3 PERFORMANCE, CHALLENGES, AND LESSONS LEARNED
3.1 OVERVIEW

This chapter presents (a) the causes of premature deterioration, potential measures to enhance
durability performance of the earlier ABC implementations, and recommendations for future

research and (b) the challenges and lessons learned from review of ABC projects.

3.2 FIELD PERFORMANCE OF BRIDGES CONSTRUCTED USING ABC
TECHNIQUES

Performance of (a) full-depth deck panel systems, (b) bridges constructed using Self
Propeller Modular Transporters (SPMT) or the slide-in techniques, and (c) side-by-side box-
beam systems were reviewed. Appendix C provides description of each bridge, design
details (where available), durability performance of full-depth deck panel systems and the
bridges constructed using SPMTs or slide-in. This section presents the causes of premature
deterioration, potential measures to enhance durability performance of the prefabricated

bridge systems, and implementation recommendations.

95



3.3 CAUSES AND METHODS TO ABATE PREMATURE DETERIORATION OF
FULL-DEPTH DECK PANEL SYSTEMS

Cause-1: Leakage through the transverse joints and shear pockets in full-depth deck panel

systems (Culmo 2010).

Measures Description (Culmo 2010)
The live load at the middle portion of the deck panel will
Avoid welded tie plate induce transverse as well as longitudinal bending in the deck

connections at transverse
joints.

panel. As the welded tie connection does not have adequate
moment capacity, it may lead to failure of the connection.
Moreover, a thin polymer overlay will not be sufficient to
prevent the leakage in this situation.

Use post-tensioning in
conjunction with a grouted
shear key at transverse
connection.

Minor shrinkage of shear key grout during the construction
may develop cracks. Longitudinal post-tensioning after the
grouting operation and using an overlay could prevent leakage.

Use superior quality
grouting material, an
effective curing method,
and a superior quality
overlay.

Gaps and cracks in the grouted joints and grouted shear
pockets may allow active leakage. These may be developed
due to minor shrinkage of the grout after placement. The
minor shrinkage in the grout may be due to quality of grout
and/or lack of effective curing. Moreover, frequent exposure
of the grouting material with de-icing salts could result in joint
degradation and leakage. The use of waterproofing membrane
and a superior quality overlay could prevent leakage.

Cause-2: Lack of post-tensioning to secure the tightness of the joints in a full-depth deck

panel system (Sullivan 2003).

Measures Description

oo The precast concrete panels should be post-tensioned
Longitudinal post- o . ..

o longitudinally to secure tightness of transverse joints, thus
tensioning

avoiding leakage (Issa ef al. 1995b).

Treating joints with
caulking material

Caulking material can be used for patching the openings in the
joints; thus preventing leaching action through joints and
preventing deposits and stains forming (Sullivan 2003).

Grouting joints with
magnesium phosphate

Self-leveling Magnesium phosphate grout can be applied at
temperatures as low as 15° F. Grout can gain a compressive
strength of 5000 psi within 3 hours and flexural strength of 600
psi at 24 hrs along with a 600 psi slant shear bond strength
(Sullivan 2003).

Proper shear key
connection

A shear key should be female-to-female type with at least 0.25
in. opening at bottom to allow any panel irregularities. The
joints in which panels are in contact at the bottom should not
be used (Issa et al. 1995b; Issa et al. 2007).
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Cause-3: Leakage through cracks at the cast-in-place closure pours in a full-depth deck panel

system (Culmo 2010).

Measures

Description (Culmo 2010)

Use concrete material which has
very low shrinkage and is
consistent with thermal
behavior of the deck panels.

Cracking is likely at the interface of the closure pour with
the precast deck panels which are fabricated in a
prefabrication plant. This aspect is magnified when high
early strength concrete is used in the closure pour, since
high early strength concrete tends to shrink more than
conventional concrete. Moreover, the thermal behavior of
closure pour concrete should be equivalent to the deck
panels, since inconsistent thermal behavior of the deck
panels with closure pour may lead to cracks, thus leakage.
Using waterproofing membrane and a superior quality
overlay may alleviate this issue.

Cause-4: Insufficient stiffness of the bridge superstructure results in increased strain values

in top and bottom portions of beam, thus affecting the panel-beam connection integrity.

Cause-5: Limited numbers of shear connectors are also a factor that affects the beam-panel

connection integrity as the compressive force is likely to exceed the shear strength provided

by the shear connectors.

Cause-6: Lack of composite action between deck panels and beams will result in slippage at

the interface (Smith-Pardo et al. 2003).

Measures

Description

Use of shear studs

Shear studs can be used for connecting precast concrete
panels with supporting system through shear connection
pockets. But a proper construction procedure of providing
haunches and considering dimensional irregularities
should be maintained to obtain satisfactory results (Issa et
al. 1995b; Issa et al. 2007).

Consider a supporting system
made of precast concrete

Use of precast concrete supporting system, which is stiffer
than a steel supporting system, helps in reducing problems
encountered in bridge decks (Issa ef al. 1995b; Issa et al.
2007).
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Cause-7: Poor condition of overlay in a full-depth deck panel system (Biswas 1986).

Measures

Description (Issa et al. 1995b; Issa et al. 2007; Markowski 2005)

Rehabilitation of overlay
with epoxy concrete
overlay

The entire deck needs to be cleaned off of all potential
detrimental materials. The epoxy requires the first course at a rate
of 2.5 gal per 100 ft* surface area and aggregate application at a
minimum of 10 Ibs per yd* and the second course at a rate of 5 gal
per 100 ft* surface area and application of aggregate at 14 Ibs per
yd®>. Each course of this overlay needs sufficient curing before
the next application.

Rehabilitation of overlay
with EP-5 concrete
overlay

EP-5, which is low modulus patching adhesive, needs the first
course of application at a rate of 1 gal per 75 ft* and the second
course at 1 gal per 50 ft* rate with 11 Ibs per yd* of sand in
between the two courses. This epoxy resin needs to be cured
sufficiently so that no tearing occurs during brooming action.

Rehabilitation with
Latex Modified
Concrete (LMC) as
overlay

LMC is a standard type of overlay used in many projects across
the country. It achieves 3000 to 3500 psi compressive strength
within 2 to 3 days. Normal curing requires one-day moist cure
with air drying during the remaining curing regime. High early
strength can be obtained in 24 hrs with use of Type-III cement in
LMC. The application cost is $900 to $1000 per yd’.

Rehabilitation with
Silica fume overlay

This overlay is much more opportune and efficacious than
conventional latex modified concrete overlay. Silica fume
overlay requires only 1.25 in thickness, is less susceptible to
temperature changes and costs $600 per yd’ _which is 40 cheaper
than the LMC material. The surface should be clean of curing
compounds or other chemicals and wetted at least 1 hr before
overlaying.

Using an overlay with a
waterproofing
membrane

An overlay, along with a waterproofing membrane, is essential to
avoid any penetration of water through the deck joints and for
good performance of the bridge deck. Mostly, latex modified
concrete was used as overlay, but currently silica fume concrete is
in use, due to its low cost and less sensitivity to temperature
change.
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Cause-8: Deep shear cracks near the edge of the panels in a full-depth deck panel system

(Markowski, 2005).

Measures Description
HMWM can be used both for crack sealing and treatment
of concrete surfaces. This can fill 0.25 to 0.50 inch cracks
Treat Crack with High in depth and can be used for situations of randomly

Molecular Weight Methacrylate
(HMWM).

oriented cracks where grouting and sealing are not
obvious.  Shot-blasting is necessary prior to placing
HMWM (Issa et al. 1995b; Issa et al. 2007).

Panel capacity can be increased with prestressing.

Cause-9: Punching shear is a
systems that are continuous o

(Sullivan 2003).

likely mechanism causing failure in full-depth deck panel

ver girders and subjected to significant amount of traffic

Measures

Description

Controlling traffic volume

The structural behavior of a bridge is significantly affected
by the traffic volume. Hence, the traffic volume should be
restricted to design volume to keep the deck in good
condition (Issa et al. 1995b).

Use of a prestressed deck panel may alleviate this problem.

Cause-10: Stress due to bending while handling is considered a cause for development of

cracks in panels (Markowski 20

05).

Measures

Description

Transverse prestressing

Precast concrete panels require a sufficient amount of
transverse strength during handling to prevent cracks being
developed internally during the process, which may develop
to be visible over the surface. Thus, prestressing during
fabrication of precast concrete panels is required (Issa et al.
2007, Markowski 2005).
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Cause-11: Failure of connection at the approach slab and bridge deck interface (Culmo

2010).

