry| Select

No if the structure has symmetry, constant girder spacing, constant deck
width, relatively uniform cross-frame spacing, etc.

Yes to represent other geometries

Microsoft Excel H

Input parameter(s] is missing.

Figure 4-10. Warning message for incomplete input

Upon executing the spreadsheet, the constructability analysis cases are displayed with the
minimum RLOA for each case, associated analysis tool, and supplemental analysis tools (if
needed). Figure 4-11 shows output screen examples of the RLOA Selection Tool for a straight
bridge and a curved and skew bridge. For the cases where the matrix in Table 2-2 is used, a
minimum score of “B” (see Table 2-3) is appropriate for the RLOA. The sections below describe
the background in designating the RLOA for each constructability case.

The blue text in the output window displays the analysis tools that are hyperlinked. Among
the analysis tools, UT Lift is a spreadsheet (see Section 2.5.6.2 for more details.) The other tools
include Mathcad scripts developed as part of this project and presented in Appendices C to J.
Recommended fit conditions are also provided as supplemental information in the output window

in Figure 4-11b associated with the girder twist and detailing listed under erection.
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Cases during ‘ RLOA ‘ Analysis Tool Supplemental

Lifting
Capacity against flange yielding stress 1D Top Flange Stress Analysis UT Lift
Lateral torsional buckling capacity of girders 1D UT Lift
\Erection
Lateral torsional buckling capacity of girders 1D UT Bridge Wind Load Calculation
\Deck Placement
Unintended deck profile due to differential deflection 1D UT Bridge Differential Deflection Analysis
Unintended deck profile due to exterior girder warping 1D TAEG
Unintended deck profile due to exterior girder web out-of-plane deformation 3D Web Out-of-Plane Deformation Analysis  Overhang Bracket Analysis
[Phased Construction
Capacity of the in-service structure N/A MDOT Load Rating Procedures
Elevation difference between phases due to differential deflection N/A N/A
Elevation difference between phases due to foundation settlement N/A N/A
Cross-sectional twist of phases iD UT Bridge
Global lateral torsional buckling capacity of multi-girder systems 1D Global LTB Analysis
(a) Straight bridge
Cases during ‘ RLOA | Analysis Tool Supplemental
Lifting
Capacity against flange yielding stress 1D UT Lift
Rigid-body rotation and cross-sectional twist of girders 1D
Lateral torsional buckling capacity of girders 1D
\El‘ection
Girder twist and detailing 3D UT Bridge Recommended fit condition(s): NLF
Lateral torsional buckling capacity of girders 3D UT Bridge Wind Load Calculation
‘Deck Placement
Unintended deck profile due to differential deflection 3D UT Bridge
Unintended deck profile due to exterior girder warping 3D UT Bridge Overhang Bracket Analysis
Unintended deck profile due to exterior girder web out-of-plane deformation 3D Web Out-of-Plane Deformation Analysis | Overhang Bracket Analysis
[Phased Construction
Capacity of the in-service structure N/A MDOT Load Rating Procedures
Elevation difference between phases due to differential deflection N/A N/A
Elevation difference between phases due to foundation settlement N/A N/A
Cross-sectional twist of phases 3D UT Bridge
Global lateral torsional buckling capacity of multi-girder systems 3D UT Bridge

(b) Curved and skew bridge
Figure 4-11. Sample screenshot of the RLOA Selection Tool for Steel I-girder Bridges

4.2.2.1 Lifting Analysis

Lifting of steel I-girders deals with top flange local bending stress, rotational deformation of
curved girders, and lateral torsional buckling. The typical practice is to lift a single girder or a
girder segment at a time. So, 1D line-girder models can be used to evaluate the stresses and
deformations.

The top flange stress is evaluated for yielding near the lifting points. Eq. (2-7) or the UT
Lift discussed in Section 2.5.6.2 is recommended for this purpose. Also, UT Lift can be used to
perform the rotational displacement and lateral torsional buckling stability analyses. UT Lift
calculates the total rotational response using the 1D model described in Stith (2010). Buckling
analysis is performed using the procedure discussed in Farris (2008), in which the recommended
Cp factors developed by Timoshenko and Gere (1961) are applied to the classical buckling

solution.
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4.2.2.2 Erection Analysis

Steel I-girder erection covers (i) twisting and detailing of curved and/or skewed bridges and (ii)
lateral torsional buckling instability due to curvature and/or skew, wind loading, long unbraced
length, or a combination thereof.

The total normal stress in steel [-girders of curved and/or skewed bridges is the summation
of axial stress, major axis bending stress, lateral bending stress, and warping stress, as shown in
Figure 4-12. Warping stress is induced by torsion and the associated distortion of the cross-section
(AASHTO 2017a). Warping stress distribution is similar to flange lateral bending stress
distributions. Thus, the RLOA for lateral flange bending stress can also be the ROLA for warping

P My Mx )
Total Normal Stress = ¢ = 2 + I + - + Warping Stress
x v

stresses.

Figure 4-12. Normal stresses in I-girders of curved and/or skewed steel bridges (AASHTO/NSBA 2014a)

In skew bridges, cross-frames are either placed perpendicular to the girders (non-skewed
cross-frames) or parallel to support skew. The distances between each girder end to the connecting
points of non-skewed cross-frames will vary. Differential displacement of cross-frame connecting
points on the adjacent girders and cross-frame orientation and high in-plane stiffness subjects the
cross-frames to an in-plane rotation rather than shear deformation (AASHTO/NSBA 2014a). The
cross-frame forces resulting from in-plane rotation create torsion in the girder, which generates

warping stresses. Skewed cross-frames, on the other hand, are connected at points along the
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adjacent girders where girder vertical deflections and major-axis bending rotations are equal. As
a result, the cross-frames rotate with the girders. Since the skewed cross-frame rotation axis is not
perpendicular to the major axis of the girders, the cross-frames will tend to rack (AASHTO/NSBA
2014a). Again, the high in-plane stiffness of the cross-frames generates in-plane rotation rather
than racking and thus, the girders will be subjected to torsion. As a result, warping stresses
develop.

It is important to note that Table 2-2 reflects the relationship between cross-frame forces
and flange lateral bending stresses. For example, in curved bridges, in the analysis of cross-frame
forces and flange lateral bending stresses, the worst-case and mode of scores given in Table 4-3
for 1D line-girder and 2D-grid analysis are identical. In slightly skewed bridges (i.e. Is < 0.30),
the footnotes (a) and (d) signify that cross-frame forces and flange lateral bending stresses will be
small and negligible. When the skew effect is significant on a structural response (i.e. 0.30 < I <
0.65 and Is > 0.65), the footnotes (c) and (e) signify that 1D line-girder analysis will not capture
the skew effects. Moreover, the footnote (b) states that the traditional 2D-grid analysis will be
inaccurate in estimating cross-frame forces and flange lateral bending stresses. In the traditional
2D-grid analysis, the torsional stiffness of I-girders is often incorporated only in the St. Venant
torsional stiffness (GJ/Ly) term (AASHTO 2017a, White et al. 2012b). In this case, actual girder
stiffness will be underestimated since open sections, such as I-girders, resist torsion primarily by

warping stiffness.
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Table 4-3. RLOA for Cross-Frame Forces and Flange Lateral Bending Stress Calculations (White et al.

2012a)
Worst-Case | Worst-Case Mode of Mode of
Structural Response and I ad Is Limits for Curves Scores: Scores: 1D- Scores: Scores:
and Skewed Geometry Traditional Line Traditional | 1D-Line
(a) 2D-Grid Girder 2D-Grid Girder

(b-1) (b-2) (c-1) (c-2)
Cross-Frame Forces: Curved (Ic < 1) C C B B
Cross-Frame Forces: Curved (Ic > 1) F D C C
Cross-Frame Forces: Skewed (/s < 0.30) NA? NA? NA? NA?
Cross-Frame Forces: Skewed (0.30 < I5 < 0.65) F® F¢ Fb Fe
Cross-Frame Forces: Skewed (Is > 0.65) F® Fe Fb Fe
Cross-Frame Forces: Curved & Skewed (Ic> 0.5 & b . b .

F F F F

Is>0. 1)
Flange Lateral Bending Stresses: Curved (Ic < 1) C C B B
Flange Lateral Bending Stresses: Curved (Ic> 1) F D C C
Flange Lateral Bending Stresses: Skewed (Is < 0.30) NA¢ NA¢ NA¢ NA¢
Flange Lateral Bending Stresses: Skewed (0.30 <[5 < b . b .
0.65) F F F F
Flange Lateral Bending Stresses: Skewed (Is > 0.65) F® Fe Fb Fe
Flange Lateral Bending Stresses: Curved & Skewed o Fe o Fe
([c> 0.5 & Is> 0.1)

# Magnitudes should be negligible for bridges that are properly designed and detailed. The cross-frame design is
likely to be controlled by considerations other than gravity-load forces.

b Results are highly inaccurate. The improved 2D-grid method discussed in Chapter 6 of NCHRP 12-79 Task 8
report provides an accurate estimate of forces.
¢ Line-girder analysis provides no estimate of cross-frame forces associated with skew.

4 The flange lateral bending stresses tend to be small. The AASHTO (2017a) Article C.6.10.1 may be used as a
conservative estimate of the flange lateral bending stresses due to skew.

¢ Line-girder analysis provides no estimate of girder flange lateral bending stresses associated with skew.

As shown in Figure 4-11, the RLOA Selection Tool for Steel I-girder Bridges guides the
users to consider recommended fit conditions given in Table 2-7. This is because the accuracy of
the approximate analysis methods is also affected by the specified fit conditions. The 1D line-
girder method provides an accurate estimation of major-axis bending stresses and vertical
displacements in skewed bridges only if the loading condition matches with the targeted fit
condition (i.e., total dead load for TDLF detailing or steel dead load for SDLF detailing) (White
et al. 2012b). Moreover, large cross-frame forces and flange lateral bending stresses are expected
for bridges with Is > 0.30. Since the cross-frame contributions cannot be represented in 1D-girder
analysis, dead load detailing effects in skewed bridges cannot be captured. Similarly, the V-load
method fails to capture the locked-in forces developed in cross-frames of horizontally curved
bridges with SDLF or TDLF conditions (White et al. 2012b). It should also be recalled from Table
2-7 that NLF is the recommended fit condition for curved bridges. The traditional 2D-grid analysis
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cannot accurately estimate the dead load fit cross-frame forces with I-girder torsional stiffness
underestimated (White et al. 2012b).

The stability analysis of I-girder, as per the AASHTO LRFD Specifications, requires an
accurate estimation of the normal stress in the cross-section. AASHTO (2017a) Article 6.10.1.6
states that lateral torsional buckling evaluation requires:

e fn —the largest value of the compressive stress in the flange without consideration of flange
lateral bending

e M, — the largest value of the major-axis bending moment causing compression in the flange

e f;—the largest value of the stress due to lateral bending in the flange.

Thus, the accuracy of stability analysis is controlled by how accurately the major-axis
bending stress and flange lateral bending stress are calculated. Table 4-4 presents the RLOA for
these two stress components. Both 1D line-girder and 2D-grid models provide equally accurate
results for the major-axis bending stress. Flange lateral bending stress calculated with both models
become inaccurate with increasing skew or skew and curvature. Hence, the RLOA is

recommended based on the scores associated with the accuracy of flange lateral bending stresses.

Table 4-4. RLOA for Major-Axis and Flange Lateral Bending Stress Calculations (White et al. 2012a)

Worst-Case Worst-Case Mode of Mode of
Structural Response and I ad Is Limits for Curved Scores: Scores: 1D- Scores: Scores:
and Skewed Geometry Traditional Line G'ir der Traditional | 1D-Line
(a) 2D-Grid (b-2) 2D-Grid Girder
(b-D (c-1) (c-2)
Major-Axis Bending Stress: Curved (Ic < 1) B B A B
Major-Axis Bending Stress: Curved (/¢ > 1) D C B C
Major-Axis Bending Stress: Skewed (/s < 0.30) B B A A
Major-Axis Bending Stress: Skewed (0.30 < [5 < 0.65) B C B B
Major-Axis Bending Stress: Skewed (/s > 0.65) D D C C
Major-Axis Bending Stress: Curved & Skewed (/¢ > D F B C
0.5 & Is>0.1)
Flange Lateral Bending Stress: Curved (Ic < 1) C C B B
Flange Lateral Bending Stress: Curved (/¢ > 1) F D C C
Flange Lateral Bending Stress: Skewed (Is < 0.30) NAY NAY NAY NAY
Flange Lateral Bending Stress: Skewed (0.30 < [s < o Fe o Fe
0.65)
Flange Lateral Bending Stress: Skewed (Is > 0.65) F® Fe F° Fe
Flange Lateral Bending Stress: Curved & Skewed (/¢ P Fe Fb Fe
>0.5& [s>0.1)

b Results are highly inaccurate. The improved 2D-grid method discussed in Chapter 6 of NCHRP 12-79 Task 8

report provides an accurate estimate of forces.

4The flange lateral bending stresses tend to be small. The AASHTO (2017a) Article C.6.10.1 may be used as a
conservative estimate of the flange lateral bending stresses due to skew.
¢ Line-girder analysis provides no estimate of girder flange lateral bending stresses associated with skew.
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As mentioned, 1D line-girder analysis will not provide an accurate estimate of flange
lateral bending stresses associated with skew (AASHTO/NSBA 2014a, White et. al 2012b).
However, in slightly skewed bridges (/s < 0.30) these stresses will be small, and the AASHTO
LRFD provisions can be followed. AASHTO (2017a) Article C6.10.1 states that in the absence
of a refined analysis, the total unfactored flange lateral bending stress (f;) is taken as:

¢ 10.0 ksi for interior girders and 7.5 ksi for exterior girders at a cross-frame (or diaphragm)
location due to the use of discontinuous cross-frame (or diaphragm) lines at or near supports,
but not along the entire bridge length

¢ 10.0 ksi for interior and 2.0 ksi for exterior girders at a cross-frame (or diaphragm) location
due to the use of discontinuous cross-frame (or diaphragm) lines over the entire bridge.

In a traditional 2D-grid analysis, the torsional stiffness of I-girders only considers the St.
Venant torsional stiffness. For that reason, for bridges with Is > 0.30, flange lateral bending
stresses calculated using the 2D-grid analysis will not be accurate. Approximate methods are
available for calculating the flange lateral bending stress of curved bridge girders. For curved
girders, White et al. (2012b) recommend using Eq. (4-1) for calculating flange lateral bending

stress (f7) at cross-frame locations. The equation can be used for both 1D line-girder and 2D-grid

analyses.
fim kb @)
12RhS, ¢
where:
h = distance between flange centroids

L, = cross-frame spacing

M = total major axis bending moment due to gravity loads and V-loads (see Section 2.6.3.1)
R =radius of curvature

Syr = flange elastic section modulus about the weak axis of the I-section

Eq. (4-1) becomes identical to AASHTO (2017a) Eq. C4.6.1.2.4b-1, when the stress is
expressed in terms of lateral bending moment and the constant N in the AASHTO equation is taken
as 12. Alternatively, girder stability can be evaluated using eigenvalue buckling analysis.
Eigenvectors represent the associated buckling modes. The first mode corresponding to the lowest
eigenvalue is often critical. A target eigenvalue that guarantees girder stability depends on the
magnitude of the applied loads. FHWA (2015) recommends limiting eigenvalues to a range of 1.5

to 1.75 for deck placement analysis. However, the erection analysis uses the self-weight of

111



structural elements, which is relatively accurate compared to other construction loads involved in
deck placement analysis. Thus, for girder stability analysis during erection eigenvalues lower than
1.5 can be allowed. UT Bridge, discussed in Section 2.6.3.2, has eigenvalue buckling analysis

capability.