Measures

Description (Culmo 2010)

Using cast-in-place closure
pours instead of drilled pin or
welded tie connections

Cast-in-place closure pours proved to be more durable than
the drilled pin connection and welded tie connection. The
joint at the approach slab and bridge deck interface should
resist the live load impacts and rotational moment developed
due to settlement of the sleeper slab. The drilled pin and
welded tie connections failed to withstand these effects,
causing failure, thus developing potholes at the approach of
the bridge.

3.4 CAUSES AND METHODS TO ABATE PREMATURE DETERIORATION OF
BRIDGES MOVED USING SPMT

Cause-12: Diagonal cracks near the ends of the decks that are placed using SPMT (Culmo

2010).

Measures

Description (Culmo 2010)

Using the pick-point casting
method for field casting

The cracks in the bridge deck are highly dependent on the
casting method. When the bridge deck is field cast by
supporting at the girder ends and lifted using a SPMT at
interior pick-points rather than the girder ends, the stresses
developed in the deck will surpass the cracking limits of
concrete. The cracks developed may lead to active leaking
and affect the long-term performance of the structure.
Moreover, a thin polymer overlay will not be sufficient to
prevent the moisture ingress in this situation. Therefore,
casting the deck by supporting the girders at interior pick-
point locations is recommended when an SPMT is used to
move the bridge.

Providing adequate time for
curing and casting end-
diaphragms and parapets
once deck is hardened
enough to sustain the stresses
due to shrinkage

The cast-in-place concrete decks (conventional and the ones
moved using SPMT) showed signs of cracking due to
shrinkage in the deck. High early strength concrete is used in
these bridge decks. The use of high early strength concrete
tends to shrink more than conventional concrete and may
magnify the cracking issue. This issue could be alleviated by
allowing sufficient time for the deck to cure and shrink
before casting concrete end-diaphragms and parapets.
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3.5 CAUSES AND METHODS TO ABATE PREMATURE SIDE-BY-SIDE BOX-
BEAM DETERIORATION

The side-by-side box-beam belongs to the first generation of Accelerated Bridge
Construction (ABC) because it eliminates the cast-in-place concrete deck formwork; thus, it
accelerates the construction while minimizing the disruption to traffic.  Further, the
construction can be accelerated using an overlay on the bridges with a low volume of traffic
instead of using a cast-in-place concrete deck. The bridge configuration has already been
implemented in recent projects under the context of ABC; two examples are the Davis
Narrows Bridge in Maine and the Mill Street Bridge in New Hampshire (Russel 2009;
Stamnas and Whittemore 2005). In recent years, the durability and safety of this bridge type
have also become a concern. The concern was due to longitudinal deck surface cracking
reflecting from the longitudinal joints between beams. These cracks permit ingress of
surface runoff that gets trapped within the shear key zones leading to concealed corrosion of
reinforcement as well as prestressing strands. The corrosion activity remains concealed until

cracking, delamination, or spalling occur.

NCHRP Synthesis 393 (Russell 2009), which documents transverse connection details used
by North American highway agencies, was initiated due to the renewed interest of utilizing
side-by-side box-beam bridges for accelerated construction. Significant recommendations of
Synthesis 393 include full-depth grouted shear keys, use of transverse post-tensioning,
incorporating a cast-in-place concrete deck, and a seven-day moist curing of the deck
(Russell 2009). Most recommendations are from Michigan practice, except the use of shear
key grout with high bond strength and specific grout curing procedures. Unfortunately, with
full-depth shear keys, high levels of transverse post-tensioning, and 6 in. thick cast-in-place
concrete decks, Michigan still experiences reflective longitudinal deck cracking. Inspection
of a bridge under construction showed that the grout-beam interface cracking develops within
a couple of days after grouting and well before the bridge is opened to traffic (Aktan et al.
2009). Michigan transverse post-tensioning design is based on an empirical approach and
uses a much greater force magnitude compared to similar practices in other states. In
addition, Ulku et al. (2010) demonstrated the ineffectiveness of post-tensioning applied
through discrete diaphragms in controlling stresses developed in the bridge deck under

thermal loads.
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After conducting a comprehensive review of the MDOT research reports RC-1470 and RC-
1527 (Aktan et al. 2005 and Aktan et al. 2009), on reflective deck cracks, the following facts

are derived:

Longitudinal reflective deck cracking is common to all side-by-side box-beam
bridges, irrespective of age.

Shear key is intact, but cracks appear along the beam-shear key interface within two
to three days upon grouting the joints.

Reflective deck cracks appeared within the first 15 days following deck placement.
Reflective deck cracks were first documented above the supports (abutments).
Reflective cracks initiated from the top of the deck and propagated through the
thickness.

3.6 CHALLENGES AND LESSONS LEARNED

Fourteen ABC related activities were reviewed and summarized in Appendix D. After

analyzing the challenges and lessons learned from each of the reviewed projects, they were

consolidated and categorized into three major topics: project planning and design, precast

element fabrication, and construction operations and tolerances.

3.6.1

Project Planning and Design

Effective communication, collaboration, and coordination between the designer,
contractor, and fabricator are key elements to mitigate the risks, identify and revise
the methods of construction, and deliver the project on time.

Pre-event meetings help in examining the steps involved in the construction phase.
Careful planning of construction operations is essential for the successful completion
of an accelerated bridge construction project.

While ABC projects may initially cost more, the savings in user costs more than
compensate for the initial investment. Furthermore, as ABC projects become
commonplace, the costs will become competitive with conventional construction
methods.

Preparing a contingency plan for unforeseen site conditions during construction is

useful to ensure on-time project delivery. The plan will need to address specification
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limitations to allow for flexibility in the selection of materials and construction
methods that can accelerate the completion of construction and improve
workmanship.

An emergency response plan is useful to have and needs to delineate the decision
making authority, communication protocols, and reporting relationship. This plan
must include and clearly define an emergency response checklist, contact
information, contracting alternatives, information sharing, and decision making
hierarchy.

To ensure design requirements are met, it is essential to develop protocols for
inspection procedures and site visitations.

Incentive and disincentive provisions will encourage the contractor to expedite the
construction process.

Using the design-build delivery approach can add further time reduction for
accelerated bridge construction projects.

All stakeholders need to be involved during the construction process.

Having only one precast contractor for all pre-fabricated elements will provide a more
efficient construction process.

Involving the heavy lift contractor during design will facilitate the construction
process.

The existing structure load capacity is an important factor in selecting the
construction method, particularly when allowing the placement of equipment on the
existing structure.

The staging area for the Self-Propelled Modular Transporter (SPMT) system, when
used, needs to be planned properly.

Carefully evaluate the capability of the local concrete supplier when specifying
special concrete mixes.

During design, identify the grout to be used and consider application limitations when
developing connection details.

Include a pre-approved grout or demand specific information in special provisions to
identify the exact type of grout to be used in the project rather than listing “non-

shrink grout.”
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3.6.2

3.6.3

The designer and contractor may work together on developing connection details.

Precast Element Fabrication

Using prefabricated elements minimizes the construction time and traffic impacts,
and it improves safety of motorists and workers in the work zone.

Standardizing the size of the precast components can improve the efficiency of
installation in accelerated construction.

Precast units need to be monitored during fabrication and post-tensioning operations.
Consider using larger precast elements which will reduce the time and cost of
fabrication, delivery, and erection.

Properly sizing substructure elements allows efficient installation.

Fabrication of components at the job site, or at a nearby location, will reduce the
construction cost and the impact of load restrictions.

Contractors need to investigate economical alternatives for temporary structures,
supports, formwork, and material.

Late submittal of shop drawings tends to push back the project completion data.

Construction Operations and Tolerances

The SPMT can be used in bridge construction as well as bridge removal for
demolition.

A lift test prior to the scheduled move is needed to avoid operational delays.

Simple connection details and lighter sections are needed to prevent the difficulties of
placing pier caps on columns.

Grout connection details need to be reviewed with special attention to the grouting
operation.

Since prestress shortening is not well controlled, fitting the alignment pins into the
pier caps is a challenge (i.e., pier cap to column connection).

Simple and durable connection details at the abutments need to be developed.

The impact of missing shear connectors needs to be evaluated due to the difficulty of
drilling girder flanges when there is a misalignment. Designers need to consider

providing more flexible connection mechanisms.
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Simple connection details at the foundation and abutment need to be developed
minimizing required grouting efforts.