4.2.2.3 Deck Placement Analysis

The primary expectation from this analysis is to have the intended deck profile maintained. The
analysis evaluates (7) girder differential deflection, (ii) exterior girder warping, and (ii7) exterior
girder web out-of-plane deformation.

Table 4-5 shows the relevant section of Table 2-2 with the accuracy scores of approximate
analysis methods for vertical displacement calculation. The RLOA Selection Tool for Steel I-girder
Bridges, shown in Figure 4-11, suggests the analysis models for differential girder deflection based
on Table 4-5.

Table 4-5. RLOA for Vertical Displacement Calculation (White et al. 2012a)

Worst-Case Worst-Case Mode of Mode of
Structural Response and L. ad Is Limits for Scores: Scores: 1D- Scores: Scores:
Curved and Skewed Geometry Traditional 2D- | . A Traditional | 1D-Line
. Line Girder . .
(a) Grid (b-2) 2D-Grid Girder
(b-1) (c-1) (c-2)
Vertical Displacements: Curved (Ic < 1) B C A B
Vertical Displacements: Curved (Ic> 1) F D F C
Vertical Displacements: Skewed (/s < 0.30) B A A A
Vertical Displacements: Skewed (0.30 < I5 < 0.65) B B A B
Vertical Displacements: Skewed (/s> 0.65) D D C C
Vertical Displacements: Curved & Skewed (/¢ > F F F C
0.5 & Is>0.1)

Large cross-frame forces and flange lateral bending stresses develop in high skew bridges
(i.e., Is > 0.65). 1D-girder analysis model cannot account for the contribution of cross-frame
effects and will not be suitable for accurate estimation of the vertical displacements (White et al.
2012b). The procedure developed by Fisher (2006) (discussed in Section 2.7.5.1) extends the
capabilities of the line-girder analysis to account for skew effects. However, this methodology is
not included in Table 2-2.

In curved bridges with Ic > 1, for estimating vertical displacements, the 1D line-girder
analysis provides better accuracy than the traditional 2D-grid analysis. This is unusual since one
would expect that a more rigorous analysis provides better accuracy. White et al. (2012b) explains

this fact by a 2D-grid model of a curved I-girder. Figure 4-13 shows an isolated curved I-girder
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segment subjected to a uniform bending moment of M. The girder segment is modeled as four
straight-line elements between two consecutive cross-frames. The moment resolves into a major
axis bending moment and torsion at each end. The major-axis moment in each element again
resolves into both major-axis moment and torsion to satisfy the equilibrium at intermediate nodes.
Twisting of the straight elements not only twists the next element but also creates major axis
bending moments and vertical displacements from the change in element orientation. Since the
traditional 2D-grid analysis underestimates the accurate torsional stiffness of I-girders (see Section

4.2.2.2), twisting deformations and vertical displacements will be overestimated.

M e
I

J.M

M cos B

M cos 81\ \ Mcos ezi

- -~ NIt

M s el_'p/ﬁ'{ glﬂ el i’t{ S_:I: B" -Ew Sin 82

Figure 4-13. A 2D-grid model of a curved I-girder segment located between two cross-frames (White et al.
2012b)

LM cos 6,

Warping analysis of an exterior steel I-girder under eccentric overhang bracket loads
requires defining the loading (externally applied torsion) and boundary conditions. To calculate
the torsion of an exterior girder of a straight bridge under the loads acting on the bracket, boundary
conditions at cross-frame locations can be assumed as pinned-pinned or fixed-fixed. For curved
and/or skewed bridges, however, this analysis also needs to consider cross-frame forces and the
resulting internal torsion and flange lateral bending stresses. Therefore, the discussion regarding
twisting of curved and/or skewed bridges during erection, presented in Section 4.2.2.2, equally
applies to warping analysis.

As discussed in Section 2.7.5.3, TAEG is recommended for evaluating the torsional
response of straight exterior I-girders under overhang bracket loads. The analysis model used in
TAEG cannot be classified as 1D line-girder or 2D-grid. TAEG is not a general structural analysis
software and was specifically developed for calculating the torsional response of I-girders (Roddis
and Kulseth 2005). The top and bottom flange stresses from maximum dead load moments need
to be calculated and entered as an input to TAEG. Ashiquzzaman et al. (2017) investigated TAEG

for evaluating skew effects. Exterior girder rotations were compared to eccentric bracket loads
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obtained by TAEG and 3D FEA. The rotations were significantly different for an 80 feet long
simple-span bridge with a skew angle of 30°. For this reason, the RLOA Selection Tool for Steel
I-girder Bridges recommends TAEG only for straight and slightly skewed bridges (i.e., Is < 0.30).
To perform warping analysis of other bridge geometries (i.e. high skew, curved, or curved and
skew bridges), UT Bridge is suitable. Although UT Bridge does not include an input field for
defining overhang brackets, the torsion applied on an exterior girder can be resolved into a force
couple acting on the top and bottom flanges, as shown earlier in Chapter 2, Figure 2-48. Then,
these forces can be applied to the cross-section nodes also as shown earlier in Figure 2-41a.

The deck profile from overhang bracket rotation and exterior girder web out-of-plane
deformation can be calculated using the analytical procedure presented in Section 2.7.5.2. The
procedure is based on the small deformation theory of thin plates for modeling the girder web and
incorporates adjustment factors to account for the fixity provided by flanges and transverse
stiffeners. The adjustment factors were developed by 3D FE analyses using 3D shell elements for

modeling girder plates. Therefore, the tool is designated as 3D in the RLOA tool.

4.2.2.4 Phased Construction Analysis

The analysis cases listed in the RLOA Selection Tool for Steel I-girder Bridges are (i) capacity of
the in-service structure, (ii) misalignment between phases due to differential deflection, foundation
settlement, or a combination thereof, (ii7) cross-sectional twist of each phase, and (iv) global lateral
torsional buckling capacity of multi-girder systems.

The capacity of the in-service structure needs to be evaluated by load rating. This analysis
is performed by imposing the state-specific legal truck loads and accounting for the current
condition of structural elements. For calculating the capacity of the in-service structure, the RLOA
Selection Tool for Steel I-girder Bridges suggests the use of MDOT Load Rating Procedures.

In phased construction, by definition, one of the phases remain in service prior to pouring
the closure joint. Thus, calculation of elevation difference between phases due to differential
deflection requires at least the analysis of the two phases under service loads and under-
construction under dead loads. Methods and models for the analysis of in-service structure under
service loads and differential foundation settlement to determine the elevation difference between

phases is not within the scope of this project.
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A cross-sectional twist from unequal overhang widths between the phases, eccentric
construction loads, or a combination needs to be evaluated. Such cases require a system-level
analysis accounting for the contribution of girders and cross-frames to the overall system stiffness
and load transfer path. Also, modeling should be capable of defining the depth of structural
elements, such as the location of the girder or girder system shear center relative to the center of
gravity of girders or the system. The inability of 1D and 2D analysis methods for evaluating the
torsion-governed cases discussed in Section 4.2.2.2 is equally applicable to the analysis of cross-
sectional twisting of phases. Because of these reasons, regardless of the bridge geometry, the
RLOA Selection Tool for Steel I-girder Bridges suggests 3D modeling. Consequently, UT Bridge
is recommended as the analysis tool.

Global lateral torsional buckling (LTB) is often a concern where limited numbers of I-
girder assemblages are used to widen the existing superstructure. Global LTB capacity of straight
narrow I-girder bridge assemblages that comply with the conditions stated in Section 2.8.3, can be
calculated using AASHTO (2017a) Eq. 6.10.3.4.2-1. I-girder systems with curvature, skew,
asymmetry, or a combination thereof may have increased lateral-torsional displacements.
Increased lateral-torsional displacements will reduce the elastic buckling capacity (White et al.
2012b). As per AASHTO (2017a) Article C6.10.3.4.2, these cases can be analyzed by eigenvalue
or global second-order load-deflection analysis. UT Bridge provides this capability. The RLOA
tool recommends 1D models for symmetrical straight bridges and 3D models for other bridge

configurations.

4.2.3 RLOA Tool for PC I-Girder Bridges

The RLOA Selection Tool for PC I-Girder Bridges is another Microsoft Excel spreadsheet
developed by this project. A screen image of the output window is shown in Figure 4-14. The
tool lists constructability analysis cases associated with PC I-girder bridges, the RLOA
recommendations, analysis tools, and supplemental tools for calculating parameters that are

required as input to analysis tools.
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Cases during [RLOA\ Analysis Tool ] Supplemental

Lifting

Capacity against cracking and ultimate stress 1D Lifting Analysis of PC I-Girders  Wind Load Calculation
Erection

Time-dependent deformation of girders N/A MDOT BDS

Lateral instability of girders 1D Erection Analysis of PC I-Girders Wind Load Calculation
Phased Construction

Capacity of the in-service structure N/A MDOT Load Rating Procedures

Elevation difference between phases due to differential deflection  N/A N/A

Elevation difference between phases due to foundation settlement N/A N/A

Cross-sectional twist of phases 3D N/A

Figure 4-14. Output window of the RLOA Selection Tool for PC I-Girder Bridges

The RLOA Selection Tool for PC I-Girder Bridges is more compact since girder curvature
and skew are not parameters.

During lifting, girder capacity against cracking and ultimate stresses need to be verified.
This analysis can be performed using the procedure given in PCI (2016) and discussed in Section
2.5.6.1. PCI (2016) procedure employs a 1D line-girder model. As part of this project, a
comprehensive Mathcad script was developed specifically for the MDOT inventory and practices.
Mathcad script and particulars are given in Appendix 1.

During an erection, time-dependent deformations and lateral stability analyses of girders
are performed. For calculating time-dependent deformations MDOT uses Eq. (2-14), which is
also incorporated into the MDOT Bridge Design System software (BDS). Thus, the RLOA
Selection Tool for PC I-Girder Bridges lists MDOT BDS as the analysis tool without an RLOA
recommendation. The stability analysis of PC I-girders during erection can be performed using
the procedure given in PCI (2016). As discussed in Section 2.6.3.3, PCI (2016) procedures employ
a 1D line-girder model. In this project, a Mathcad script is developed and presented following PCI
(2016) procedures for MDOT girder sections and practices. Mathcad script is given in Appendix
J. Skew angle is not considered as a parameter for stability analysis of PC girders. The skew
effects are introduced by lateral load paths provided by the diaphragms. The MDOT practice
requires casting (or installing) diaphragms after all the girders are placed on bearings. The stability
is maintained until then with temporary bracings as needed.

For deck placement, analysis cases are not included in the RLOA tool. The analysis cases
associated with deck placement of steel I-girder bridges are not considered for PC I-girder bridges
for the following reasons:

e PC girders have relatively high torsional stiffness.
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¢ End and intermediate diaphragms are placed before deck placement. Diaphragms with

in-plane stiffness control out-of-plane girder deformations.

Phased construction of PC I-girder bridge analysis cases listed by the RLOA tool include
(i) capacity evaluation of the in-service structure, (i/) misalignment between phases due to
differential deflection, foundation settlement, or a combination thereof, and (7ii) cross-sectional
twist of phases. The phased construction cases of steel I-girder bridges presented in Section 4.2.2.4
are the same for PC girder bridges as well. Also, skew effects should be included in phased
construction analyses of PC girder bridges. The MDOT skew policy given in Table 2-4 represents

a guideline for such cases.

4.3 STRUCTURAL ANALYSIS TOOLS

The RLOA Selection Tools recommend structural analysis tools for evaluating constructability
cases in a bridge project. The recommendations include UT Lift (Section 2.5.6.2), UT Bridge
(Section 2.6.3.2), TAEG (Section 2.7.5.3), and the Mathcad scripts developed in this project.
Figure 4-15 shows an output example for a straight bridge generated by the RLOA Selection Tool
for Steel Bridges. The column “Analysis Tool” displays the primary tool recommended, whereas
the column “Supplemental” includes tools either as an alternative to the primary tool or for
calculating a required variable for input to the primary tool. Microsoft Excel or Mathcad (.xmcd
files) analysis tools are hyperlinked to the RLOA Selection Tool in blue colored fonts (Figure 4-15).

Appendices C to J provide the Mathcad scripts (.xmced files) developed as part of this
project. Mathcad script descriptions include assumptions and limitations of the procedures
utilized.

It should be noted that the RLOA recommendation may not always match the analysis type
utilized in the recommended analysis tool. As an example, Figure 4-15 in Chapter 4 shows the
RLOA as 1D for lateral torsional buckling capacity analysis of girders during erection, whereas

UT Bridge is a 3D FEA tool. Thus, the tools listed will provide the most accurate analysis.

117



Cases during | RLOA | Analysis Tool Supplemental

Lifting

Capacity against flange vielding stress 1D Top Flange Stress Analysis UT Lift

Lateral torsional buckling capacity of girders 1D UT Lift

|Erection

Lateral torsional buckling capacity of girders 1D UT Bridge Wind Load Calculation

|Deck Placement

Unintended deck profile due to differential deflection 1D UT Bridge Differential Deflection Analysis
Unintended deck profile due to exterior girder warping 1D TAEG

Unintended deck profile due to exterior girder web out-of-plane deformatic 3D Web Out-of-Plane Deformation Analysis Overhang Bracket Analysis

Figure 4-15. An output example of the RLOA Selection Tool for Steel I-Girder Bridges

Table 4-6 summarizes the use and applicability of the structural analysis

recommended by the RLOA Selection Tools.

tools
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Table 4-6. Structural Analysis Tools Recommended by the RLOA Selection Tools

Analysis Tool Construction Stage Purpose Applicability
» Calculate girder rotational deformations Straicht and Curved
UT Lift (S) Lifting » Evaluate lateral torsional buckling capacity of girders £ Girders
» Calculate beam clamping forces to be used in Top Flange Stress Analysis.xmcd
;rSO)p Flange Stress Analysis.xmed Lifting » Evaluate capacity against top flange yielding stresses due to beam clamping forces Stralg}gierlg(eirgurved
ES C§‘nrder Lifting Analysis.xmed Lifting » Evaluate capacity of girders against cracking and ultimate stress Straight Girders
PC Girder Erection Analysis.xmed Erection » Evaluate capacity of girders against lateral instability Straight Girders

(PC)

Erection, Deck

» Calculate girder twisting deformations (erection)
» Evaluate lateral torsional buckling capacity of girders (erection)
» Calculate variation in deck profile due to differential girder deflection (deck placement)

Straight, Curved,

UT Bridge (S) Placement, and Phasedp Calculate variation in deck profile due to exterior girder warping (deck placement) Skewed, and Curved
Construction » Calculate cross-sectional twist of phases (phased construction) and Skewed Bridges
» Evaluate capacity of multi-girder systems against global lateral torsional buckling
(phased construction)
s . . Straight and Slightly
TAEG (S) Deck Placement  p Calculate variation in deck profile due to exterior girder warping Skewed Bridges
lefereptlal Deflection Deck Placement  p Calculate variation in deck profile due to differential girder deflection Straight gnd Skewed
Analysis.xmcd (S) Bridges
Web O}lt—of-Plane Deformation Deck Placement  p Calculate variation in deck profile due to exterior girder web out-of-plane deformation Straight .and Curved
Analysis.xmcd (S) Girders
. » Calculate horizontal component of bracket diagonal leg axial force acting on exterior .
E)S\;erhang Bracket Analysis xmed Deck Placement girder web to be used in Web Out-of-Plane Deformation Analysis.xmcd Stralg}gie;ggrgurved
» Calculate force couple acting on top and bottom flanges to be used in UT Bridge
Wind Load Calculation.xmed Liftine and Erection | Calculate wind loads acting on girders to be used in UT Bridge, PC Girder Lifting Straight and Curved
(PC&S) & Analysis.xmced, and PC Girder Erection Analysis.xmcd Girders
Global LTB Analysis.xmcd (S) Phased Construction p Evaluate global lateral torsional buckling capacity of multi-girder systems Straight Bridges

S — Steel girder bridge

PC — Prestressed concrete girder bridge
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5 CHECKLISTS FOR INSPECTORS

Checklists for inspectors were developed for the evaluation of the constructability of prestressed
concrete and steel I-girder bridges. An additional checklist is suggested to document comments
and observations during the post-construction review. Figure 5-1, Figure 5-3, and Figure 5-5 show
the suggested layout and content of the checklists. Figure 5-2 and Figure 5-4 show the
supplementary information included with the inspector checklists. These checklists are formatted
to be suitable for adoption by MDOT simply by assigning form numbers. Hence, these formatted
copies are included in Appendix K. The first two checklists are to be completed during a visual
inspection with the use of limited tools.

The checklists were developed based on the constructability cases listed in Figure 2-1.
Hence, Section 5.1 and 5.2 provide a brief overview, the rationale behind the checklist, and the

relationship to the constructability cases listed in Figure 2-1.

Michigan Department Of CONTROL SECTION, JOB NUMBER
Transportation
Form **** (2020)

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
PRESTRESSED CONCRETE BRIDGES

PROJECT DESCRIPTION:

] Girders are supported during storage as per the plans.
] Girders are lifted using lifting loops. Otherwise, MDOT Engineer is consulted.

] Structural Fabrication Unit is consulted if cracks greater than 0.006 in. develop during
storage and lifting.

] Girders and bearing pads are in full contact. Bearing surface flatness tolerance is
met (0.125 in. per 12 in.).

L] Girders are properly braced using hold-downs in their final position.

D Girders meet dimensional tolerances given in Table 1 as girder sweep, the
differential camber of adjacent box beams, etc.

] strands exposed on the top flanges are cut before deck placement.

L Girder spacing is as intended prior to placing of the diaphragms and deck slab.

Figure 5-1. Constructability checklist for inspectors — prestressed concrete bridges
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Michigan Department Of

Transportation
Form **** (2020)

CONTROL SECTION, JOB NUMBER

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
PRESTRESSED CONCRETE BRIDGES (SUPPLEMENTARY)

Table 1 Dimensional Tolerances for Concrete Beams

Beam Type Tolerance

Length of I-Beams and 1800 Beams +% in/25 ft, 1 in max
Length of Box Beams *¥in
Width of I-Beams and 1800 Beams +%2in, -Ya in
Width of Box Beams % in
Height of I-Beams, 1800 Beams, or Box Beams +V4in, -¥% in
Camber Deviation From Design Value (Measured

Within 24 h of Strand Release) Y8in/10 ft
Thickness of Top Slab of Box Beam +4in, -Y4in
Length of I-Beam End Blocks +2 ft, -0 in
Sweep of |-Beams and 1800 Beams (Horizontal

Deviation of Centerline from a Straight Line

Between Ends Measured at Both Top and bottom) Yain/10 ft

Sweep of Box Beams (Horizontal Deviation of
Centerline from a Straight Line Between Ends
Measured at Both Top and Bottom)

% in up to 60 ft, ¥ in over 60 ft

Vertical Deviation of Side Forms Between Top and
Bottom of Beam

<% in from plan location

Prestress Strand

<V4in from plan location

Location of Conduit for Transverse Post Tensioning

=%z in from plan location

Location of Holes for Position Dowels (I-beams and
1800 Beams)

<% in from plan location

Location of Holes for Position Dowels Box Beams

<1 in from plan location

Figure 5-2. Constructability checklist for inspectors — PC bridges (supplementary)
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Michigan Department Of CONTROL SECTION, JOB NUMBER
Transportation
Form *** (2020)

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
STEEL I-GIRDER ERIDGES

PROJECT DESCRIPTION:

"] Girders are lifted near quarter points.

"] Girders are erected per the fabrication detailing. Recommended fit conditions are
provided in Table 1.

"] sufficient horizontal stabilization is provided by bolting girders to substructure units,
installing cross-frames as the erection progresses, placing falsework, or a
combination thereof.

| The maximum deviation from the theoretical horizontal alignment in a span does not
exceed + 0.125 in. x (total length along girder between supports (ft) / 10).

"] The maximum deviation from the theoretical vertical alignment in a span does not
exceed + 0.25 in. x (total length from the nearest suppart (ft) / 10).

] The averhang bracket-bearing point is located close to the exterior girder bottom
flange (= 0.9D measured from the bottom of the top flange).

] wet depth measurements meet deck finish tolerances (0.125 in. per 10 ft).

Figure 5-3. Constructability checklist for inspectors — steel I-girder bridges
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Michigan Department Of

CONTROL SECTION, JOB NUMBER

Transportation
Form *** (2020)
CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
STEEL I-GIRDER BRIDGES (SUPPLEMENTARY)
Table 1 Recommended Fit Conditions for Steel |-Girder Bridges
L/R* |Skew (8) and Skew Index (Is)| Span Length | Recommended Fit Condition
B =200 N/A NLF & SDLF &TDLF
<003 B>20°&I1s=0.30 N/A SDLF & TDLF
) = 200 ft SDLF & TDLF
]
6> 20°&Is>0.30 > 200 fi SDLE
> 0.03 N/A N/A NLF & SDLF

* Maximum L/R of any span in the bridge

= Bridge width measured between exterior girder centerlines (ft)

Notations:

| . Wg tant
S = Skew index =

L = Span length (ft)

Wo

NLF = No Load Fit

R = Radius of curvature (ft)

SDLF = Steel Dead Load Fit
TDLF = Total Dead Load Fit

8 = Skew angle (deq)
Definitions:
NLF

= Cross-frames or diaphragms are detailed to fit to the girders in their
fabricated, plumb, fully cambered position under zero dead load.

SDLF = Cross-frames or diaphragms are detailed to fit to the girders in their
ideally plum as-deflected positions under the self-weight of the steel at
the completion of the erection.
TDLF = Cross-frames or diaphragms are detailed to fit to the girders in their
ideally plumb as-deflected positions under the total dead load. The total
dead load typically includes the weight of the concrete deck, but not the
weight of any superimposed dead loads.

Figure 5-4. Constructability checklist for inspectors — steel I-girder bridges (supplementary)
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Michigan Department Of CONTROL SECTION, JOB NUMBER
Transportation
Form **** (2020)

POST-CONSTRUCTION REVIEW FORM FOR INSPECTORS

PROJECT DESCRIPTION:

LI Construction plan is reviewed.
Describe anticipated difficulties, if any:

_ MDOT Engineer is consulted for the contractor change requests.
Describe the change requests:

| The bridge is constructed as per the approved construction plans.
If not, describe the changes and associated reasons:

Figure 5-5. Constructability checklist for inspectors — post-construction review
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5.1

CONSTRUCTABILITY CHECKLIST FOR PC I-GIRDER BRIDGES

The checklist items are numbered from a to 4 as shown below. A brief description is provided

with each item. Table 5-1 shows the relationship between the constructability cases listed in Figure

2-1 and the constructability checklist for prestressed concrete bridges. As shown in the table, the

checklist includes at least one item to address the constructability cases associated with PC girder

bridges.

a.

Girders are supported during storage as per the plans.
Girder stress analysis at release uses the support conditions given in the approved
construction plans. Also, as discussed in Section 2.6.1.1, there is a potential for excessive

and/or differential camber during erection when girders are not stored as specified.

Girders are lifted using lifting loops. Otherwise, MDOT Engineer is consulted.

As per the MDOT Bridge Design Guide (MDOT 2019b), PC girders shall be lifted using
lifting loops; the use of other means to lift the PC girders could violate the analysis and
design assumptions. As an example, lifting analysis is performed assuming a zero distance
between the lifting device rigid extension and the girder top, which may not be the case if

other lifting devices are used.

Structural Fabrication Unit is consulted if cracks greater than 0.006 in. develop
during storage and lifting.

The given tolerance from the MDOT Wiki E-Construction Section 708 represents the
maximum allowable structural crack size. If the allowable limit is exceeded, the cause and

structural impact of such cracking need to be evaluated.

Girders and bearing pads are in full contact. Bearing surface flatness tolerance is
met (0.125 in. per 12 in.).

Erection and deck placement analyses use idealized support conditions assuming that
bearing and girder surfaces are in full contact. Also, the eccentricity between the girder
center of gravity and reaction forces causes an overturning moment that could be a concern

for girder stability. The given MDOT tolerance warrants idealized support conditions.

Girders are properly braced using hold-downs in their final position.
Roll instability of PC girders due to sweep, wind load, or a combination thereof is

prevented with temporary end and intermediate bracings. Hold-downs should consist of
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compression and tension members to resist the lateral load effects. See Section 2.6.2.1 for

more details on the bracings.

f. Girders meet dimensional tolerances given in Table 1 as girder sweep, the differential

camber of adjacent box beams, etc.

The given MDOT tolerances assure retaining vertical and horizontal alignment during

erection. Table 1 referenced in the checklist is shown in Figure 5-2.

g. Strands exposed on the top flanges are cut before deck placement.
PC girders may include cut strands at the top for controlling girder end stresses at release
and/or during shipping and handling. These strands are expected to be cut before placing
the deck. This checklist item is included as a reminder that the strands are cut as detailed

in the plans.

h. Girder spacing is as intended prior to placing of the diaphragms and deck slab.
Achieving intended girder spacing is one of the expectations in retaining lateral
deformation tolerances and horizontal structural alignment. Further, achieving intended
girder spacing will alleviate challenges during the installation of intermediate diaphragms.

This is also applicable to phased construction cases.

Table 5-1. Constructability Cases for PC I-Girder Bridges and Relevant Checklist Items

Activity Constructability Cases for PC Bridges Checklist Item|
Transportation . . . .
and Lifting Capacity against Cracking and Ultimate Stress a,b,c
. Vertical and/or Horizontal Misalignment: Time-dependent
Erection : : a,f,g h
Deformation of Girders
. Lateral Instability of Girders: Impact of Girder Fabrication
Erection d, e
Tolerances
Erection  |Lateral Instability of Girders: Impact of Wind Loading d, e
Phased . .
Construction Capacity of the In-service Structure -
Phased Vertical and/or Horizontal Misalignment of Phases: Twist of
} ! : f,h
Construction |Bridge Cross-Section
Phased Vertical and/or Horizontal Misalignment of Phases: h
Construction |Foundation Settlement
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5.2 CONSTRUCTABILITY CHECKLIST FOR STEEL I-GIRDER BRIDGES

The checklist items are numbered from a to g as shown below. A brief description is provided for

each item. Table 5-2 shows the relationship between the constructability cases listed in Figure 2-1

and the constructability checklist items for steel I-girder bridges. As shown in the table, the

checklist includes items to address the constructability cases associated with steel I- girder bridges.

a.

Girders are lifted near quarter points.
Lifting steel I-girders in the vicinity of quarter points maximizes lateral torsional buckling
capacity. See Section 0 for more details about the lateral torsional buckling capacity

calculation.

Girders are erected per the fabrication detailing. Recommended fit conditions are
provided in Table 1.

The recommended fit conditions are given in Table 1 to help meeting deformation
tolerances and structural alignment. Table 1 referenced in the checklist is shown in Figure

5-4. Section 2.6.1.2 defines fit conditions.

Sufficient horizontal stabilization is provided by bolting girders to substructure units,
installing cross-frames as the erection progresses, placing falsework, or a combination
thereof.

Lateral instability due to girder curvature, long unbraced length, wind load, or a
combination thereof is prevented by employing permanent and/or temporary bracings and

support systems. See Section 2.6.2.1 for more details on the bracings.

The maximum deviation from the theoretical horizontal alignment in a span does not
exceed = 0.125 in. x (total length along girder between supports (ft)/10).

The tolerance recommended by AASHTO/NSBA (2014b) warrants maintaining the
horizontal alignment of the structure and constructing the bridge as per the project
specifications. The specified tolerance applies to phased construction as well.

The maximum deviation from the theoretical vertical alignment in a span does not
exceed + 0.25 in. x (total length from the nearest support (ft) / 10).

The tolerance recommended by AASHTO/NSBA (2014b) warrants maintaining the
vertical alignment of the structure and constructing the bridge as per the project

specifications. The specified tolerance applies to phased construction as well.
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f. The overhang bracket-bearing point is located close to the exterior girder bottom

flange ( = 0.9D measured from the bottom of the top flange).

Locating bracket-bearing points within the recommended range eliminates the web out-of-

plane deformation and the resulting bracket rotation. Web depth is defined as D. Sections

2.7.2 and 2.7.5.2 describe the impact of web out-of-plane deformation on the cast-in-place

deck profile, calculation procedures to quantify the deformations, and potential methods

for controlling web out-of-plane deformation.

g. Wet depth measurements meet deck finish tolerances (0.125 in. per 10 ft).
This checklist item is to assure that the variation in deck profile due to differential girder
deflection, exterior girder warping, web out-of-plane deformation, or a combination thereof
is maintained within the MDOT specified tolerance.

Table 5-2. Constructability Cases for Steel I-Girder Bridges and Relevant Checklist Items
Activity Constructability Cases for Steel I-Girder Bridges [Checklist Item|
Iljffa}t?sg ortation and Capacity against Flange Bending Stress -

Iljffa}t?sg ortation and Rotational Behavior: Cross-Sectional Twist -
Iljffa}t?sg ortation and Rotational Behavior: Rigid-body Rotation -
Transportation and LTB Capacity of Girders a

Lifting

Vertical and/or Horizontal Misalignment: Girder Twist and

Erection Detailing b,c,d, e
Erection Lateral Instability of Girders: Impact of Girder Geometry v
Erection Lateral Instability of Girders: Impact of Wind Loading c
. Lateral Instability of Girders: Impact of Long Unbraced
Erection c
Length
Deck Placement Differential Girder Deflection g
Deck Placement Exterior Girder Web Out-of-plane Deformation f,g
Deck Placement Warping of Exterior Girder g
Phased Construction |Capacity of the In-service Structure -
Phased Construction |[Vertical and/or Horizontal Misalignment of Phases: Twist
) . c,d, e
of Bridge Cross-Section
Phased Construction |[Vertical and/or Horizontal Misalignment of Phases: de

Foundation Settlement

Phased Construction

Global LTB Capacity of Multi-Girder Systems
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6 SUMMARY AND IMPLEMENTATION RECOMMENDATIONS
6.1 SUMMARY

During the design of highway bridges, constructability requirements need to be addressed.
Whereas, the typical bridge design practice is to consider the limit state stresses in structural
elements of a structure that is completed as per the project specifications. Analysis of construction
stages is the contractor’s (“the Contractor”) responsibility since the means and methods for
construction are based on their experience and available equipment. Nevertheless, the agency
engineer (“the Engineer”) needs to review and approve the contractor submittals. A lack of
detailed response evaluation of structural elements and systems during construction by both parties
may lead to: rejection by MDOT, change requests by the contractor, construction delays, and
sometimes, to safety issues. Also, the Contractor selects qualified suppliers to provide materials
and structural elements for the bridge. The Quality Assurance Inspector (QAI) conducts quality
assurance (QA) verification inspection, and nonconformance identified during an inspection could
affect project schedule, constructability, capacity, and durability of the structure. Subsequently,
there is a need to develop a framework that encompasses PC girder nonconformance issues,
constructability analysis cases during every stage of construction, as well as guidelines and tools
for performing required calculations and inspections.

This project was organized into seven tasks: (1) review of literature and state-of-the-art
practices, (2) collect input from MDOT Design, Field Services, and Construction staff and the
review of typical MDOT bridge project plans and construction methods, (3) develop PC beam
performance assessment guidelines and procedures, (4) identify common design and construction
review scenarios that require documented guidelines, (5) develop frameworks to address the
common scenarios and the Mathcad scripts, (6) develop standalone constructability review and
staged construction design guidelines, and (7) produce final research deliverables.