Consider using epoxy polymer deck overlay when precast elements are used.
Consider specifying material properties and applicable evaluation methods (i.e.,

historical data or testing).
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4 THE MICHIGAN ACCELERATED BRIDGE CONSTRUCTION
DECISION-MAKING (Mi-ABCD) TOOL

4.1 OVERVIEW

State-of-the-art decision making models were reviewed, and the shortcomings of the existing
models are documented in Chapter 2. To overcome the limitations in the available decision-
making processes, a multi-criteria decision-making process and a guided software program
were developed. The software, titled Michigan Accelerated Bridge Construction Decision-
Making (Mi-ABCD) tool, evaluates the Accelerated Bridge Construction (ABC) wvs.
Conventional Construction (CC) alternatives for a particular project. The process
incorporates project-specific data with user-cost and life-cycle cost models to provide input
to the decision makers with quantitative data. The software is developed using Microsoft
Excel and Visual Basic for Applications (VBA) scripts. A user manual is developed for the
software and is presented in Appendix E. The multi-criteria decision-making process
discussed in this chapter provides solutions to all the issues raised by the mid-north regional
state DOTs related to ABC decision-making and cost justification which are listed in the
Mid-North Regional Peer-to-Peer Exchange Final Report (FHWA 2012).

This chapter presents an overview of the software and its application for a specific bridge
site. Also, a brief summary is presented comparing the capabilities and advances of Mi-
ABCD with the software developed through a pool fund study by the Oregon State

University which is commonly used for making ABC decisions.
4.2 THE Mi-ABCD PROCESS
4.2.1 Sample Popup Menus and Datasheet

The VBA’s Graphical User Interface (GUI) forms are utilized to interact with the user. These
forms are termed as Pop-up Menus (Figure 4-1-a and b), and the Excel sheets that are
customized for user input are termed as Datasheets (Figure 4-1-c). The main features of the
pop-up menu are to provide (1) Command buttons, (2) Dropdown menus, (3) Tabs, (4) Text
fields, (5) Check boxes, and (6) an Additional information button () (Figure 4-1-a and b).

The most commonly used features are the command buttons and dropdown menus. The
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primary features of a datasheet are (1) Command buttons, (2) Dropdown menus, and (3) Data
input fields (Figure 4-1-c).

Tabsfor Major-Parameters

Add/Remove SUb—PM/ [
88T ft{t]WZM 14&!2] EC | SC&PS | Additional Information
Additional “Site and Structure Considerations (S&ST)" Sub-Parameters
Project Details Menu €——— e | Pop-up MenuName + e,
if paras
'sc,e_lfcct:v:i:mw Sub-parameter Ordinal scale judgments ;mrs ABC
Proi . - <
roject Information command Buttons 1) - I — ‘ i |
— Project Category 2) I Whor a2 ‘ I I =i
[Superstructure Replaceme v (vl 3)
e Dropdown Menus I Where: 1= a9 | I3
Highway over Highway  ~ 4T
Ny | Where: 1= and9= | =
8 = = E
View/Add D-M Parameters I o 1= was=|
8 N\ Vihere: 1= | and 9= | I
View/Edit General Data v \
\ Check Boxes
o CommandButton ——> Done
(a) (b)
. . . . Command Button
Traffic Data for Highway over Highway Project /
Advanced User Menu L
Description Data
Average queue length on feature intersected due to 0.00 — Data Input Fields
work zone (mi) K/
Duration of queue on feature intersected due to 0.00
work zone (hri/day)
Detour length (mi) 0.00
Detour route speed limit (mph) 25 -
Description Facility Carried Feature Intersected Dropdown Menus
Recent ADT 0 0
Recent ADTT (% of ADT) 0 0
Work zone length (mi) 0.00 0.00
Work zone speed limit (mph) |25 t] ‘25 M"
LOS during construction |A m ‘A [l]
(c)

Figure 4-1. Sample popup menus and datasheet

4.2.2 User Menus

The software allows data entry for two user types; Advanced User and Basic User. The
Advanced User is generally envisioned to be the project manager who is familiar with the
project specifics of site-specific data, cost estimates, traffic data, and construction
methodologies. The Advanced User enters and/or edits Project Details, Site-Specific Data,
Traffic Data, Life-Cycle Cost Data, and Preference Ratings. Finally, the Advanced User can
execute data analysis and view Results. The Advanced User Menu (Figure 4-2a) includes the
command buttons for entering and editing data, data analysis, and viewing results. In order to
execute the decision-making process, the Advanced User must complete all the data entry

steps before any Basic User can use the program.
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The Basic User is envisioned to be an expert who will make preferences on qualitative
parameters based on their experience with most recent bridge projects. The Basic User can
view Project Information, enter Preference Ratings, execute analysis, and view Results
(Figure 4-2b). One of the advanced features in this software is that it allows the Basic User to
include their reasoning in the comment boxes while assigning Preference Ratings. The

subsequent users can view the comments from previous users, but not the ratings.

Advanced User Menu &J

Project Details
Basic User Menu 22

Project Information |

|
Site-Specific Data |
|

Traffic Data

Preference Ratings |

Life-Cycle Cost Data |

‘ Result |

Preference Ratings |

| = |

Result

{a) Advanced User Menu (b) Basic User Menu

Figure 4-2. User menus

4.2.3 Implementation of Mi-ABCD Process

The project for Mi-ABCD implementation is the Stadium Drive (I-94 BR) bridge over US
131 in Kalamazoo County, Michigan. The data was collected for the Mi-ABCD process
assuming the bridge construction option will be the use of prefabricated bridge elements and
systems (PBES). First, the Advanced User needs to complete all the data entry in the

Advanced User Menu before requesting any Basic User to provide Preference Ratings.
4.2.3.1 Data Entry Using the Advanced User Menu

The first step for an Advanced User (AU) is the entry of Project Information (Figure 4-3a).
The AU selects Project Category, View/Add D-M Parameters (Figure 4-3b), and View/Edit
General data using Project Details Menu. For this project, the AU choice was not to add
additional decision-making (D-M) parameters. The General Data (wage rate of drivers,

vehicle operating cost, accident cost, and accident rate) is incorporated into the program
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knowledgebase and does not require frequent changes. Hence, the AU’s choice was not to

change General Data for this project.

Project Information

Project Details Menu

Name:|Stadium Drive

Date:(8/1/2013

By (advanced user):

UBA

Description:

I-94 BR over US-131, Kalamazoo County. This is
the major route to the Western Michigan University
and to two hospitals, Borgess and Bronson. This
is also a major route to Kalamazoo downtown.

(a) Project Information

Decision-Making Parameters for Highway over Highway Project

Project Details Menu

Major-

Parameters

Site and Structure
Considerations (S&5T)

Cost

Work Zone Mobility
(WZM)

Technical Feasibility
and Risk (TF&R)

Environmental
Considerations (EC)

Seasonal Constraints
and Project Schedule
(SC&PS)

Sub-Parameters

Precaster/Ready-mix
supplier proximity

Initial Construction cost

Significance of
maintenance of traffic on
facility carried

Contractor experience

Environmental protection
(e.g.. wet land)

Seasonal limitations

Availability of staging
area

Life-cycle cost

Significance of
maintenance of traffic on
feature intersected

Manufacturer/ Precast
plant experience

Aesthetic requirements

Construction duration

Existing structure type
and foundations

User cost

Length of detour

Work zone traffic risk

Stakeholder(s’)
limitations

Sub-Parameters

Terrain to traverse

Economic impact on
surrounding businesses

Significance of level of
senice on detour route

Construction risks

Access and mobility of
construction equipment

Economic impact on
surrounding
communities

Impact on nearby major
intersection due to traffic
on facility carried

Number of similar spans

Impact on nearby major
intersection due to traffic
on feature intersected

Add Sub-Parameters

(b) Decision-Making Parameters for Highway over Highway Project

Figure 4-3. (a) Project information and (b) decision-making parameters for highway over highway

project

The second step by the AU is to enter Site-Specific Data (Figure 4-4a), Traffic-Data (Figure
4-4b), and the Life-Cycle Cost Data (Figure 4-5) using the command buttons in the Advanced

User Menu shown in Figure 4-2a.
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Site-Specific Data for Highway over Highway Project