A comprehensive literature review was conducted to document the constructability cases
associated with capacity, deformation, stability, and durability of superstructure elements. These
cases were grouped under each construction activity and discussed for production and
manufacturing, transportation and lifting, erection, and deck placement stages. Also, phased
construction scenarios and the associated constructability cases were documented. The design and
construction best practices implemented by state highway agencies were also documented.

Available methods and tools for analyzing the identified constructability cases including the

129



associated capabilities, assumptions, and limitation were discussed. Later, the documented cases
were discussed with the MDOT Research Advisory Panel (RAP). The documented cases and
additional cases recommended by the RAP were incorporated to develop a constructability
framework for prestressed concrete (PC) and steel (S) girder bridges. Together with the first and
second tasks, the MDOT involvement warranted the success of this project and completion of the
fourth task, which was to identify common design and construction review scenarios that need
documented guidelines.

The PC beams are manufactured and produced under stringent quality control
requirements. The final decision regarding beams with deficiencies is at the Engineer’s discretion.
As a fulfilment of the third task, an excel spreadsheet (Quality Assurance Load Testing.xlsx) was
developed evaluate PC beam capacity against the stress limits defined in the AASHTO LRFD
(2017), identify the controlling flexural failure mode, and calculate the force magnitude required
for load testing using either a 3-point or 4-point loading configuration.

The fifth and sixth tasks were to identify the common constructability cases and develop
constructability review and design guidelines. Microsoft Excel spreadsheets with embedded VBA
codes and Mathcad analysis scripts for engineers were developed. Two constructability checklists
for inspectors and a post-construction review form were developed.

The Constructability Analysis Cases Form, a spreadsheet with embedded VBA codes, was
developed to identify the constructability cases based on the bridge type, bridge geometry, and the
construction type. The Constructability Required Level of Analysis (RLOA) Selection Tools, also
a spreadsheet with embedded VBA codes, was developed to identify the required level of analysis
(1D, 2D, or 3D) for evaluating the cases in the Constructability Analysis Cases Form. Eight
Mathcad scripts were developed and linked to the Constructability Required Level of Analysis
(RLOA) Selection Tools. These tools provide a platform to assure the constructability of a bridge
through a collective effort of the engineer, contractor, and inspector. The Mathcad scripts are
included in the appendices. All the digital copies of spreadsheets and Mathcad scripts were
submitted to MDOT as part of the project deliverables.
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6.2 IMPLEMENTATION RECOMMENDATIONS

MDOT Bridge Design Manual (BDM) Section 2.05 describes the bridge design quality assurance
and quality control (QA/QC) procedures employed by MDOT to ensure that the bridge design final
contract documents are prepared with no errors and omissions. The Structural Precast Concrete
QAI Manual describes the QA/QC process of precast concrete members. The tools and
recommendations developed in this project can be seamlessly integrated into these procedures to

achieve the QA/QC program objectives.

1) Employ the Quality Assurance Load Testing spreadsheet with data to check for PC beam
capacity against the stress limits defined in the AASHTO LRFD (2017), identify the critical
flexural failure mode, and (iii) calculate the force magnitude required for load testing using
either a 3-point or 4-point loading configuration. This spreadsheet can be integrated into PC
beam QA process for checking the failure mode and load capacity of PC beams with major

nonconformance.

2) As per BDM Section 2.05.03A., “the Designers, Checkers, and Reviewers are key personnel
providing well-designed, accurate, and constructible plans for use in the construction of
bridges.” The Designers, Checkers, and Reviewers can use the Constructability Analysis
Cases Form to identify analysis cases that need to be considered during PC I- and steel I-girder
bridge construction. These cases are listed under lifting, erection, deck placement and phased

construction. The design, checking, and review processes can be standardized using this form.

3) BDM Section 2.05.03C5 indicates that the Designers and Checkers face significant challenges
due to the complexity of the software programs used for bridge structural analysis and design.
Also, Checkers and Reviewers are challenged with the content and formats of submittals for
review. Such challenges can be managed by providing (i) direction on the Required Level of
Analysis (RLOA) and (ii) tools for independent verification of submitted calculations. The
Constructability Required Level of Analysis (RLOA) Selection Tools and Mathcad scripts
developed during this project will serve that purpose. Also, MDOT can expect bridge design
consultants to comply with the required level of analysis guidelines. For this purpose, MDOT

can provide access to the Constructability Required Level of Analysis (RLOA) Selection Tools.

4) According to BDM Section 2.05.03D6, Program Level Quality Assurance (PLQA) is
performed by the Bridge Design Supervising Engineer (BDSE). The objective of performing
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PLQA is “to promote consistency and uniformity between MDOT working units and between
MDOT in-house and consultant designers.” The Constructability Analysis Cases Form is such
a tool to promote consistency in constructability related calculations and organization of the

submittals.

5) Two constructability checklists were developed for inspectors. BDM Section 2.02.18 describes
the process for the final constructability review. These two lists can be linked to BDM Section
2.02.18 to ensure that items are addressed in the plans and adequate descriptions and associated
notes are provided. Also, MDOT Form 5616 Pre and Post Pour Inspection Checklist can be
updated using items in Constructability Checklist for Inspectors - Prestressed Concrete
Bridges provided in Appendix K. The checklist for prestressed concrete bridges can be linked
to the Wiki E-Construction Section 708. The checklist for steel I-girder bridges can be linked
to Wiki E-Construction Section 707. Additionally, checklist items related to structural stability

can be incorporated into the construction staging section of the Form 1960.

6) BDM Section 2.04.04 indicates the need for documenting project history. The Constructability
Checklist for Inspectors - Post-Construction Review form in Appendix K can be used to
document the errors/omissions in the plans, contractor change requests, and any
nonconformities with the approved construction plans. The compilation of such information
helps to convert tacit knowledge into explicit knowledge that can be used to enhance the
QA/QC program outcome.

The deliverables of this project can be implemented as describe below to identify and
evaluate (i) the capacity and failure mode of a beam with major nonconformance and (ii) potential
constructability cases as a result of the contractor-proposed means and methods and change

requests:

1) Employ the Quality Assurance Load Testing spreadsheet with data to identify the failure
mode of the beam with major nonconformance and to calculate the load magnitude required

to reach the design stress limits during load testing.

2) Employ the Constructability Analysis Cases Form with data to identify the potential
constructability cases that require analysis and development of design details. The output

of this form can evaluate the need for additional analysis and check if contractor submittals
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include necessary calculations for all the required analysis and design. The input data

required for this form is the bridge type, bridge geometry, and the construction type.

3) Employ the Required Level of Analysis (RLOA) Selection Tools to suggest the required level
of analysis (i.e., 1D, 2D, or 3D) for analyzing the cases from the Constructability Analysis
Cases Form output. This tool helps evaluate the models and tools used by the contractor in

representing the stress state of structural elements included in the analysis.

4) Employ the Required Level of Analysis (RLOA) Selection Tools to access structural analysis

tools for verifying the calculations given in contractor submittals.
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APPENDIX A:
ABBREVIATIONS



A
AASHTO
AISC
ASCE
ASD

ASP

B

BDS
BDSE
BDM

C
CALTRANS
CDL

CIP

CLL
ConnDOT
D

DOT

DC

DW

F

FDOT
FE

FEA
FHWA

INDOT

KDOT

LFD
LRFD

American Association of State Highway and Transportation Officials
American Institute of Steel Construction

American Society of Civil Engineers

Allowable Stress Design

Alternative Simplified Procedure

Bridge Design System
Bridge Design Supervising Engineer

Bridge Design Manual

California Department of Transportation
Construction Dead Loads

Cast-In-Place

Construction Live Loads

Connecticut Department of Transportation

Department of Transportation
Component Loads

Dead Load of Wearing Surfaces and Utilities
Florida Department of Transportation

Finite Element

Finite Element Analysis

Federal Highway Administration

Indiana Department of Transportation

Kansas Department of Transportation

Load Factor Design

Load and Resistance Factor Design



LRFR
LTB

M

MBE
MDOT
N
NCDOT
NCHRP
NHI
NJDOT
NLF
NSBA
NYSDOT
0]
ODOT
P

PC

PCI
PennDOT
PLQA
Q

QA

QAI
QAIQC

RAP
RLOA
R.O.W.

SCDOT
SDL
SDLF

Load and Resistance Factor Rating
Lateral Torsional Buckling

Manual for Bridge Evaluation

Michigan Department of Transportation

North Carolina Department of Transportation
National Cooperative Highway Research Program
National Highway Institute

New Jersey Department of Transportation

No Load Fit

National Steel Bridge Alliance

New York State Department of Transportation

Ohio Department of Transportation

Prestressed Concrete
Prestressed Concrete Institute
Pennsylvania Department of Transportation

Program Level Quality Assurance

Quality Assurance
Quality Assurance Inspector
Quality Assurance and Quality Control

Research Advisory Panel
Required Level of Analysis
Right of Way

South Carolina Department of Transportation
Steel Dead Load
Steel Dead Load Fit



SGLSL
SIP
SP

TAEG
TDL
TDLF
TXDOT
T&C

uboT
ut

VBA
VDOT

WS

Single Girder Line Straight Line
Stay-In-Place

Simplified Procedure

Torsional Analysis of Exterior Girders
Total Dead Load

Total Dead Load Fit

Texas Department of Transportation

Tension and/or Compression

Utah Department of Transportation

University of Texas

Visual Basic for Applications
Virginia Department of Transportation

Wind Loads



APPENDIX B:
CONSTRUCTABILITY CHECKLIST ITEMS



This appendix provides a brief description of constructability checklist items presented in
Table 2-1.

Access: Evaluates access conditions for the surroundings and public services
during and after construction.

Bases and Pavements: Evaluates various aspects of pavement and subbase
applications for roadways.

Constructability:  Evaluates appropriateness of existing site conditions to
proposed construction activities.

Construction Staging: Evaluates each step of construction sequence considering
various aspects.

Detours: Evaluates various aspects of alternative transportation paths to be used
during construction.

Drainage: Evaluates existing and proposed temporary or permanent drainage
structures in construction site and their related aspects.

Earthwork: Evaluates various aspects of earthwork activities (cut and fill),
material disposal and removal plans, and clearing and grubbing of trees.
Environmental: Evaluates the impact of the proposed construction plan to the
environment, evaluates and requests needed environmental permissions.

Erosion Control/Landscaping: Evaluates the need and implementation of erosion
control activities and landscape plans near the construction site.

Future Work/Maintenance: Evaluates various aspects of projects considering the
potential maintenance actions.

General/Incidentals: Evaluates various aspects of project. Check items under
these categories are generally either too broad or not appropriate for other
categories.

Guardrail: Evaluates various aspects of guardrail installations.

Maintenance of Traffic: Evaluates various aspects of maintaining traffic during
construction.

Pay Items: Evaluates the accuracy and the completeness of pay items in project
plans.

Plan Content: Evaluates accuracy and completeness of project plan content.

Railroad: Evaluates various aspects of railroad construction projects.



Reconstructability:  Evaluates various aspects of projects with respect to
implementation easiness in case of the same project is reconstructed in future.
Removal/Demolition: Evaluates construction site for the demolition, and the
impacts of the demolition to the surroundings.

Right of Way: Evaluates the agreement between proposed site and existing right
of way.

Roadway: Evaluates accuracy and completeness of roadway plans.

Schedule: Evaluates the proposed schedule of construction.
Signs/Signals/Electrical: Evaluates the need and implementation of signs, signals,
and temporary control devices during and after the construction.

Site Investigation: Evaluates the agreement between project plans and current site
conditions that may impact construction.

Sound Walls: Evaluates the need and implementation of sound walls.

Special Materials/Conditions: Evaluates the use of special materials and
technologies needed for the contract, as well as the existence of hazardous
materials.

Staffing: Evaluates the need for specialized personnel and the cost.

Structure Rehabilitation: Evaluates various aspects of structure rehabilitation
projects.

Structures: Evaluates the impact of bridges, culverts, walls, and their components
on construction activities.

Surveying: Evaluates needs and completeness of site surveys.

Utilities: Evaluates the need of utility management and coordination.

Vertical Construction: Evaluates various aspects of vertical construction projects.

Bridge and culvert projects are classified as horizontal construction.



APPENDIX C:
WIND LOAD CALCULATION



Calculation of Wind Loads during Construction

% roject:
CMDOT  cuan
Date:

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks

References
Primary reference(s)

AASHTO. (2017). Guide Specifications for Wind Loads on Bridges During Construction, 13 Edition, the
American Association of State Highway and Transportation Officials, Washington, D.C.

Assumptions and Limitations

[*] Assumptions and Limitations

[«] Assumptions and Limitations

Notes



Input Variables

[*] Input Variables
girder depth

girder spacing

height of the member from ground surface

Erection at Active Work Zone

Category D

select construction stage from the pull down menu

select ground surface roughness at the site

Wind Exposure Category := Ground Surface Roughness wind exposure categories are selected based on the ground surface
roughness, types of bridge strudures

=1-2 years

select girder section
Concrete |-Girders

|

select an estimated construction duuration (first six of
them considered in erected inactive work zone, lifting
and active work zone erection shall be selected
seperately from lasttwo option)

select a girder for wind pressure analysis during erection. For lifting

phase number of intended girder is 1.

- gust effect factor determined using a structure specified s udy, otherwise use 1.0

[«] Input Variables




Wind Pressure Coefficients

[*] Calculations

V:

20-mph if Construction_Stage =1 v Construction_Stage = 2

115-mph otherwise

R:= | 1.0 if Construction Duration =7 v Construction Duration = §
1.0 if Construction Duration = 6

0.65 if Construction Duration = 1

0.73 if Construction Duration =2

0.75 if Construction Duration =3

0.77 if Construction Duration =4

0.84 otherwise

Kz := ]0.71 if Wind_Exposure_Category =1 A Z < 33-ft
1 if Wind Exposure Category =2 A Z < 33-ft
1.15 if Wind Exposure Category =3 A Z < 33-ft

2
2.5:In _Z + 6.87
0.9834-ft

"Mistake" otherwise

AASHTO(2017) Figure 4.1.2.1

design for a 3-second gust wind speed as
determined. 20 mph is selected for an active zone.

AASHTO(2017) Table 4.2.1.1

wind speed reduction factor during construction

AASHTO(2017) Eqn. 4.2.1-2
AASHTO(2017) Eqn. 4.2.1-3
AASHTO(2017) Eqn. 4.2.1-4

wind pressure exposure and elevation
coefficient

if Wind Exposure Category =1 A Z > 33-ft

345.6
7 2
2.5 Inf —— | + 7.35
0.0984-ft . .
if Wind Exposure Category =2 A Z > 33-ft
478.4 - -
7 2
(2.5~1n(m) + 7.65)

. -1t

161 if Wind Exposure Category =3 A Z A 33-ft



Chbase = |22 if Girder_Type =1
2.0 if Girder Type =2
"Check for Other Types of Girders Sections in AASHTO" otherwise

Cp= |Cppage if Construction_Stage =1 v Girder_for Wind_Pressure_Analysis = 1
0 if Girder for Wind Pressure Analysis =2

S
0.5:Cp page if Girder_for_ Wind_Pressure_Analysis =3 A ; >3
S
0.25:Cp page if Girder_for_ Wind_Pressure_Analysis =3 A E <3
S
0.5:Cp page 1f Girder_for_ Wind_Pressure_Analysis =4 A E >3

S
0.25-Cp page If Girder_for Wind_Pressure_Analysis =4 A E <3

O'S'CD.base otherwise

V = 20-mph R=0.75 K, =1287 Cp=2

[«] Calculations

AASHTO(2017) Table 4.2.1.2

wind base drag coefficient

AASHTO(2017) Table 4.2.1.3

wind drag coefficient

Wind Pressure Acting on the Girder

2
P, = 2.56- 10 6.ksf.(l) -R2~KZ-G~CD~h = 7.415-plf lateral wind load
mph

W

2
— V )
pressure = 2-56:10 6-ksf~(—j R*KyGCpy = 1483psf  lateral wind pressure

mph



APPENDIX D:
TOP FLANGE BENDING STRESS ANALYSIS DURING LIFTING



Top Flange Bending Stress Analysis during Lifting

gt Project:
CMDOT - oo

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks

References
Primary reference(s)

FHWA. (2015). Engineering for Structural Stability in Bridge Construction, NHI Course Number 130102
Reference Number, the Federal Highway Administration, Washington, D.C.

[*] Supplemental Reference(s)

Stith, J. C. (2010a). Predicting the Behavior of Horizontally Curved I-Girders during Construction, Doctoral
Dissertation, Department of Civil, Architectural, and Environmental Engineering, the University of Texas at Austin,
Austin, Texas.

UT Lift. (2019). "UT Lift 1.3-a spreadsheet provided as a tool to an engineer when deciding the safety of lifting a
horizontally curved steel I-girder with one crane and two lift clamps."
<https://fsel.engr.utexas.edu/facilities/software/software>(Last accessed: Sept. 9,2019)

[«] Supplemental Reference(s)

Assumptions and Limitations

[*] Assumptions and Limitations

e Beam clamps grip the girder at each side of the top flange.
e Bending stress is distributed over an effective flange length. The corresponding region is analyzed as a cantilever
beam (FHWA 2015).

e The procedure provides a conservative estimation that aids for minimizing top flange distortion (FHWA 2015).

[«] Assumptions and Limitations

Notes



Input Variables

bg = 11.5-in top flange width
Cy = 3:in length of beam clamp along top flange

F v = 50-ksi specified minimum flange yield stress

k:= 1.44-in distance from outer face of op flange to web e fillet
: ; beam clamp force
R, = 28.4-kip Note: clamp forces are equal to half of the total weight if the distance between girder center of gravity and
lifting points is equal (Stith 2010a). Use (UT Lift 2019) o estimate clamp forces for other cases.
te == 0.74-in top flange thickness

Top Flange Bending Stresses

R
—“x
flb = 1.25 2— =19.314-ksi  flange local bending stres s factored for Strength Load Combinations FHWA (2015)
2
6

Check fyy := if(flb < Fyf,"OK" ,"ADD COVER PLATE") ="OK"



APPENDIX E:
STEEL I-GIRDER DIFFERENTIAL DEFLECTION ANALYSIS AT
THE END OF DECK PLACEMENT



Steel I-Girder Differential Deflection Analysis at the end of Deck Placement

gt Project:
CMDOT - oo

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks

References
Primary reference(s)

Fisher, S.T. (2006). Development of a Simplified Procedure to Predict Dead Load Deflections of Skewed and
Non-Skewed Steel Plate Girder Bridges, Master's Thesis, North Carolina State University, Raleigh, North Carolina.

[*] Supplemental Reference(s)

AASHTO. (2017). Guide Design Specifications for Bridge Temporary Works, 2@ Edition, the American Association
of State Highway and Transportation Officials, Washington, D.C.

MDOT. (2019). Bridge Design Manual, the Michigan Department of Transportation, Lansing, Michigan.

[«] Supplemental Reference(s)

Assumptions and Limitations

[*] Assumptions and Limitations

e Asimple-span bridge with a regular geometry (i.e., symmetry, constant girder spacing, constant deck width, uniform

cross-frame spacing, etc.).

Span length (L) <250 feet

Girder spacing (S) < 11.5 feet

Girder spacing to span ratio (S/L) <0.08

The difference between exterior to interior girder load ratios <%10.

[«] Assumptions and Limitations

Notes



Input Variables

[*] Bridge and Girder Geometry

cross-sectional area of girder - deck overhang width

major axis moment of inertia - girder spacing

distance from the s upportto the locaton along girder span at which the
deflection is calculated

[«] Bridge and Girder Geometry

span length

deck thickness

skew angle

[*] Material, Falsework, Formwork, and Equipment Data

- width of screed rail plaform - walkway width
_ steel elasticity modulus - overhang bracket spacing

[«] Material, Falsework, Formwork, and Equipment Data

[*] Component and Construction Loads

unit weight of concrete

construction live load

unit weight of steel

combined weight of overhang formwork and bracket

weight of stay-in-place (SIP) formwork

weight of walkway

[«] Component and Construction Loads

AASHTO (2017)

MDOT (2019)




Step 1: Interior Girder Deflection Analysis

[*] Step 1 Calculations

Ao int = Wo'tgS=1.125KIf  concrete load on a girder
ACLL int = WerL'S = 0-5-KIf  construction live load on a girder

qg = Wy Ag =0.395.kIf self-weight of a girder

ASIP int = Wsrp-S = 0.15-kIf SIP formwork load on a girder
qT int™= 9c_int * 4CLL int * 9g * 9SIP_jnt = 2-17KIf  total load on a girder

qT_int' X ( 3 2 3) . o o
in= m L  -2Lx +x ) =698in deflection of an interior girder at the point of interest
‘EL

4
5447 jnrL

A e —
in.max 384-E-1,

=6.98in  midspan deflection of an interior girder

[«] Step 1 Calculations

Step 2: Exterior Girder Deflection Analysis

[*] Step 2 Calculations

qc_ext = Wc'ts'(g + bovj = 0.9-kIf concrete load on the girder

S - .
qCLL_ext = WOLL (E + bov + bSr + bwa) = 0.517-kIf construction live load on the girder
dof = W, f'(bov + bSr + bwa) = 0.08-kIf combined load of overhang formwork and bracket on the girder

qSIP_ext = WSIP'g = 0.075-kIf  SIP formwork load on the girder

w. -b. - =0.03-kIf walkway load on the girder

Awa = “wa Owa

qT_ext = qc_ext + qCLL_ext + qg T dof + qSIP_ext T dwa = 1.996-kIf the total load on the girder



o= |0.0002 if S <8.2-ft

correction factor Fisher (2006)
1
0.0002 + 0.000305(8-? - 8.2) if 82:-ft<S<11.5-ft
t
AT ext . o e
ng = ="".100 =92.011 exterior-to-interior girder load ratio (%)
AT int

[«] Step 2 Calculations

A 9
Algy = {—m - (0.03a-d—)-(100 - nL)}(l - 0.1-tan(1.20))-in = 6.666-in  exterior girder deflection atthe b caion of
n eg

interested

Step 3: Differential Deflection between Girders

[*] Step 3 Calculations

b:= |-0.08 if § <0.05 =0.053 correction factor Fisher (2006)
L
S ) S
—-0.08 + 8 — —0.05] if 0.05<—<0.08
L L
S ) .
7= [10'(3 _ (1()4) + 0'02}.(2 _ 0~02'T]L) = 0.046 correction facior Fisher (2006)

[«] Step 3 Calculations

Ain 0 )(S
Agif = A— 3-b— | I —0.04 |-(1 + z) — 0.1-tan(1.2-:6) |-in = 0.009 in

in.max deg

differential deflection between the exterior girder and the adjacent interior girder. Positive
result indicates that the interior girder deflects more than the exterior girder.

-A
0 4= atan( d j = —0.004-deg overhang bracket rotation due to differential deflection
S

b
Adeck_d = (TSr +b Ovj'tan(e d) =—-0.003-in variation in deck profile due to differential deflection



APPENDIX F:
EXTERIOR STEEL I-GIRDER WEB OUT-OF-PLANE
DEFORMATION ANALYSIS



Exterior Steel I-Girder Web Out-of-Plane Deformation Analysis

gt Project:
CVMIDOT g

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks

References
Primary reference(s):

Inceefe, A. (2018). Maintaining Deck Profile in Steel I-Girder Bridges during Deck Placement, Master's Thesis,
Department of Civil and Construction Engineering, Western Michigan University, Kalamazoo, Michigan.

Assumptions and Limitations

[*] Assumptions and Limitations

e Exterior girder is designed as per the AASHTO LRFD Specifications and AASHTO/NSBA G 12.1 Guidelines.

Overhang bracket and exterior girder top flange are rigidly connected, and rotation of the bracket is equal to the

rotation of top flange.

The lateral load (P) at the bracket bearing point acts perpendicular to the web.

Girder web complies the theory of thin plates with small deformations and Kirchhoff hypotheses.

The representative analysis module of the girder is the web bounded by flanges and transverse stiffeners.

Boundary conditions provided by flanges and stiffeners are considered by the adjustment factors suggested by

Inceefe (2018).

e Spacing between two consecutive transverse stiffeners is small compared to the girder length, and the curvature of
the representative girder web is negligible.

[«] Assumptions and Limitations

Notes



Input Variables

deck overhang width

width of screed rail plaform
web depth

transverse stiffener spacing

steel elasticity modulus

bracket bearing point measured from top of the bottom flange

lateral load acting on the exterior girder web atbracket bearing
point. Use "Overhang Bracket Analysis.xmcd" to calculate the load.

web thickness

position of bracket along y-axis

Poisson's ratio of steel

Web out-of-plane Deformation

3
Ety,

Df = ————— = 1120.364-kip-in plate flexural rigidity

12(1 —vz)

10 10

n."T.yl

I .“[m'“'(D‘Hbr) »

w(x) = 44—P Z Z

T DfDdo m=1n=1 (

exterior girder web out-of-plane deformation along the web depth




ap = 103 if 0.55D<D - Hbr <0.6D =02 adjustment factors accounting for boundary conditions Inceefe (2018)
provided by flanges and stffeners

0.275 if 0.6D <D - Hy,. <0.7D

0.25 if 0.72D <D —Hy. <0.8D

0.2 if 0.8:D <D - Hy < 0.9D

0.125 if 0.9-D<D-Hy <D

Bye(X) = ozp-j—w(x)

X
Oe(0) = 0.026-deg overhang bracket rotation due to web out-of-plane deformation

b
Adeck_we = [7sr +b Ovj-tan(ewe(O)) =0.017in variation in deck profile due to web out-of-plane deformation



APPENDIX G:
OVERHANG BRACKET ANALYSIS FOR STEEL I-GIRDER
BRIDGES



Overhang Bracket Analysis for Steel I-Girder Bridges

= roject:
“M DOT ]g)hchZd by:

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks
References
The primary reference(s):

Inceefe, A.N. (2018). Maintaining Deck Profile in Steel I-Girder Bridges during Deck Placement, Master's Thesis,
Department of Civil and Construction Engineering, Western Michigan University, Kalamazoo, Michigan.

[*] Supplementary Reference(s)

AASHTO. (2017). Guide Design Specifications for Bridge Temporary Works, 2" Edition, the American
Association of State Highway and Transportation Officials, Washington, D.C.

FDOT. (2018). Structures Design Guidelines, the Florida Department of Transportation, Tallahassee, Florida.
MDOT. (2019). Bridge Design Manual, the Michigan Department of Transportation, Lansing, Michigan.

Meadow Burke. (2017). “Bridge Technical Manual™
<http://meadowburke.com/techmanuals/bridge.pdf> (Last accessed: June 9, 2018)

[«] Supplementary Reference(s)

Assumptions and Limitations

[*] Assumptions and Limitations

e Hanger rod, bracket diagonal and vertical legs are modeled as axially loaded members, whereas bracket beam is
modeled as a flexural element.

e The angle between hanger rod and bracket is 45 degrees.

e Exterior girder web and bracket beam interface is contact-free, thus, boundary condition is not defined at the
interface.

e Pinsupports are defined at the top flange tip and bracket bearing point.

e Loads are caculated using tributary area.Use the maximum bracket spacing (s,) if (S},) is non-uniform.

e (Conservatively, self-equilibrating component and construction loads on the interior side of the exterior girder are not

considered.
e Screed machine load per bracket (Pg;,) is calculated using the factors given in Meadow Burke (2017).

[«] Assumptions and Limitations




Notes

Input Variables

[*] Bridge and Girder Geometry

boy = 36:in deck overhang width
Ny =6 number of girders
t.:= 9-in  deck thickness

S

[«] Bridge and Girder Geometry

W= (Nb - 1)-s + 2:b, = 561t

bg, = 28.25-in  top flange width D:= 79.25in  web depth

A%\ = 10-ft girde spacing the = 1-in  fop flange thickness

bridge width

[+] Falsework, Formwork and Equipment Data

by = 3-ft

by, = 24-in walkway width

Sp = 50-in overhang bracket spacing

[«] Falsework, Formwork and Equipment Data

screed machine whee spadng b.. = 4-in

or width of screed rail plaform

ng, = 8  number of screed machine wheds

Hy, = 15.85-in bracket bearing point measured from the top of bottom flange

[*] Component and Construction Loads

W, = 150-pef weight of concrete
WSIP = 15psf
Wop = 15-psf

weight of stay-in-place (SIP) form

MDOT (2019)

combined weight of overhang formwork and bracket



Wyyq = 15-pst weight of walkway

Wy = S0-psf  construction live load

AASHTO (2017)

Ptsm = | 7-kip if 26-ft < W < 32-ft total weight of screed machine, where W is the screed FDOT (2018)

Ikip if 32-ft< W< sef achine widih

13-kip if 56-ft < W < 80-ft

16-kip if 80-ft <W < 120-ft

Sh factor for the maximum screed machine load per bradket Meadow Burke (2017)
f.o=]1 if — <1
sm
bsm

S
1.25 if 1 <—b <15

sm

b
15 if 1.5<—— <25

sSm

1.75 otherwise

[«] Component and Construction Loads

Bracket Analysis

[*] Analysis Calculations

Pc = Wc'ts'bov'sb =1.41-kip concrete load per bracket

PorL = WCLL-(b ov T bgr T by a)'sb =1.11-kip construction live load per bracket

Pop = Wop (b ov T byt by a)'sb =0233kip  combined overhang formwork and bracket load per bracket

Pa = Wypabyasp = 0.13-kip walkway load per bracket
Ptsm
Pom = fym = 2.03-kip screed machine load per bracket
Ny
Peboy (PCLL + Pof)'(bov + b + bwa) by bwa
> + > + Py > +boy | + Py BN + by + byy
RA_X =

by,

TC + D+ tg, - Hy, horizontal reaction at he top flange

[«] Analysis Calculations




Ry = 1.98kip horizontal reaction at the top flange

RB_x =R,  =-198kip horizontal reaction at the bradket bearingpoint
R Ay= R A x= 1.98 kip vertical reaction at the top flange

Rpg =P, +Porp +Pyp + Pyy + Py — RA_y =3.03kip Vvertical reaction at the bracket bearing point

_Y



APPENDIX H:
GLOBAL LATERAL TORSIONAL BUCKLING ANALYSIS OF I-
GIRDER ASSEMBLIES



Global Lateral Torsional Buckling Analysis of I-Girder Assemblies

gt Project:
CMDOT - oo

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary ~ Input Variables  References  Results & Design Checks

References
Primary reference(s)

AASHTO. (2017). LRED Bridge Design Specifications, Customary U.S. Units, 8 Edition, the American Association
of State Highway and Transportation Officials, Washington, D.C.

[*] Supplemental Reference(s)

Yura, J., Helwig, T., Herman, R., and Zhou, C. (2008). "Global Lateral Buckling of I-Shaped Girder Systems." J.
Struct. Eng., 134 (9), pp. 1487-1494.

[«] Supplemental Reference(s)

Assumptions and Limitations

[*] Assumptions and Limitations

The procedure applies to straight steel I-girder assemblies with three or fewer girders.