Advanced User Menu

Number of similar spans

Description Data

County of the project [kalamazoo =]
Distance to ready-mix concrete plant | 11-20 mies I~
Distance to prefabrication plant | < 10 miles |~
Dist: to a potential staging area |510m\\e5 E3
Number of major intersections for facility |2 ‘ - ‘
carried =
Number of major intersections for feature | 1 B
intersected =

|2 )

Speed limit (mph)

Description Facility Carried Feature Intersected
Functional class ‘ Urban freeway (Peak hotj ‘ Urban freeway (Peak hotj
Traffic directionality B (=] [2 =)
Number of lanes in each direction \3 |L\ |3 \L\
[45 [=]|[70 =]

(a)

Traffic Data for Highway over Highway Project

Description

Data

Average queue length on feature intersected due to 113

work zene (mi)

Duration of queue on feature intersected due to

Advanced User Menu

work zone (hriday) &
Detour length {mi) 1.24
Detour route speed limit (mph) 45 El

Description Facility Carried | Feature Intersected
Recent ADT 41774 52085
Recent ADTT (% of ADT) 3 12
Work zone length (mi) 0.00 1.00
Work zone speed limit (mph) [ noNE (Ful Closure) [ ] | [ 45 (=]
LOS during construction [ noree (rul closure) [+ ] | [ =]

G . |During C: During C

Description Before Construction Tofi @E using ABC
LOS on detour route |B =] |D =] |D [E3)]
LOS on nearby major intersection-1 due to traffic on |B =] |D =] |D =]
facility carried —
LOS on nearby major intersection-2 due to traffic on |B = |C = |C =
facility carried —
LOS on nearby major intersection-1 due to traffic on |A = |B = |B =
feature intersected =
LOS on nearby major intersection-2 due to traffic on
feature intersected |N!A = |N!A = |N!A =

Figure 4-4. Site specific data and traffic data
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Life-Cycle Cost Data

Advanced User Menu

Description Data
Number of years for life-cycle cost analysis 75 \Z\
Discount factor (%) 3% \Z\
Note: A high discount factor will make the life-cycle cost less important than a low discount
factor, and vice-versa. Generally, a discount factor around 3% to 5% is considered
reasonable with average close to 4% (FHWA 1998; Thoit-Christensen 2009).

Description Conventional Accelerated Bridge

i Construction (CC) Construction (ABC)

Construction duration (days) 152 60
Initial construction cost ($) $6,000,000 $7,500,000
Cost per each maintenance/repair activity ($) $120,000 $150,000
Average duration between the maintenance/repair activities (year) 15 35
Disposal cost or salvage value ($) $600,000 -$750,000
Note: At the end of life-cycle cost analysis period, if the structure has either a residual life or
a slavage value, the input amount should be negative.

Figure 4-5. Life-cycle cost data

The third step by the AU is to enter their Preference Ratings (Figure 4-6). The user can
include their reasoning for the ratings in a text box adjacent to the rating box. Figure 4-6
shows the comments and the Preference Ratings entered by the AU as User-1. Once the AU
data entry is complete and set for Preference Ratings as User-1, the data need to be saved.
Following, AU exits, the program with the data is forwarded to experts who will access Mi-
ABCD as Basic Users (BUs) to enter their Preference Ratings. The subsequent BUs will be
able to see the comments provided in the Preference Rating datasheet by the previous users.
Only the AU is allowed to see the Preference Ratings together with the comments provided
by the users. Once the BUs enter their Preference Ratings, they can perform the analysis by
clicking the UserX-OK button (e.g. Userl-OK button shown in Figure 4-6). The analysis
results are viewed by clicking the Result button in the user menu (Figure 4-2). Figure 4-7
shows Preference Ratings entered by the third user together with the comments from the two

previous users.

Figure 4-8 shows the analysis results in three formats: a pie chart, a bar chart, and a line
chart. Pie charts describe the upper and lower bound results between the “users.” As shown
in Figure 4-8, the ABC upper bound preference rating is 77%, and the lowest bound is 63%.
The chart on the right shows distribution of major-parameter preferences from respective
users. As an example, the User-1 preference is heavily weighted on the cost parameter (i.e.,
38%). That is 30% for ABC and 8% for CC. The cost values are graphically represented in
the chart below. Further, the results are shown in a tabular format (Figure 4-9). The first two
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rows under cost parameter shows the contribution of cost from User-1 preference (i.e., 8%

and 30%) to the overall preference for CC and ABC (i.e., 31% and 69%)).

Preference Ratings for Decision-Making Parameters
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Figure 4-6. Preference ratings and comments provide by User-1
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Preference Ratings for Decision-Making Parameters
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Figure 4-7. User-3 provides Preference Ratings while observing previous users’ comments

113



Edit'\View My Ratings & Re-Analyze |
Result for Highway over Highway Project Basic Usar Hams |
. . Distribution of Major-Parameter Preferences from Multiple Users
Upper Bound Rating Result Lower Bound Rating Result 100
2
S B O S
g same s User—1
E Bl e e e e o o o User-2
g = # =User-3
L= | i e e e e e Rt
g —+ - User—4
L e User-5
C
,,3 e A L S S =reimenll5er—6
B == User-T
=
—a—ser—8
ABC: Accelerated Bridge Construction 5 =er
CC: Conventional Construction [3 User-9
o - =-User—10
o
o
L .
SC&PS: Seasonal Constraintsand Project Schedule E 10 F---- i"———-——————---———————‘Q.-__—(;.-r.11-gt,-,—;;7—r-r4~';-' —————————————
EC: Environmental Considerations 3 e
0 L L L L L L
WZM: Work Zone Mobility 5% o o P «“ e
Cost:Cost 5&5 0 ‘Pﬂ‘ ® 60%’
5&5T: Site and Structure Considerations

Distribution of Construction Alternative Preferences from Multiple Users

g'm : : : : T : :
R e e e T o Lo
@ | | | | | |
S 80 fo--ooooooo-d e e B S e
E | | | | | |

O - - e e i Ao Fom——mm——m—— -
e | | | | | |
S 60 f-------- e T N frmmmmmmmm fmmmmm e mmmm b mmmmmm—m e e i m SCEPS
g | . | | | .
T S . R b e I L - e
8 | | | | | | TF&R
: E—— o  E— E— iz
g e S R B [ =Cost
a i i i i i uSEST
o (R S R L
o | ! ! .
z | ! | |
s R R R e T
E ! ! ! ! !
2

e e oG et oG C o wo° )
User—1 User-2 User-3 User—4 User-5 User—6 User—7 User—8 User-9 User—10

Figure 4-8. Results in chart format
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Figure 4-9. Results in tabular format
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4.3 Mi-ABCD CAPABILITIES AND ADVANCEMENTS

Doolen (2011) developed a Planning Phase Decision Tool for ABC under a pool fund study
with the support from the Federal Highway Administration (FHWA). Even though the tool is
developed using the Analytical Hierarchy Process (AHP), the decision makers have to assign
preference ratings by making pair-wise comparisons of all decision parameters (Figure 4-10).
Further, the users cannot provide comments regarding their preferences. Additionally,
supportive data is not provided to help guide the user preferences. Hence, the decisions are
not properly articulated, and the aggregate preferences by the users may not yield a coherent

decision.

@' AHP Decision Making Software

File  Help Left / Right
Decision Hierarchy | Pairwise Comparison |Resu|ts | Cost Weighted Analysis
Site Str Consd o 5 © © 0 @ © © © Cost Ava of Staging Area= (0388)

- Acss & Mob of Cnst Equi= (0.172
- Terrainto Traverse= (0.173)
- Exstng Str Type & Found= (017
- No. of Smir Spans= (0.057)
- Cost= (0.367)
- Const Cost= (0.108)
Site _Str Consd o 5 © O @ © © ©® © Technical - Life-Cycle Cost= (0.281)
- UserCost= (0.051)

Ecnlmpcton Communt= (0.251)
. ) B B ) B B ) B Ecnlmpeton Businss= (0.281)
Site _Str Consd o O O @ O O o o ©O Env Cons| 2. work Zone Mob= (0.1 14)
- Sign of MOT FC= (0.126)
- Sign of MOT Fl= (0.051)
Site _Str Consd f F P P . Q P . P Seasnl Cq - Lngth of Detour= (0.016)

) - - - - ) - - - Schd - 3ign of LOS on Detour= (0.126)

- Impct-Drake & Stadium=(0.276)
- Impct-11th 5t & Stadium= (0.276)

Site _Sir Consd D@ ©® © € Work Zol

m

Cost o 5 © @ ©O © © ©® © Work Zoi - Impet-M-43 & US 131= (0.126)

B Technical Fesb 8 Risk= (0.114)

B Env Consd= (0.051) it
Cost @ @ € Technical ¢ LI 5

Figure 4-10. Interface of the decision tool developed by Doolen (2011)

The Mi-ABCD is a significant advancement over the FHWA tool. The advanced features of
the Mi-ABCD can be summarized as follows:

1. The Mi-ABCD incorporates Project Information, General Data, Site-Specific Data,
Traffic-Data, and the Life-Cycle Cost Data (Figure 4-2a) that guide the user in
making informed preferences.

2. Mi-ABCD only requires the users to provide preferences for a set of parameters based
on their experience from the previous recent projects. This process helps leveraging

the experience gained from past projects to enhance the decision-making process.
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3. Users may provide comments while assigning preference ratings. These comments
are available to subsequent users. This feature provides an opportunity to develop a
user knowledgebase within the process.

4. The Mi-ABCD analysis procedure is based on eigenvalue method to calculate overall
preference ratings for construction alternatives, which assure the consistency of
results between multiple users.

5. The comparison shown in Table 4-1 demonstrates that the Mi-ABCD process requires

less effort from the users.

Table 4-1. Comparison of FHWA/OSU Decision Tool and Mi-ABCD Features

Process is based entirely on the expert
opinion

Process is based on site-specific data as well as expert
opinion

Experts’ opinion is represented by pair-
wise comparisons of parameters

Experts’ opinion is represented by preference ratings using
an ordinal scale

Number of pair-wise comparisons for 5
major-parameters require 15 entries

Number of pair-wise comparisons for 6 major-parameters
require no entries

Number of pair-wise comparisons for sub-
parameters require 56 entries

Number of pair-wise comparisons for sub-parameters require
no entries

Number of pair-wise comparisons for
construction alternatives require 27
entries

Number of pair-wise comparisons for construction
alternatives require no entries

The entire process requires 98 entries

The entire process requires 44 entries

Approximate method (i.e., normalized row
average method) is used to calculate the
preference ratings

Eigenvalue method is used to calculate the preference ratings

44 SUMMARY

The process of making ABC decisions needs to be supported by a mathematical process that
utilizes tangible bridge construction parameters, site-specific qualitative and quantitative
data, and the heuristic experience of the project engineers. The Michigan Accelerated Bridge
Construction Decision-Making (Mi-ABCD) process and the associated software platform
(tool) were developed to address this expectation. The specific conclusions related to the Mi-

ABCD are as follows;
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The Mi-ABCD process is limited to typical highway bridges only. The process
needs to be extended to incorporate bridges with other features such as high skew,
long span, etc.

At this time, the platform is capable of comparing ABC to conventional
construction. The platform can be extended also to analyze comparison of various
ABC methodologies to a specific site. The goal is to expand the program so that
various ABC methodologies, together with conventional construction, can be
compared.

Strength of the methodology is the integration of quantitative data to help the user
make qualitative decisions. An additional strength is eliminating the pair-wise
comparison of parameters and using preference ratings. This is based on user
feedback concerning the complexities of making pair-wise comparisons between

unrelated parameters.
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5 CONSTRUCTION AND DEMOLITION PROCEDURES AND
DETAILS FOR SELECTED BRIDGE STRUCTURAL SYSTEMS

A thorough literature review presented in Chapter 2, documents (a) prefabricated bridge
elements and systems (PBES) currently being implemented and under development, (b)
details designed for connecting prefabricated elements and developing continuity details over
piers and abutments, and (c) construction and demolition procedures. A summary of findings
is given in Chapter 2 while a detailed discussion on PBES and connection and continuity
details is given in Appendix A and B. This chapter includes (1) recommended PBES
including configurations for developing reduced-weight bent/pier caps, (2) connection details
for PBES including standard deck-level longitudinal connection details, (3) continuity details
over piers and abutments, and (4) construction and demolition procedures for selected bridge

systems.

5.1 PBES RECOMMENDATIONS

The Prefabricated Bridge Elements and Systems (PBES) recommendations are identified
after a critical review of the connection and continuity details described in Appendix A. The
review was based on the durability and constructability of the connections. In order to help
in identifying a particular prefabricated bridge element, system or combination thereof for a
project, the benefits and drawbacks of each element or system are described. Also, in
specifying a PBES for a project, it would be useful to review the potential challenges during
construction and identify effective means to mitigate such challenges. To help with that
effort, constructability challenges and other limitations of the PBES are listed. Further,
topology, commonly used span ranges, and material properties associated with each element
or system are presented where such information is available. Having such information is
useful for identifying elements, systems or a combination thereof suitable for a particular
project following the evaluation of site constraints. The source of information for each

element or system is also included.
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5.1.1 Prestressed Concrete (PC) Girders

The following two girder types are recommended:

1.

Precast concrete (PC) I-girders: These girders are recommended, because their
formwork is widely available at the precast plants. The depth of AASHTO PC I-
girders ranges from 28 in. to 54 in., and their span ranges up to 114 ft. In addition to
AASHTO standard sections, the state-specific PC I-girder sections are available to
accommodate longer spans. As an example, the Michigan 1800 girder could span up
to 145 ft. Moreover, the designers, fabricators, and contractors are familiar with these
girders, and past performance data is available that could be utilized in various
assessment procedures.

Precast bulb-tee girders: These girders are recommended because there is a
significant amount of research data available primarily performed by FHWA and
various state DOTs. The sections are structurally efficient and cost effective. For
example, after evaluating available precast bulb-tee girders in the U.S., the Utah DOT
produced standardized girders with a depth ranging from 42 in. to 98 in. and spans
ranging up to 186 ft. These girders can also be spliced with the use of post-tensioning
to extend up to a span of 220 ft. The formwork of these girders can also be utilized
for the decked bulb-tee girder. The decked bulb-tee girder is a potential modular
superstructure element, which will be discussed in Section 5.1.3.1 - Modular

Superstructure Elements.

For each of the two girder types, a description, a list of citations, and a review of

constructability are presented.

5.1.1.1 Precast Concrete (PC) I-Girder

Description: The AASHTO types I to IV girders were developed and standardized in the
late 1950s, and AASHTO types V and VI girders were developed in 1960s. As a result of

AASHTO standardization, precast plants invested in the formwork for PC I-girders. Thus,

the design practices were simplified, and significant cost savings were observed in the

construction of prestressed concrete bridges.
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The performance of the PC I-girders is well documented. The performance data can be
utilized in various assessment/evaluation procedures, such as the life-cycle cost calculation.
These girders were also successfully implemented in Accelerated Bridge Replacement

(ABR) projects where Self Propelled Modular Transporters (SPMTs) are used.

Sources of information: Chung et al. (2008); Abudayyeh (2010b); MDOT-BDM (2013);
Attanayake et al. (2012); (Ralls 2008).

Constructability evaluation: The PC I-girders are often used to build bridge superstructures
that are moved into position using SPMT or the slide-in technique. The only difficulty in
using PC I-girders in ABR is to design the girders and deck to accommodate the stresses
developed during the bridge move. Partial-depth or full-depth deck panels are required along
with the implementation of PC I-girders in ABC projects. However, partial-depth deck
panels are not recommended because of reflective deck cracking potential. When PC I-
girders are used with full-depth deck panels, the girder sweep needs to be controlled.
Moreover, cast-in-place (CIP) construction and special details are required to develop
continuity over the piers. The continuity details are discussed in Section 5.2.1.4 — Continuity
Detail over the Pier or a Bent. Where needed, the curved spans can be constructed using

straight PC I-girders.

The PC I-girders are appropriate for short-to-medium span bridges. Girders are prone to end
cracking. Girder end cracking potential is high along the transfer length when 0.7 in.
diameter prestressing strands are used (Vadivelu 2009). To prevent end cracks, some of the
prestressing strands can be debonded near the girder ends to increase the transfer length. The
prestressing strands of 0.5 in. and 0.6 in. diameter, and a 28-day concrete strength ranging

from 5000 psi to 7000 psi are commonly specified in these girders.