The assembly is not braced by other structural units and/or by external bracings within the span.
Flange level lateral bracings are not provided.

Girder flanges are not restrained by a hardened concrete deck.

Girder section shall be remained the same along the span.

[«] Assumptions and Limitations

Notes



Input Variables

[*] Girder Section Properties

b o= 13in top flange width b = 13in bottom flange width

te = 0.75in top flange thickness te = 0.75in bottom flange thickness

D := 62in web height tw = %in web thickness

L := 39.94ft length of the span under consideration Wg = 388.5in distance between the exterior girders

Cbs = 1.1 system moment gradient modifier for the assembly. AASHTO (2017) Article 6.10.3.4.2

1.1 for simply-supported spans, 2.0 for continuous spans.
M, := 30000ft-kip

E := 29000-ksi steel elasticity modulus

e L D
be'th. tft + D+ 7 + bft'tft'? + D'tw' tft + ?

sum of the largest total factored girder moments within the span

girder center of gravity meas ured from
bottom fiber

=3 l609.45~in4

moment of inertia about the horizontal
centroidal axis ofa single girder

= 275.89~in4

effective moment of inertia about the
vertical centroidal axis of a single girder

Yo = =31.75in
bportfe + bt + Dty
3 3 2
I twD +2 bfc.tfc + t D + lfe if b b t t
= . . o — _— 1 - A -
X 12 12 fc e 5 5 fc ft e T Mt
_ 3 3 7
tyD D 2 bfc'tfc .
2 + tW.D. yO — tft + ? + 2 if be * bft \ th * tft
2
e
+bfc'tfc' tft + D+ 7 — yO
3 2
+ —bft.tft + bg-t E
AT fttt| |Yo ) |
3 3 3
I D-ty, N tiebfe N ty b i b b ‘ ¢
= 1 = A =
eff 12 12 fc ft e T Mt
3 3
trebe |0l tbg
. if be * bft Vv th * tft
12 |th+ D+t —yp| 12

[+] Girder Section Properties




Step 1: Global LTB Analysis

[*] Step 1: Calculations

2
™ W, E
g . . .
M = Cp.-——=— [T o1 =131037.38 ft-kip the elastic global lateral-torsional AASHTO (2017) Eq. 6.10.3.4.2-1
\/ ff p
&8 bs L2 e buckling resistance of the girder assembly

[«] Step 1: Calculations

Check M := if (Mu <0.7M,¢,"OK" ,"Not OK") ="QK" the factored moment chedk with global buckling resistance
& moment
If M, > 0.7Mq the following alternatives can be considered, AASHTO (2017) Article 6.10.3.4.2
adding flange level lateral bracings adjacent to the span supports. AASHTO (2017) Article 6.7.5.2

revising girder section to increase systen stiffness.
amplifying second-order dis placements of the span during deck placement may be evaluated to verify that they are within
tolerances permitted by the Owner.



APPENDIX I:
PC I-GIRDER LIFTING ANALYSIS



Lifting Analysis of PC I-Girders

gt Project:
CMDOT - oo

Legend: The following formats and color coding are used to identify commentary, input variables, references,
and results and design checks presented in this document.

Commentary  Input Variables  References  Results & Design Checks

References
Primary reference(s):

PCI. (2016). Recommended Practice for Lateral Stability of Precast, Prestressed Concrete Bridge Girders, 1%
Edition, the Precast/Prestressed Concrete Institute, Chicago, Illinois.

[*] Supplemental Reference(s)

AASHTO. (2017). LRFD Bridge Design Specifications,Customary U.S. Units, 8 Edition, the American Association
of State Highway and Transportation Officials, Washington, D.C.

Mast, R.F. (1989). "Lateral Stability of Long Prestressed Concrete Beams - Part 1", The Precast/Prestressed Concrete
Institute, PCI Journal, V.34, No.1, 34-53, Chicago, IL.

Mast, R.F. (1993). "Lateral Stability of Long Prestressed Concrete Beams - Part 2", The Precast/Prestressed Concrete
Institute, PCI Journal, V.38, No.1, 70-88, Chicago, IL.

Imper, R. and Laszlo, G. (1987). "Handling and Shipping of Long Span Bridge Beams", The Precast/Prestressed
Concrete Institute, PCI Journal, V.32, No.6, 86-101, Chicago, IL.

MDOT. (2019). Bridge Design Guides, the Michigan Department of Transportation, Lansing, Michigan.

MDOT. (2012). Standard Specifications for Construction, the Michigan Department of Transportation, Lansing,
Michigan

[«] Supplemental Reference(s)

Assumptions and Limitations

[*] Assumptions and Limitations

e Equations use small deflection theory.

e (irders are lifted with two lifting devices.

e Lifting analysis is performed for symmetrical lifting configuration, i.e. equal distances from girder ends to lifting

ints.

o I()Ic;lculations assume that girder sweep (e;) occurs due to form misalignment, not due to eccentric prestressing.

e Effect of vertical wind uplift pressure is neglected.

o Factor of safety against cracking (FS,,) > 1.0. Factor of safety against failure (FSp > 1.5. FS; =FS,, if FS; <FS,
(Mast 1993).

[«] Assumptions and Limitations




Notes

Input Variables

[*] Girder Geometry

SectionData := SectionType := select the section type

Sectionﬁble.xlsx |E|T 66 x 49| v

The area belowis needed for extracting geometrical properties of the selected section type. Do not attempt to expand this area
since Mathcad does not allow expanding/collapsing of external and internal areas independently.

[l
: . : ; . oy girder sweep atmidspan. Tipe 0 if
NLw'= 100ft girde length A= 25in  midspan camber e == 0in unkmown.
e O if e # 0-in =0.03 the sweep tolerance is used if e; is unknown MDOT (2012) Table 708-1
L 11
—_——— in| if ¢; =0-in
10-ft 4 2
[«] Girder Geometry
[*] Girder Section Properties
A=11183 in2 cross-sectional area of the girder h=66in  girde depth bp, =49in  fop flange width
b f= 401in bottom flange width Yp = 32.91in distance from girder centroid to the extreme bottom fiber
Vi = 33.1in distance from girder centroid to the extreme top fiber IX = 680229 in4 major axis moment of inertia

Lifting Analysis of PC I-Girders

A-36



[y = 104063.6 in4 minor axis moment of inertia Syt = 20550.73 in3 major axis section modulus for top fiber

st =20675.65 in3 major axis section modulus for bottom fiber S vt = 4247 .49 in3 minor axis section modulus for top fiber

Syb =5203.18 in3 minor axis section modulus for bottom fiber

[«] Girder Section Properties

[*] Material Properties

f = Sksi concrete compressive strength W, = 0.145. kip unit weight of concrete Wo = 0.12klf  girder weight
ft3
Ky =1 correction Jactor for the s ource of aggregate AASHTO (2017) Article 5.4.2.4
W 2 N 0.33
E, = (120000-ksi)-K; ¢ (—CJ =4291.19 ksi concrete modulus of elastcty AASHTO (2017) Eq. 5.4.2.4-1
kip ksi
ﬁ3
fci = 0'65fc =325ksi  allowable concrete compressive stress AASHTO (2017) Article 5.9.2.3.1a
fi; = —0.24- [T ksi = —0.54 ksi allowable concrete tensile s tress AASHTO (2017) Table 5.9.2.3.1b-1
fr = fti = —0.54 ksi concrete modulus of rupture AASHTO (2017) Article 5.4.2.6
[«] Material Properties
[+] Lifting Parameters
0);f = 90deg lift angle from horizontal. Take 90 deg for vertical lifting. The minimum O MDOT (2019) Section 6.65.14B
shall be 60 deg.
Wpressure := Opsf lateral wind pressure. Use "Calculation of Wind Loads.xmcd" to estimate the value.
Wevind = Wpressure'h = 0-plf lateral wind force per unit length
Lpick = 3ft distance from girder ends to lifiing points

Yjif; = Oin length of lifiing device rigid extension measured from top of the top flange. Use 0 in. for lifiing loops.

€conn = 0-25in liffing loop placement tolerance with respect to the girder centerline. Use (.25 in. if unknown. PCI (2016)

[«] Lifting Parameters




[*] Prestressing Properties

Ns =20 number of strands at midspan
Eps.mid = 30in eccentricity of prestressing force with respect to the girder centroid at midspan
fpu .= 270ksi ultimate tensile strength of prestressing strands
fpi = 0'70'f‘pu = 189ksi  prestressing steel stress immediately after transfer AASHTO (2017) C5.9.3.2.3a
Aps =021 7in2 areaofone strand db = 0.6in diameter of one strand
Ep s = 28500-ksi elasticity modulus of prestressing strands
£ 2 2
) pi'Ns'Aps fpi'Ns'Aps' (eps.mid) Wg'L '(eps.mid) . concrete stress at the center of gravity of strands
cgp A + 1 - 81 = 1.74ksi due to all apllied loads
X X
Eps

F = . N - —4—.f . N, | = 770.06-kip effective press tressing force after AASHTO (2017) Eq. 5.9.3.2.3a-1

© fpl Aps s E. °ep Aps s elastic shortening loss is included

Girder Strand Pattern :=

: . . hoose the girder strand patt des i
Straight Strands without Debundmgﬂ CHOORCTIC STET STACPAternas per aagh

L debonded = 34.5ft distance to end of all debonding from girder end if strands are debonded

The area blowis needed to determine the critical moment location. Do not attempt to expand this area since Mathcad does not
allow expanding/collapsing of external and internal areas indep endently.

D

X = 3-ft critical moment location along the girder

[«] Prestressing Properties

Step 1: Girder Eccentricities

[*] Step 1 Calculations

ﬁz-Ec-Iy
Pcr = —————= =3463.84kip critical Euler buckling load about minor axis
2
(L - 2~Lpick)
Py = Wg.% tan(90~deg - 911 ft) = 0kip horizontal component of the lifiing force



= =1 lateral deflection modifier for P-A effect
mod Py

) 2
L- Lpick 1 - .
Re = f - ; =0.55 eccentricity reduction factor Mast (1993)
€ total = (ei'Re + econn)'emo d=094in eccentricity due to initial sweep, lifting loop placement tolerance,and lifting angle
¥y = (h - Yy~ Rg: A) + ¥)if = 31.72in distance to girder center of gravity measured from the roll center for the girder
seated on bearings
Voo 1= h + ¥)ifg — Rg"A =31.62in distance to girder midheight meas ured firom the roll center for the girder seated on
Vo2 © bearings
Wwind ®mod | 1 5 2 3 . . fiod cirder d
Zyind = ———— —~(L _ 2Lpick) _ Lpick -(L _ 2Lpick) ...| =0-in eccentricity of the lified girder due Mast (1989)
12- Ec'ly' L |10 to lateral wind deflection
4 6 5
+ 3'Lpick '(L - 2Lpick) + E'Lpick
W,
. g®mod | 1 5 2 3 .
0= DL E-(L - 2Lpick) = Lpick -(L - 2Lpick) ..|=027in Mast (1989)
¢y 4 6 5 lateral deflection of the girder seated on bearings due to
+ 3'Lpick ‘(L - 2Lpick) + E'LpiCk girder weight acting in the weak axis direction
W . .y
e . 4= M =0-in lateral eccentricity due to wind
wind
Wg load

[«] Step 1 Calculations

Step 2: Girder Stresses

[*] Step 2 Calculations

Wg-L Wg(Xz)
M g= T . (X - Lpick) - 5 =—0.52-kip-ft major axis moment due to self-weight at harping point
Wi - L Wi X2
Myind = %(X - Lpick) - % = 0-kip-ft minor axis moment due to wind load at harping point

1 Spsmid| Mg  Mying 1Y
fri= For| = = 9o |+ =2 + —50 4P| — + = | = 044 ksi
: A S S S

stress in extreme top fiber at harping point for
xt vt A Sy

wind from right



2
_|[E 2 heiek)(L-2xV
Ch.pick = L B L -

Ci.total ~ Zwind T €wind

Yr= 70

0 =0.03-rad

eq.wr =

®h.wr = Cconn ®mod * (ei'Re'emod - Zwind)'eh.pick =0.25in

M, + Py-zn)-0 P, -e
h'Z0 . h¢h.
o fwr = fowr * M, Joeqmn + M 1.81ksi
Syb Syb
M, + Py-zn)-0 P, -e
h'Z0 . h¢h.
£ fowr = fowr Mg . Joeqmn -5 M _0.44ksi
yt yt
€i.total ¥ Zwind ~ ®wind
eeq.Wl - = M = 0.03-rad

Yr= 20

®h.wl = Cconn ®mod * (ei'Re'emod + Zwind)'eh.pick =0.25in

M, + P-zn)-0 P.-e
h20)Oeqwl  Ph-Chwl
fiy fowl = fb.w1+( . Joeq + M 1.81ksi
Syb Syb
M, + Py-zn)-0 P.-e
) ( g 'h 0) eq.wl h™*h.wl .
£ fwl = fowl — . - - Ok
yt yt

[«] Step 2 Calculations

stress in extreme top fiber at harping point for
wind from left

stress in extreme bottom fiber at harping point
for wind from right

stress in extreme bottom fiber at harping point
for wind from left

lateral eccentricity of the horizontal component of the tension force
from the roll axis to the harping point

girder rotation at equilibrium _for wind from right

eccentricity of lateral deflection for wind from right

stress in extreme bottom fiber at harping point including
rotational effects for wind from right

stress in extreme top fiber at harping point including
rotational effects for wind from right

girder rotation at equilibrium for wind from left

eccentricity of lateral deflection for wind from lefi

stress in extreme bottom fiber at harping point including
rotational effects for wind from left

stress in extreme top fiber at harping point including
rotational effects for wind from left

Check fi, = if (max(fy, fyyps By 1) < fjs "OK", "Not OK" ) = "OK"

Check_f} := if(min(ft'f.wr, f

t-f-Wl) 2 fi;,"OK" , "Not OK") = "OK"

extreme bottom fiber (compression) stress check

extreme top fiber (tension) stress check



Step 3: Factor of Safety Against Cracking

[*] Step 3 Calculations

Mlat.wr = (ft.wr - fr) S gt~ Ph'eh.wr = 35.68-kip-ft lateral moment to cause cracking for wind from right

Mlat.wl = (ft.wl - fr) S gt~ Ph'eh.wl = 35.68-kip-ft lateral moment to cause cracking for wind from leff

M

0 wr & = 68.07-rad rotation at cracking due to laterdl deflection for wind from right
VT M| + Pz

g

Miatwi . : : ,
Ocrwl= T =68.07rad rotation at cracking due to laterdl deflection for wind from left

e [Mg| + Pp-zg
g
yr'(ecr.wr) . . . s .
FS = =110.66 factor of safety against cracking for wind from right Mast (1993)
cr.wr -0 —Zgind+ iy + €
20"Y%r.wr ~ Zwind * ®wind T ®i.total
yr'(ecr.wl) : . . o
FSopwl= =110.66 factor of safety against cracking for wind from left Mast (1993)
20" Ocr.wl * Zwind ~ Cwind * Si.total
[«] Step 3 Calculations
FS.; = ["Crack Check is Not Applicable”" if My, o <0V My (<0 =110.66
min(F Scr.wr ,F Scr.wl) otherwise
minimum factor of safety against cracking. Note: if the tensile (top fiber) stress exceads
the allowable limit, F'S,,.is not applicable.