5.1.1.2 Precast Bulb-Tee Girder

Description: In 1980, FHWA initiated a research project to develop an optimized, efficient
and economic prestressed concrete girder. The research evaluated the AASHTO standard PC
I-girders as well as state specific standard girders. The bulb-tee along with the Washington
and Colorado girders were identified as the structurally efficient sections. The bulb-tee

girder with a 6 in. web was proposed as a national girder for short-to-medium spans. Later,
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the PCI committee modified the bulb-tee section (Figure 5-1) and in 1988, they standardized
it as the AASHTO/PCI bulb-tee girder (TFHRC 2006). Russell et al. (1997) conducted a
comprehensive study on the effect of strand size and spacing on capacity and cost for high-
strength concrete bulb-tee girders. The results indicated that 0.7 in. diameter strands at 2 in.
spacing in a precast bulb-tee girder with 10,000 psi strength would provide an economical

design for longer spans.

Following evaluation of precast bulb-tee girder sections in the U.S, a series was standardized
by the Utah DOT to be formally known as Utah Bulb-Tee (UBT) girders. The depth, span
range, and corresponding concrete strength of the standard UBT girders are presented in

Table 5-1. The standard drawings for the UBT girders (UDOT 2010b) are presented in

Appendix G.
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Figure 5-1. Precast bulb-tee girders (Source: UDOT 2010b)
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Table 5-1. Depth and Span Range of Utah Bulb-Tee Girders (Source: UDOT 2010b

Span Diameter of Number
Depth (ft) prestressing of
(in.) 28-day concrete 28-day concrete strands strands
strength of 6,500 psi | strength of 8,500 psi (in.)
42 ~85 ~98
50 ~97 ~117
Utah bulb- 58 ~112 ~131
. 66 ~124 ~146 )
tee girders 0.6 Varies
spaced at 8 ft 74 ~140 ~157
82 ~150 ~167
90 ~164 ~177
98 ~169 ~186

Sources of information: Mills et al. (1991); Seguirant (1998); Lavallee and Cadman
(2001); Castrodale and White (2004); Fouad et al. (2006); Browder (2007); UDOT (2010b).

Constructability evaluation: The precast bulb-tee girders are appropriate for developing
continuous spans. Special details and CIP construction are required to develop continuity

over the piers. (See Section 5.2.1.4 — Continuity Detail over the Pier or a Bent for Details.)

ABC implementation can be accomplished with partial-depth or full-depth deck panels. As
indicated earlier, the use of partial-depth deck panels is not recommended due to reflective
deck cracking potential. When used with full-depth deck panels, the controlling girder sweep
is critical due to slenderness of the section. The use of a wide bottom flange in the precast
bulb-tee girders results in a stable section and accommodates a larger number of prestressing

strands.

For bridges with restrictions for pier placement, spliced spans extending up to medium spans
could be achieved with multiple precast bulb-tee girders. Post-tensioning can be used for the
full length of the bridge when spliced spans are utilized. However, the web width needs to
be increased in spliced girders to accommodate the post-tensioning ducts (Figure 5-2).
Splicing options and details are discussed in the NCHRP report 517 (Castrodale and White
2004).

The splicing operation requires more time that will extend the construction schedule.
Further, a CIP concrete diaphragm is typically required at the spliced location. As was

mentioned earlier, with post-tensioning, the repair or rehabilitation activity options will be
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limited. Before repair, rehabilitation or demolition operations, the stability of the system

needs to be evaluated.

Minimum (center to center) spacing of ducts to be the greatest of:
~ 2 xinside diameter of ducts

~ Outside diameter of ducts (across rib) + 2"

~ O.D. duct + 1.5 x maximum aggregate size

~4"

Figure 5-2. Precast bulb-tée with post-tensioning in the web (Source: Castrodale and White 2004)
5.1.2 Full-Depth Deck Panels

DOTs are sometimes reluctant to use post-tensioning (FHWA 2012). However, a full-depth
deck panel system with transverse prestressing and longitudinal post-tensioning is
recommended. This recommendation is supported by the deck’s superior durability
performance. Transverse prestressing provides crack control and allows using thinner deck
panels and wider spacing of supporting girders. Longitudinal post-tensioning can be
designed so that the deck remains under compression under all service load conditions,
resulting in a durable system. Moreover, full-depth deck panels have been implemented in
several ABC projects, from which lessons-learned reports are available. Additionally,

designers and precast plants have experience with the system.

5.1.2.1 Full-Depth Deck Panels with Transverse Prestressing and Longitudinal Post-
tensioning

Description: Full-depth deck panels have been used since the early 1970°s (Issa et al.
1995a). The full-depth deck panels can be used in the deck replacement, superstructure
replacement and bridge replacement projects. The transverse prestressing allows casting

deck panels as wide as 40 ft [i.e., dimension in transverse direction of the bridge (Figure 5-3

a)l.

124



The UDOT (2010b) developed standard details for the full-depth deck panels. (See Appendix
F for details.) The UDOT (2010b) allows the use of skewed panels up to 15° (Figure 5-3 b).
For skew decks up to 45° rectangular interior panels with trapezoidal end panels are

specified (Figure 5-3 c).
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(c) Bridge with skew greater than 15"
Figure 5-3. Standard full-depth deck panel applications (Source: UDOT 2010b)
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Full-depth deck panel length (in the direction of traffic) with transverse prestressing could
vary from 8 ft to 16 ft. The panel width (in the direction transverse to traffic) could vary from
24 ft to 40 ft. Several projects specified a deck thickness of 8.5 in. with concrete strength of
4,000 psi at release and 5,000 psi at 28 days. The supporting girder spacing for the deck
panels with transverse prestressing could vary from 8 ft to 12 ft. Steel girders with a
minimum top flange width of 16 in., AASHTO types Il to VI girders, or precast bulb-tee

girders are commonly used.

Sources of information: Hieber et al. (2005); Badie et al. (2006); Higgins (2010); UDOT
(2010b); Attanayake et al. (2012).

Constructability evaluation: The uncertainty related to the full-depth deck panel’s
durability performance is the tightness of transverse connections. The connection details
promising best performance are discussed in Section 5.2.1.1 — Transverse Connection at the

Deck Level.

Staged construction with full-depth deck panels is possible (Figure 5-4). During staged
construction, vibrations generated by the traffic may promote cracking within the cement
matrix and at the interface of the longitudinal closure. Reinforcement overlapping conflicts
at the closure are documented in post-construction reports. This can be addressed by
educating the detailers of the issue, while specifying and enforcing the best practices for

tolerances.

AASHTO (2010) specifies 250 psi compression at the panel transverse connection after all
the prestressing losses. The continuous span structures should be analyzed in the vicinity of
the piers to determine the level of post-tensioning required to achieve nominal 250 psi
compression at connections. Transverse connections should be placed away from the pier
locations to minimize the potential for developing tensile stresses. The maximum post-
tension duct spacing should be less than panel length (Ulku et al. 2011). Tolerances at the
post-tension duct splicing locations should be appropriate to minimize misalignment. To
reduce the difficulties associated with the strand placement in the post-tensioning ducts,
round ducts are preferred over the flat ducts (Badie et al. 2006). Moreover, to prevent

excessive friction during post-tensioning operation, adequate space should be maintained
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between the strands and the ducts. For example, if 4-0.6 in. diameter strands are allowed for

a particular duct, the design may be based on 4-0.5 in. diameter strands.

The deck system contains several grouted connections thus making the construction
challenging. Therefore, special provisions need to direct the contractor to identify the
grouting procedures and to demonstrate the effectiveness of the procedures by performing
mock-up testing. The difficulties with grout selection and application are discussed in
Section 2.4. The panels should be properly supported until the haunch grout achieves the
required strength. For supporting the deck panels, in each deck panel, at least two (2)
leveling devices per girder need to be provided. Proper tolerances at the shear pockets
should be specified and verified. The shear pockets and leveling device details are discussed

in Section 5.2.1.3 — Deck-to-Girder Connection—Blockouts.

The following challenges are encountered when implementing full-depth deck panel systems:
e Specifying and enforcing the required tolerances during the fabrication process,
e Enforcing the construction tolerances during the assembly process,
e Transporting the trapezoidal end panels used in the high skew bridges, and

e Replacing a single girder or a panel in a system with post-tensioning.
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Figure 5-4. Stage construction configuration for full-depth deck panels (Source: UDOT 2010b)
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5.1.3 Modular Superstructure Elements

The two modular superstructure elements recommended for potential implementation are
described below.

1. Decked bulb-tee girder: This section has been implemented in several projects in
Florida, New York, Utah, and a few states in the New England region. UDOT
(2010b) standardized this section for spans up to 180 ft. The superstructure can be
formed by placing the units next to each other and providing a connection for moment
and shear transfer. The superstructure can be designed with or without an overlay.
Overlay is recommended for durability. The precast forms for the precast bulb-tee
girders could also be utilized to cast the decked bulb-tee girder elements.