Check FS_.:= |"OK" if FS . >1.0 ="OK" factor of safety check against cracking. Read the above note

related to FS,,.check.
"Not OK" if FS . < 1.0

Step 4: Factor of Safety Against Failure

[*] Step 4 Calculations

ewr = 0.4-rad  asuumed maximum girder rotation during liffing

Given

yr'(ewr) : o
FS 0. )= factor of safety against failure for wind Mast (1993)
f.wr( wr) [ZO'(ewr) ~Zwind * ewind]'[1 + 2'5'(ewr)] t Citotal fromright

0-rad < ewr < 0.4-rad  allowable limit of girder rotation angle



0 = Maximize(FS fwr ewr) =0.4-rad rotationangle for maximum factor of safety for wind from right

max.ult.wr -

Ci.total ~ “wind * ®wind . . .
O max ult.wr.check = j 257, =1.17-rad  rotationangle for windfrom right

¥r (emax.ult.wr) , , L
FS e = =10.98 factor of safety against failure for wind

I:ZO'(emax.ult.wr) ~Zwind * ewind:l'[l + 2'5'(6max.ult.wr)] * % total from right

Given

0, = 0.4rad a random value defined to support functioning of the following equation

yr'(ewl) ) ) o
FS 0. 4):= factor of safety against failure for wind Mast (1993)
%) [20°(Ow1) + Zwind ~ ewind] [ 1 + 25 (Owi)] + itotat  from lef

0-rad < 0 <0.4-rad  rotation angle range

D) MaXimize(FSf.wl’ ewl) =0.4-rad rotationangle for maximum factor of safety jor wind from left

max.ult.wl =
Ci.total * “wind ~ ®wind . o ,
O max. ult. wl.check = j 257, =1.17rad rotation angle check for wind from left
yr (9
FSeomli= ! ( max.ult.wl) =10.98 j%lctor of safety against failure for wind
[20"(Bmax.ult.wl) + Zwind ~ Ewind| {1 * 25 ((max.utt.wi)] * Si.cotal from lef

[«] Step 4 Calculations

FSfmod = min(Fscr.er’Fscr.wl) if min(FSf.wr’FSf.wl) < min(Fscr.wr’FScr.wl) modified FSy if required Mast (1993)
min(FSf.Wr, F Sf.wl) if FS_. = "Crack Check is Not Applicable"
min(FSf_Wr,FSf_Wl) otherwise

Check FSg:= if(Fsﬂ mod = 1.5,"OK" ,"Not OK") ="OK" factor of safety check against failure



APPENDIX J:
PC I-GIRDER ERECTION ANALYSIS



Erection Analysis of PC I-Girders
roject:

®MDOT oo

Legend: The following formats and color coding are used to identify commentary, input variables,
references, and results and design checks presented in this document.

Commentary  Input Variables  References  Results & Design Checks
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18t Edition, the Precast/Prestressed Concrete Institute, Chicago, Illinois.

[*] Supplemental Reference(s)

AASHTO. (2017). LRFD Bridge Design Specifications, Customary U.S. Units, 8 Edition, the American
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NCHRP. (2008). Rotation Limits for Elastomeric Bearings Appendixes, NCHRP Report 596, the National
Cooperative Highway Research Program, Washington, D.C.

Mast, R.F. (1989). "Lateral Stability of Long Prestressed Concrete Beams - Part 1", The Precast/Prestressed
Concrete Institute, PCI Journal, V.34, No.1, 34-53, Chicago, IL.

Mast, R.F. (1993). "Lateral Stability of Long Prestressed Concrete Beams - Part 2", The Precast/Prestressed
Concrete Institute, PCI Journal, V.38, No.1, 70-88, Chicago, IL.

Imper, R. and Laszlo, G. (1987). "Handling and Shipping of Long Span Bridge Beams", The Precast/Prestressed
Concrete Institute, PCI Journal, V.32, No.6, 86-101, Chicago, IL.

Yeoh, O. H. (1993). "Some forms of the strain energy function for rubber", Rubber Chemistry and Technology
Journal, November, Vol. 66, No. 5, 754-771, Akron, Ohio.

MDOT. (2019). Bridge Design Guides, The Michigan Department of Transportation, Lansing, Michigan.

MDOT. (2012). Standard Specifications for Construction, The Michigan Department of Transportation, Lansing,
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Assumptions and Limitations

Equations use small deflection theory.

Wind pressure on a single girder is considered during active construction.

Wind pressure on multiple girders is considered during inactive construction.

Effect of vertical wind uplift pressure is neglected during active construction (Single girder seating)(PCI 2016).
The drag coefficient of 0.3 is used to calculate uplift pressure during extreme wind effects (PCI 2016).
Calculations assume that girder sweep (e;) occurs due to form misalignment, not due to eccentric prestressing.

e Factor of safety against cracking (FS,) = 1.0. Facto of safety against failure (FSg) = 1.5. FS;=FS, if FS; <
FS,, (Mast 1993).

Notes

Input Variables

[*] Girder Geometry

SectionData := SectionType := select the girder

Sectiongle.xst IEIT 54 % 61w

The area blowis needed for extracting geometrical properties of the selected girder cross-section. Do not attempt to expand
this area s mce Mathcad does not allow expanding/collapsing of external and internal areas independently.

[l
L2
MV

= 100-ft girder length b = 0.75-in bottom flange chamfer

chamfer *



Dgirders = 6 number of girders in the span e; := 0-in girder sweep atmidspan. Type 0 if unknown.

A = 2.5in midspan camber when the girder is seated on bearings

Fa O if ¢ # 0-in =0.03 the sweep tolerance is used if e; is unknown MDOT (2012) Table 708-1

L 11
—_——— in| if ¢; =0-in
10-ft 4 2

€ total = 1-in + ¢; = 2.25in assumed lateral deflection of girder (1in. plus full s weep tolerance)

[«] Girder Geometry

[*] Girder Section Properties

A=1076.4 in2 cross-sectional area of the girder h =54in girder depth be. =61in  top flange width
fc

b f= 401in bottom flange width Yp = 28.21in distance firom girder centroid to the extreme bottom fiber

y; = 25.8in distance firom girder centroid to the extreme top fiber I, = 443668 in4 major axis moment of inertia

[y = 143899 .8 in4 minor axis moment of inertia S 17196.43 in3 major axis section modulus for top fiber

xt =

be =15732.91 in3 major axis section modulus for bottom fiber S vt = 4718.03 in3 minor axis section modulus for top fiber

Syb =7194.99 in3 minor axis section modulus for bottom fiber

[«] Girder Section Properties

[*] Material Properties

f‘c = 8-ksi concrete compressive strength

Ky=1 correction factor for the s ource of aggregate AASHTO (2017) Article 5.4.2.4
. . kip Lo
Wg =1.11klf girde weight W, = 0.145-—=  unit weight of concrete
i
W 2 N 0.33
Ec = (120000~ksi)~K1 c (_CJ =5011.14 ksi concrete modulus of elasticity AASHTO (2017) Eq. 5.4.2.4-1
kip ksi
ft3



fo;:=0.65f, =5.2ksi allowable concrete compressive stress

f; = —0.24- [T -ksi = —0.68 ksi allowable concree tensile s tress
concrete modulus of rupture

f:= f; = 0.68ksi

[«] Material Properties

AASHTO (2017) Article 5.9.2.3.1a

AASHTO (2017) Table 5.9.2.3.1b-1

AASHTO (2017) Article 5.4.2.6

[*] Wind Loads

W, .. = 2.65psf lateral wind pressure acting on a single unbraced girder seated on bearings. Use "Calculation

active . . .
of Wind Loads.xmed" to calculate the wind pressure for active construction.

Winds = Wactive'h = 11.93-plf lateral force due to wind acting on a single girder

W. .= 46.46-psf lateral wind pressure acting on multiple girders (girder assembly) seated on bearings. Use
1active . , : . . :

"Calculation of Wind Loads.xmed" to calculate wind pressure for inactive construction.
Waind.m = Winactive' n = 209.07-plf lateral force due towind acting on the girder assembly

= 50-plf vertical (uplif) force due to wind

Wwind.up.m *

Ngirders + |

Wwind.global.m = Wwind.m’ =0.73klf

[«] Wind Loads

total wind load resisted by the assembly (full wind on windward
girder and half wind on sheltered beams).

[*] Bearing Pad Properties

dbrg = 10-in distance firom qzd of girder to Wbrg = 20-in
center of bearing
: number of interior elastomer Ly = 12:in
=6 layers in a bearing =
h_.:= 0.5-in thickness of an interior hi. . = 3.844-in
11 brg
elastomer layers
Kbp = 450-ksi elastomer bulk modulus
Gbp := 127.5psi elastomer shear modulus (it may be taken as E 4, m0/3)
O = 0.35 elastomer creep coefficient

S, - Wbrg'Lbrg
brg -~
£ 2'hri'(wbrg + Lbrg)

=75 bearing shape factor

length of bearing pad parallel to axis of rotation

length of bearing pad perpendicular to the axis of
rotation

total bearing height

Yeoh (1993)

NCHRP-596 (2008)

NCHRP-596 (2008)



3

Lbrg' Wbrg .4 . L . . .

Ibrg = —2 "2 _8000in bearing moment of inertia about its major axis NCHRP-596 (2008)
12
G .

= Sbr . 3~ﬂ =0.22 bearing compress ibility index NCHRP-596 (2008)

g K},

P
A =1 dimensionless constant for bearing rotationdl stiffness calculation (use NCHRP-596 (2008) Appendix E
4/3 for infinite strip bearing)
B, = (0.24 - 0.024-)) ... =0.86 NCHRP-596 (2008) Appendix F
Wbrg
- 0.64- L dimensionless constant for bearing rotational stiffiess calculation
+(1.15 - 0.89-N) 1 —¢ '8
3'Gbp' Ibrg 2

K.:= 2—(Ar + B, Sbr ) =74725.21-in'kip  bearing rotational stiffiiess NCHRP-596 (2008) Appendix F

ihy (1 + 0Lcr) &
€ppg = 0.5in bearing tolerance from center of girder to center of support for a single girder or the girder assembly.

J Use 0.5 in. if unknown.
Ogeqt = 0.005 E maximum slope angle of transverse seating tolerance beetween NCHRP-596 (2008) Appendix F
girder and bearings

[«] Bearing Pad Properties

[*] Prestressing Properties

Ns =30 number of strands at midspan

epg mid = 24.133-in eccentricity of prestressing force with respect to the girder centroid at midspan

fpu .= 270ksi ultimate tensile strength of prestressing strands

fpi = 0'70'fpu = 189 ksi prestressing steel stress immediately after transfer AASHTO (2017) Table 5.9.2.2-1
db = 0.6in diameter of one strand Aps =021 7in2 areaofone strand

Eps == 28500-ksi elasticity modulus of prestressing strands

_ FpiNsAps . fpi'NS'APS'(epg-mid)z Wg'Lz'(epg-mid)
TA I -

c = 1.85-ksi concrete stress at the center of gravity
&P X 8-Iy of strands due to all apllied loads
E
ps . . . .
F =f. N - —=—.f . ‘N, = 1161.86 kip Effective prestressing force after elastic AASHTO (2017) Eq.
¢ fpl Aps s E. cep Aps s shortening loss is included 5.9.3.2.3a-1



Girder_Strand_Pattern := choose the girder strand pattern as per design
|Straight Strands with Debonding ﬂ

Ljebonded == 15ft distance to end of " all debonding from girder end if strands are debonded

The area blowis needed to determine the critical moment location. Do not attempt to expand this area since Mathcad does not
allow expanding/collapsing of external and internal areas indep endently.

D

X = 18-t critical moment location along the girder

[«] Prestressing Properties

Eccentricities and Moments on Seated Girders

[*] Step 1 Calculations

h
Yseat = _brg =1.92in height from roll center to girder seat
ageat = dpr g™ 10in distance firom girder end to bearing center
L —2-ageh¢ ? 1
offsetgoq = f - g =0.63 eccentricity reduction factor for girders seated on bearings Mast (1993)
€seat = Citotal OffSetgoqt = 14310 eccentricity of lateral deflection (sweep) and tolerance at the time girder is

seated on bearings

Yp = Yeeat ¥ Yp + Offsetseat' A =2.64-t distance to girder center of gr avity measured from the roll center for the girder
seated on bearings

Ymid = Yseat h + offseto, - A = 2.54-ft distance to girder midheight measured from the roll center for the girder
2 seated on bearings

w
3 g 1 5 2 3 4 6 5| .
20 = 12E 1L |:E(L - 2a‘seat) ~ Aeat '(L - 2aseat) + 3ageat '(L - 2aseat) + g'aseat} =2.04in

lateral deflection of the girder seated on bearings due to girder weight acting in the weak
axis direction

A Single Seated Girder:

z - —winds [—1 (L-2a )5 a 2(L 2a )3+3a 4(L 2a )+6a 5} 0.02in

wind.s -~ ’ \~ 7 “9seat) T 9dseat | T “Yseat “dseat \M T “9seat) T L dseat | T V-
12E 1L |10 5

eccentricity of the girder seatad on bearings due to lateral wind deflection

—— =774.32 ft-kip moment about the major axis of the girder due to gravity load



2

Wi -L Wi X
Myinds = %dS(X - aseat) - % = 8.3-kip-ft moment about the weak axis of the girder due to wind
Mg s = L'Wyind s Ymid = 3-03 ft-kip overturning moment on the girder due towind. If bracing is needed see step A.4

' ' for the overturning moment resisted by bracing for a girder on bearings

Multiple Seated Girders:

—Wwind.m ! (L 2a )5 a 2(L 2a )3+3a 4(L 2a )+6a > 0.38in
Zwind.m = 170\ 7 “%seat) T “seat '\~ T ““seat “dseat '\~ T “9seat) T < ¥seat | T

12-EC~Iy-L 10 5

eccentricity due to lateral wind deflection on the girder assembly seated on bearings
Wg-L WgX2
Mg m= T(X - aseat) - T = 774.32 ft-kip moment on a girder in the assembly due to gravity load
2
Wwind.up.m'L Wywind.up.m X _
Myindupm =", (X~ age() - ————— = 34.82fckip
uplift moment on a girder inthe ass embly due to wind
2
Wi -L W X
Mwind m= m(X - aseat) - wind.m = 145.58 kip-ft lateral moment an a girder in the assanbly due to
' 2 wind

Mot m = L' Wyvind.m Ymid = 53-15 ftkip overturning moment on a girder inthe ass embly due to wind

[«] Step 1 Calculations

A. Stress and Factor of Safety Checks for A Single Girder Seating

A.1 Girder Stress Check

[*] Step A.1 Calculations

e : M M
fi = Fgo 1 _ “pgmid L wind.s =—0.03 ksi girder extreme top fiber stress
) A Skt St Syt
S ; M M :
fy = For 1 + pg.mid &S + wind:s =2.28ksi girder extreme bottom fiber stress
A Sxb Sxb Syb



_ KyOgeat + Wg'L'(Zwind.s + eseat) + Mots

Beqs = — =0.01-rad vertical girder rotation at equilibrium
4 K, - WgL-(yr + ZO)
Mg.s'eeq.s . . I

fors=Tpst =2.3ksi stress in extreme bottom fiber at equilibrium

Syb

Mg 5%qs : . .

e S— = —0.05 ksi stress in extreme top fiber at equilibrium

vt

[«] Step A.1 Calculations

Check_f}, = if (max(fb'f.s) <f,;,"OK","Not OK") ="OK" extreme bottom fiber (compression) stress check
Check_f} := if(min(ft'f.s) > f,;,"OK" , "Not OK") = "OK" extreme top fiber (tension) stress check

A.2 Factor of Safety Against Cracking

[*] Step A.2 Calculations

Mgt = (ft. s~ fr) Syt = 254.35-kip-ft lateral moment to cause cracking at girder top flange

0. = = = 0.33-rad tilt angle at cracking due to lateral deflection for a girder s eated on bearings

(6 -
FS o Kr( Cr.S seat) 1697 (Mast 1993)

cr.s
Wg'L'[(ZO + yr)'eclr.s * Zwind.s * ®seat * ebrg] + Moes

factor of safety against cracking for a girder
seated on beaarings

[«] Step A.2 Calculations

FS Against Cracking for Single Seated Girder:

FS.; = ["Crack Check is Not Applicable" if M}, (<0 =16.27

F Scr.s otherwise

minimum factor of safety against cracking. Note: if the tensile (top fiber) stress
exceeds the allowable limit, FS,,.is not applicable.