2. Decked box-beam: This section is recommended based on recent positive
experiences in Michigan. The superstructure can be used with or without an overlay.
Again, overlay is recommended for durability. The precast forms for casting the
adjacent box-beams could be utilized to cast the decked box-beam elements. Precast
plants and contractors often have experience with the precast box-beams; thus,

prefabrication of the decked configuration will not be challenging.

5.1.3.1 Decked Bulb-Tee Girder

Description: The decked bulb-tee girder (Figure 5-5) was developed in 1969 by Arthur
Anderson based on the standard tee girder. The standard tee girder was commonly specified
for parking structures and the building industry in early 19" century. The New England
states, Utah, and Florida have specified the decked bulb-tee girder section in several projects.

The New York State DOT has implemented this section in a few projects since 2009.

The decked bulb-tee girders can be manufactured in a single pour, which makes the
fabrication easier compared to a single cell box-beam. The decked bulb-tee girders provide
the flexibility for accommodating utility lines. When compared to the double-tee girder
elements, decked bulb-tee girders can be designed for a greater load carrying capacity for
equal span lengths. A wearing surface, or an overlay, is required once the decked bulb-tee

girders are assembled on the site (Figure 5-6).
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UDOT (2010b) standardized the decked bulb-tee girder with flange widths ranging from 4 ft
to 8 ft, depths ranging from 35 in. to 98 in., and spans of up to 180 ft. The maximum span
has not been implemented in ABC projects primarily due to limitations in transporting the
sections to the bridge site. The standard drawings for the decked bulb-tee girder by UDOT
(2010Db) are presented in Appendix G.

Sources of information: PCI (2011); Shah et al. (2006); UDOT (2010b); Culmo (2011).

Constructability evaluation: As with any modular system, the connections between the
decked bulb-tee girders can fail unless designed as a flexure-shear transfer connection.
Standard details for deck level longitudinal connection are developed and presented in

Section 5.2.1.2 — Longitudinal Connection at the Deck Level.

UDOT (2010b) specifies a span up to 180 ft. As with any other bridge system, use of deep

girders for medium span bridges is not practical in most sites due to underclearance issues.

Some considerations related to the use of decked bulb-tee girders are as follows:
e The spacing of the diaphragms between the decked bulb-tee girders needs to be
researched to achieve the desired level of torsional stiffness.
e The weight of the decked bulb-tee girders needs to be considered during the design
process, to comply with transportation limitations, and
e The crown of the riding surface on the decked bulb-tee girders can be formed by an
overlay. There is preference for use of latex modified concrete or epoxy overlay over

an asphalt overlay with a waterproofing membrane.
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Figure 5-5. Typical section of a decked bulb-tee girder (Source: PCI 2011)

Figure 5-6. Decked bulb-tee girder (Source: CPMP 2011)
5.1.3.2 Decked Box-beam

Description: The decked box-beam element is the traditional box-beam with a built-in deck
(Figure 5-7). This element was developed by Michigan DOT to provide a prefabricated
element, which inherits the benefits of an adjacent box-beam, and when assembled on site,
resembles a spread box-beam bridge. The decked box-beam system was implemented for

ABC in 2011 to replace M-25 over the White River Bridge (BO1 of 32091) in Michigan.
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Transverse post-tensioning similar to side-by-side box-beam bridges, through the CIP
diaphragms, was specified. The beam depth was 3 ft (including the deck) and spanned 47 ft.
The top flange width of the beams was 5 ft-5 in. The specified 28-day compressive strength
was 7000 psi.

The decked box-beam section is suitable at sites with underclearance limitations. As the
decked box-beam resembles the spread box-beam bridge, utilities could be accommodated.
The weight of the decked box-beam may be the factor limiting the use for short-span bridges
(20 ft to 60 ft).

Source of information: MDOT M-25 over White River Bridge plans (2010); MDOT-BDM
(2011).

Constructability evaluation: The decked box-beam section is new, and past performance
data is limited. The longitudinal deck connection detail used with these beams needs to be
designed to transfer both moment and shear. Standard deck level longitudinal connection
details are developed and presented in Section 5.2.1.2 — Longitudinal Connection at the Deck
Level. The designers should be aware of shipping and handling weight limitations while

designing these sections for increased spans.

The typical sequence of precasting the decked box-beam is to fabricate the box-beam, place
the deck reinforcement on top of the box-beam, and cast the deck. The deck reinforcement
placement and the deck casting operation scheduling is critical to prevent a cold joint

between the deck and the box-beam.

Some of the considerations related to the use of decked box-beams are these:
e Difficulty of inspection of the box-beam interior,
¢ Difficulty in the fabrication, because of the multi-step process, and
e Difficulty in replacing single or multiple units because of the transverse post-

tensioning.
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Figure 5-7. Decked box-beam section (Source: MDOT M-25 over White River Bridge plans 2010)
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5.1.4 Modular Superstructure Elements with an Implementation Potential

Modular superstructure elements, which have a potential for implementation, but require

additional investigation for successful use in ABC projects are presented below:

1.

Precast adjacent box-beams: This is the classic system specified to accelerate the
construction with several inherent advantages. Many state DOTs, prefabricators, and
contractors are familiar with the system. Because of large inventory, the past
performance data is available going back to the 1950s. The major obstacle is the
reflective deck cracking which leads to premature deterioration. Even with the
reflective deck cracking potential, the system is widely specified because of a lack of
alternatives for sites with underclearance limitations.

Inverted-T precast slab: This element is recommended because of its high span-to-
depth ratio, which is suitable for implementation with underclearance limitations.
Further, this element eliminates the formwork requirement for the CIP deck. Again,
there is potential for reflective cracking along the longitudinal connection. A recent
NCHRP-10-71 project proposed a few design changes for improving the connection.
The new details have not been tested for performance to determine its durability.
Northeast Extreme Tee (NEXT) D beam element: This element is selected because
of its higher load carrying capacity than standard double tee girders. These elements
are suitable for bridges with up to a 90 ft span and with underclearance limitations.
Additional studies are needed on the section in order to clarify the following: 1)
ambiguous live load distribution, ii) sufficiency of the longitudinal connection detail,

and iii) optimality of the cross-section.

5.1.4.1 Precast Adjacent Box-beams

Description: These elements have been in use in Michigan since 1955 (Attanayake 2006).

There is extensive experience with their design and performance. These elements are ideal

for sites with underclearance limitations. The construction can be accelerated by specifying a

wearing surface without a cast-in-pace deck directly over the box girders (Figure 5-8). These

elements possess high torsional stiffness and can be used for constructing aesthetically

pleasing shallow-depth structures.
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Sources of information: Aktan et al. (2009); Attanayake (2006); Stamnas and Whittemore
(2005); Chung et al. (2008); MDOT-BDM (2011); Ulku et al. (2010).

Constructability evaluation: Field inspection has documented grout spall and inadequate

gaps between beams for forming the shear keys (Aktan et al. 2009). Tighter fabrication

tolerances need to be specified. Reflective cracking is common among the inventory

constructed with a CIP deck. Therefore, a redesign of the transverse connectivity of the

adjacent box-beams will mitigate the reflective cracking (Ulku et al. 2010).

attributes are shown in Table 5-2.

Box-beam

Table 5-2. Attributes of Precast Adjacent Box-beams Used in Michigan (Source: MDOT-BDM 2013)

Depth range | Spans up to | 28 day concrete strength
(in.) (9] (psi)
Box-beam
(36 in. wide) 17-42 ~120 5,000 — 7,000
Box-beam
(48 in. wide) 21-60 ~150 5,000 — 7,000

Some of the considerations related to the use of these elements are as follows:

e Fabrication complexity due to the multi-step fabrication process of the box,

e Inspection difficulties of the box-beam interior,

e Difficulty in accommodating utilities underneath the superstructure, and

e Difficulty in replacing an individual beam due to transverse post-tensioning.
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Figure 5-8. Aﬂjacebox-beams that require a earing surface Source: CPCI 2006)
5.1.4.2 Inverted-T Precast Slab

Description: The inverted-T precast slab elements are assembled adjacent to each other so
that formwork is not required for casting the connections and the deck. The transverse
reinforcement protruding from the precast elements provides the moment continuity across
the connection (Figure 5-9). These elements have been used by the Minnesota DOT in

several projects since 2005.