Check FS_. = |"OK" if FS..>1.0 ="OK" factor of safety check against cracking. Read the above
= cr
note related to FS,,.check.
"Not OK" if FS . < 1.0



A.3 Factor of Safety Against Failure

[*] Step A.3 Calculations

GS = 0.4-rad assumed maximum girder rotation on bearings

Given

Mast (1993)

ES. (6.) Kr'(Gs - 0‘seat)
f's( S) a WL ZO'(Gs) + Zwind.s:l'[l + 2.5~(68):| + 33471t 04 + egoni + ebrg] + M

factor of safety against failure for a girder seated on bearings

0-rad < es <0.4-rad allowable limits of girder

emax.ult.s = Maximize(FSf.s , Gs) =0.4-rad rotation angle corresponding to the maximum factor of safety against failure
—_— Kr'(emax.ult.s - 0‘seat) 1598
wg'L: ZO'(Gmax.ult.s) + Zwind.s]'[1 + 2'5'(emax.ult.s):| + ¥ Omax.ult.s * Sseat * ebrg] + Moes
Mast (1993)
factor of safety against failure
[«] Step A.3 Calculations
FStmod = |FSer if FSpg <FS_. ¢ criteria for selecting the critical factor of Mast (1993)
safety for the check

FSgg if FS;, ="Crack Check is Not Applicable”

FSgg otherwise
Check FS¢:= if(FS fmod = 1.5,"OK" ,"Not OK") ="QOK" factor of safety check against failure.

A4 Factor of Safety Against Rollover (Cracked) for Single Girder

[*] Step A.4 Calculations

W
7z = -b =2.58in orizontal distance from roll axis to the kern point of bearing pa
max :rg chamfer h ld il he ke b d
hbrg
heop = T =1.92in height of roll center above bearing pedes talfor a girder seated on bearings
M1 = Mgt ¢ = 3.03 ft-kip overturning moment of a girder seated on bearings due to weight
0 _ Wg'L'(Zmax ~ hyol Oseat — ebrg) + M1t B tilt angle at maximum resisting arm for a
max.p.s K, + Ogeqq = 0.01 girder seated on bearings



20p = ZO'(I + z’s'emax.p.s) =0.17-ft  lateral deflection of a girder seated on bearings due to tilt angle 0

max.p.s
ES Kr'(Gmax.p.s - 0‘seat)

- — 0.94
roll
Wg'L'[(ZO.p)'emax.p.s Yy emax.p.s * Cgeat T ebrg] + Mo g
factor of safety against rollover
Wg.L.I:(ZO.p)'emax.p.S + yr'emax.p.s " Cseat T ebrg:l * Mots
Mot bs =

; 2 = 1178 ft-kip

overturning moment resisted by bracing for a girder seated on bearings
[«] Step A.4 Calculations

Check FS_ ) = if(FSrOH >1.2,"OK" ,"Add Bracing" ) = "Add Bracing" factor of safety against rollover

B. Stress and Factor of Safety Checks for Multiple Seated Girder

B.1 Exterior Girder Stress Check

[*] Step B.1 Calculations

e : M -M_ . M,
= F .. i — pg.mid + gm wind.up.m - wind.m =—-0.41ksi girder extreme top fiber stress
“la s Skt Syt

xt

foo= Fe'(i . epg.mid] ~ Mg m = Myyind.up.m . Myind.m

=2.54ksi girder in extreme bottom fiber stress
A be be Syb
QL + Wo Loz s +e +M
0 = SrOseat g ( wind.m seat) otm _ 0.02-rad vertical girder rotation at equilibrium
eq.m
q- K, - Wg~L-(yr + ZO)
M gm’ eeq m
fo tm= fom + S— =2.56ksi  stress in exreme bottom fiber at equilibrium
yb
M gm’ eeq m
foem="fim— —= - _0.44ksi stress in exreme top fiber at equilibrium
Im tm Syt

[«] Step B.1 Calculations

Check f = if (max(fb.f.m) <f.;,"OK","Not OK") ="QK" extreme bottom fiber (compression) stress check

Check f, = if(min(ft'f.m) > f;,"OK" ,"Not OK") = "OK" extreme top fiber (tension) stress check



B.2 Factor of Safety Against Cracking

[*] Step B.2 Calculations

Mpatm = (ftm - fr) Syt =107.51-kip-ft lateral moment to cause cracking at girder top flange

M
= _latm =0.14-rad tilt angle at cracking due to lateral deflection for the girder assembly seated on bearings

crm |Mgm|

-(0 -Q
FS — Kr ( crm seat) _ 707 (Mast 1993)

crm
Wg'L‘[(ZO + yr)'ecr.m * Zwind.m * Cseat * ebrg—l * Motm

factor of safety against cracking

[«] Step B.2 Calculations

FSens= | "Crack Check is Not Applicable” if My, ., <0 =7.07
FS. m otherwise
minimum factor of safety against cracking. Note: if the tensile (top fiber)
stress exceeds the allowable limit FS,, is not applicable.
Check FS..;= |"OK" if FS . >1.0 ="OK" factor of safety check against cracking. Read the above note

related to FS,,check.
"NOT OK" if FS . < 1.0

B.3 Factor of Safety Against Failure

[*] Step B.3 Calculations

em = 0.4-rad  assumed maximum girder rotation on bearings

Given
(6., — o
FSe (0,.) = K (O = Osca) Mast (1993)
fm\"m L{(zo-0 1+25(0 0 M
We '[(ZO' m* Zwind.m)'l: te ( m):l Y Ym Y Cseat T ebrg] + Mot.m
factor of safety against failure
0-rad < 0, <0.4-rad allowable limit of girder rotation angle
O max ult.m = Maximize(Fsﬁ m Gm) =0.4rad rotationangle corresponding to the maximum factor of safety against

failure



o Kr'(emax.ult.m B OLSGat) = 11.67
b wg'L'[(ZO'emax.ult.m + Zwind.m)'[l * 2'5'(emax.ult.m):| *+ Yr'Omax ult.m * Cseat ¥ ebrg:l * Mot.m

Mast (1993)
factor of safety against failure
[«] Step B.3 Calculations
FS Against Failure for Multiple Seated Girders :
FSemad= |FScr if FSpm <FSem criteria for selecting the critical factor of Mast (1993)
safety for the check
FSg, if FS.. ="Crack Check is Not Applicable"
FSg,, otherwise
Check FSe = if (Fsﬁ mod = 1.5,"OK" ,"NOT OK") ="OK" Jactor of safety check against failure.

B.4 Bearing Pad Effectiveness under Service Loads

[*] Step B.4 Calculations

ebp = 0.01-rad  assumed girder rotation on bearing pad

Given

(O, — O
1= S ( bp seat) make factor of safety equals to 1 to calculate 6y,
Wg'L'[(ZO + Zwind.m)'ebp + ¥y Opp + Cgeat t ebrg] + Motm (tilt angle at service loads)

%% o~ Find(ebp) =0.02-rad rotation angle for determining bearing pad dffectiveness under service laods

W
SLy,, = brzg =2.78in maximum eccentricity at service point for the girder aseembly seated on bearings

p'

wo L (20 + Zwind.m + Y1) Pop * seat + brg] * Motm ~
Cpp = . =8.25in
W

g

maximum girder eccentricity

[«] Step B.4 Calculations

Check_Fullbrg = if (Spr > Chp> "OK" ,"Add Bracing" ) = "Add Bracing" bearing pad check under service loads



B.S Design of Bracing

[*] Step B.5 Calculations

number of bracings for a girder in the assembly seated on bearings

nb =
S |2 (only end bracings) ﬂ

€prace = 0-25-in imperfection (play) in each bracing. Use .25 in. if unknown.

The area belowis needed for determining the lo caion where the critical moment occurs. Do not attempt to expand this area
since Mathcad does not allow expanding/collapsing of external and internal areas independenty.

[
Wwindm | 1 5 2 3 4 6 5
12.E L-L E(L - 2aseat) ~ Ageat '(L - 2asea‘t) + 3-ageqt '(L - 2aseat) + g'aseat
o cy B .
Cwind.m = ... =0.691n
Ngirders
(ngirders - 1) .
+—————-0.25in average girder deflection in the girder assembly

due to wind pressure load

tte + Cprg = 2.6lin fotal girder eccentricity in the ass embly

Ctotal.wind = Csea wind.m

Mppoq =1 effective moment coefficient due to bracing, 1.0 if only end bracings are used.
Frod =2 effective resistance of bradng
W, L W, X2
wind.m’ wind.m . . .
Mwind.m.bracing = Mmod' f(X - aseat) - f = 145.58 kip-ft  lateral girder moment in the

assembly due to wind loading

F | wy-L-(zn: 0 +vy.-0 +e +e + M
mod[ g ( 0'Y%q.m " ¥rYeq.m * Cseat brg) ot.m] .
Mt m.bracing = =152.67 ft-kip

Mpraces

overturning moment to be resisted by a bracing

Frmod Wwind.m' L

F = 41.81kip horizontal bracing force

m.brace = N
braces

Check Girder Stress with Installed Bracings

f m.bracing = Fe' [ A g

1 Cpgmid) Mgm ~Mwindupm ~ Mwind.m bracing _ ~0.41 ksi
xt SXt Syt

girder extreme top fiber stress

1 epg.mid] ~ Mg m ~ Myind.up.m . Myind.m.bracing _ 2 54ksi

fi o= Fo | —+
b.m.bracing -~ ‘e
£ (A Sxb Sxb Syb
girder extreme bottom fiber stress



[«] Step B.5 Calculations

Check i = if (max(fb.m.bracing) <f,;,"OK","NOT OK") ="OK" extreme bottom fiber (compression) stress check
Chegk, o= if (min(f m pracing) = fi»"OK" ,"NOT OK" ) = "OK" extreme top fiber (tension) stress check



APPENDIX K:
CHECKLISTS AND POST-CONSTRUCTION REVIEW FORM FOR
INSPECTORS



Michigan Department Of
Transportation
Form **** (2020)

Page 1 of 2

CONTROL SECTION, JOB NUMBER

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
PRESTRESSED CONCRETE BRIDGES

PROJECT DESCRIPTION:

|| Girders are supported during storage as per the plans.
|| Girders are lifted using lifting loops. Otherwise, MDOT Engineer is consulted.

[ | Structural Fabrication Unit is consulted if cracks greater than 0.006 in. develop during
storage and lifting.

|| Girders and bearing pads are in full contact. Bearing surface flatness tolerance is
met (0.125 in. per 12 in.).

|| Girders are properly braced using hold-downs in their final position.

|| Girders meet dimensional tolerances given in Table 1 as girder sweep, the
differential camber of adjacent box beams, etc.

|| Strands exposed on the top flanges are cut before deck placement.

|| Girder spacing is as intended prior to placing of the diaphragms and deck slab.



Page 2 of 2

Michigan Department Of CONTROL SECTION, JOB NUMBER

Transportation
Form **** (2020)

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
PRESTRESSED CONCRETE BRIDGES (SUPPLEMENTARY)

Table 1 Dimensional Tolerances for Concrete Beams

Beam Type Tolerance

Length of I-Beams and 1800 Beams % in/25 ft, 1 in max
Length of Box Beams +%4in
Width of I-Beams and 1800 Beams +%in, -5 in
Width of Box Beams % in
Height of |-Beams, 1800 Beams, or Box Beams +%in, - in
Camber Deviation From Design Value (Measured

Within 24 h of Strand Release) Vs in/10 ft
Thickness of Top Slab of Box Beam +%in, -Y4in
Length of I-Beam End Blocks +2 ft, -0 in
Sweep of I-Beams and 1800 Beams (Horizontal

Deviation of Centerline from a Straight Line

Between Ends Measured at Both Top and bottom) Y4 in/10 ft

Sweep of Box Beams (Horizontal Deviation of
Centerline from a Straight Line Between Ends
Measured at Both Top and Bottom)

%s in up to 60 ft, %2 in over 60 ft

Vertical Deviation of Side Forms Between Top and
Bottom of Beam

<%a in from plan location

Prestress Strand

<%a in from plan location

Location of Conduit for Transverse Post Tensioning

<% in from plan location

Location of Holes for Position Dowels (I-beams and
1800 Beams)

<%z in from plan location

Location of Holes for Position Dowels Box Beams

<1 in from plan location
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Page 1 of 2

CONTROL SECTION, JOB NUMBER

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
STEEL I-GIRDER BRIDGES

PROJECT DESCRIPTION:

|| Girders are lited near quarter points.

|| Girders are erected per the fabrication detailing. Recommended fit conditions are
provided in Table 1.

[ | Sufficient horizontal stabilization is provided by bolting girders to substructure units,
installing cross-frames as the erection progresses, placing falsework, or a
combination thereof.

[ ] The maximum deviation from the theoretical horizontal alignment in a span does not
exceed * 0.125 in. x (total length along girder between supports (ft) / 10).

| ] The maximum deviation from the theoretical vertical alignment in a span does not
exceed + 0.25 in. x (total length from the nearest support (ft) / 10).

L] The overhang bracket-bearing point is located close to the exterior girder bottom
flange (= 0.9D measured from the bottom of the top flange).

L] wet depth measurements meet deck finish tolerances (0.125 in. per 10 ft).



Michigan Department Of
Transportation
Form **** (2020)

Page 2 of 2

CONTROL SECTION, JOB NUMBER

CONSTRUCTABILITY CHECKLIST FOR INSPECTORS
STEEL I-GIRDER BRIDGES (SUPPLEMENTARY)

Table 1 Recommended Fit Conditions for Steel I-Girder Bridges

L/R*

Skew (0) and Skew Index (Is)

Span Length

Recommended Fit Condition

0 < 20° N/A NLF & SDLF &TDLF
<0.03 0 >20°& Is<0.30 N/A SDLF & TDLF
<0. <

8>20°&Is>0.30 ; 388 2 SDL;S(L-::—DLF
>0.03 N/A N/A NLF & SDLF

* Maximum L/R of any span in the bridge

= Bridge width measured between exterior girder centerlines (ft)

Notations:

| _ wgtant
S = Skew index = L

L = Span length (ft)

Wg

NLF = No Load Fit

R = Radius of curvature (ft)

SDLF = Steel Dead Load Fit
TDLF = Total Dead Load Fit

0 = Skew angle (deg)
Definitions:
NLF

= Cross-frames or diaphragms are detailed to fit to the girders in their
fabricated, plumb, fully cambered position under zero dead load.

SDLF = Cross-frames or diaphragms are detailed to fit to the girders in their
ideally plum as-deflected positions under the self-weight of the steel at
the completion of the erection.
TDLF = Cross-frames or diaphragms are detailed to fit to the girders in their
ideally plumb as-deflected positions under the total dead load. The total
dead load typically includes the weight of the concrete deck, but not the
weight of any superimposed dead loads.




Michigan Department Of
Transportation
Form **** (2020)

Page 1 of 1

CONTROL SECTION, JOB NUMBER

POST-CONSTRUCTION REVIEW FORM FOR INSPECTORS

PROJECT DESCRIPTION:

[] Construction plan is reviewed.
Describe anticipated difficulties, if any:

] mpoT Engineer is consulted for the contractor change requests.

Describe the change requests:

] The bridge is constructed as per the approved construction plans.
If not, describe the changes and associated reasons:

-63
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