These elements are suitable for spans up to 65 ft (i.e., short span bridges). The typical width
is 6 ft, and the depth is 30 in. (for elements of 65 ft span). The depth includes the 24 in. deep
precast section and 6 in. thick CIP deck. Because of their shallow depth, these elements are
ideal for sites with underclearance limitations. Concrete with a 28-day strength of 6,500 psi
is commonly specified for these elements, and a 28-day strength of 4,000 psi is specified for

the CIP deck.
Sources of information: Bell II et al. (2006); French et al. (2011).

Constructability evaluation: These elements require a reinforcement cage along the
longitudinal joint with the CIP deck. The transverse reinforcement (Figure 5-9 and Figure

5-10) allows anchoring the preassembled reinforcement cage (Figure 5-11). The CIP deck
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increases the project duration. The implementation of these elements in Minnesota has been

limited to the short span bridges (20 ft to 60 ft).

The observed reflective cracking at the longitudinal joints was described as a durability

concern. A recent NCHRP-10-71 project (French et al. 2011) investigated the performance

of these elements. Moreover, the investigations revealed that the elements with depth greater

than 22 in. require large amounts of confining reinforcement in the end regions. The time-

dependent restraint moments in the full bridge system were identified to dominate the creep

of individual elements. The NCHRP-10-71 project proposed design changes to account for

the reflective cracking and bursting stresses at the end regions. The new but untested details

for the inverted-T precast slab section are shown in Figure 5-10 and Figure 5-11 b.

6 SPS.@ 7" = 3'-6"

¥ sosose - S1608E
[Te] I / 1" Chamfer
. DIJJE\X - ,' = ~ - . \/_ oo
&' N\ S1302E /
ZIn ,
AN
3" 8:\ \,4" ‘ 7 SPS. @ 6" = 3‘6"\ ‘ 4" \’ 8" ‘3“
' Conn L .
S1301E M 5 sTRAND S13AXE
(a) End section
= 6SPS.@ 7" = 3-6"
3 S2505E S1608E
‘0 \ _~S1307E 1" Chamfer
= { v e ° ® o S| S1910E
& S1302E /
z|I| — , h
s [CN TN T ) o
5 N A 7
3" 8‘"\ 4" \ 7 SPS @ 6" = 3'6" ‘ 4" \‘ 8“ ‘3"
' V ' ( rd |
S1301E - M 5 STRAND
(b) Midspan section

Figure 5-9. Old detail of the inverted-T precast slab

136



S16HE 6SPS. @ 7" = 3'-6" S1307E
f S2505E /—1 " Chamfer
_ e "5 ® ® ® 7% & | ‘
- ) S1901E
o) r~ S1302E
S / /
1/4" = (] L] L ] L] L] L] L) 2"
E') r (] \ (] U L] o ] [ ] k\ L] L) L3 L] 2"
3" 8.:\1) 4n 7 SPS. @ 6" =3'6" \ " g" ’3.,‘
\ ' @ STRAND
S13AE
(a) End section
S16HE 6 SPS. @ 7" = 3'-6" S1307E
S2505E [1 Chamfer
i e e @ ® s 7@ ®|
. o S1901E
3 ~ /
1/4"__ [ ] L ] L ] L] L] \ L] L] 2“
o [ ———r
. g \ el ol

d r A A A d

%' @ STRAND
S13AE
(b) Midspan section
{| A
| 78" | 7l
S1901E S16HE
CEOJ: ‘ 5-8"
| 3.8" | S13AE
S10CE
p 3-8" " N T 3-8" I
cll | TL —
S1307E o | s1302€

(c) Standardized reinforcing bars

Figure 5-10. New detail proposed by the NCHRP for the inverted-T precast slab
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(b) New detail proposed by the NCHRP
Figure 5-11. Reinforcement cage at longitudinal joint of the inverted-T precast slab
5.1.4.3 Northeast Extreme Tee (NEXT) D Beam

Description: The NEXT D beam is a modified version of the standard double tee girder.
The NEXT D beam does not require a CIP deck and has a wider stem that can accommodate
large number of prestressing strands (Figure 5-12). These elements have been designed for
greater load carrying capacity than the standard double tee girders. This section is approved
for use in Connecticut, Massachusetts, Maine, New Hampshire, Rhode Island, Vermont,

Delaware, Maryland, and New Jersey.

The Precast Prestressed Concrete Institute Northeast chapter (PCI NE) has developed
standard details for the NEXT D beam elements. (See Appendix H for details.) The NEXT D
beam elements can be cast in a single pour. Also, standardized depth, spacing, and size of
stems allow different element widths, ranging from 8 ft to 12 ft, to be produced with one set
of formwork (Figure 5-12). The spans range from 40 ft to 90 ft, and the depth ranges from
24 in. to 36 in. at 4 in. increments. The NEXT D beam of 90 ft length weighs about 160 kips.

Sources of information: Calvert (2010); Culmo and Seraderian (2010); PCI NE (2011);
Culmo (2011).
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Constructability evaluation: The NEXT D beam elements are designed without
intermediate diaphragms. The lack of the intermediate diaphragms may lead to undefined

load distribution and excessive twist under live load.

The NEXT D beam elements and their connection details are new, and past performance data
is limited. Durability performance of longitudinal connections between the elements needs
to be evaluated. The potential connection details for such systems are discussed in Section

5.2.1.2 — Longitudinal Connection at the Deck Level.

The NEXT D beam consists of wide stems. This cross section is non-optimal which results

in excess weight. Therefore, the use of these elements in bridge construction will be limited.
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Figure 5-12. NEXT D beam element (Source: PCI NE 2011)
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5.1.5 Modular Superstructure Systems

The modular superstructure systems presented in Appendix A include the INVERSET™
(proprietary) and the decked steel girder (non-proprietary). The recommended modular
superstructure system for immediate implementation is described below
1. The decked steel girder system: This system is recommended because it is non-
proprietary and fabrication is simple. The system is more suitable for bridges in non-
corrosive environments. This system requires a wearing surface to enhance durability

once assembled on-site.

5.1.5.1 Decked Steel Girder System (Also Referred as Decked Steel Girder Module)

Description: The decked steel girder system was developed in a SHRP II project; it was
implemented in the [-93 Fast 14 project in Medford, MA (MassDOT 2011) and the Keg
Creek Bridge replacement project in Pottawattamie County, IA (IowaDOT 2011).

The modules consist of two W 30x99 (depth: 29.7 in.), ASTM A709 grade 50W steel
girders, integral with a 7.5 in. to 8 in. deep precast deck (Figure 5-13). The section width
ranges from 8 ft to 9 ft with a 28-day compressive strength of 4000 psi to 5000 psi. Up to 73

ft spans have been implemented with the section details shown in Figure 5-13.

Sources of information: Shutt (2009); LaViolette (2010); MassDOT (2011); IowaDOT
(2011); Moyer (2011).

Constructability evaluation: Manufacture of this module requires steel fabricators and
precasters to work together. The crown of the decked steel girder bridge could be formed in
two ways: 1) increasing the thickness of the deck, and diamond grinding part of the deck to

the desired crown, and ii) placing an overlay over the deck to form the crown.

Use of weathering steel can help with corrosion prevention. However, the system, even with
weathering steel, is not suitable for Michigan exposure with aggressive winter maintenance.
The past performance data of the decked steel girder system is limited. The success of the
decked steel girder system is controlled by the performance of the longitudinal connections.

The recommended longitudinal deck connection details and continuity details over the piers
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and abutments are discussed in Section 5.2.1.2 — Longitudinal Connection at the Deck Level

and Section 5.2.1.4 — Continuity Detail over the Pier or a Bent.
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(b) Section details
Figure 5-13. Decked steel girder system (Source: MassDOT 2011; lowaDOT 2011)
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5.1.6 Substructure Elements and Reduced-Weight Options

Since the inception of ABC, several substructure elements and connection details have been
developed. The substructure elements that were identified during the literature review are

presented in Appendix A.

Transport and placement impose limits to the weight of prefabricated components. For
example, the MDOT-BDM (2013) Section 7.01.19 recommends limiting weights of PBES to
80 kips (40 tons) for safe handling using conventional equipment. Due to similar constraints,
the ABC Toolkit developed under the SHRP2 R04 project (SHRP2 2012) recommends
limiting weights to 160 kips (80 tons). Where site conditions allow, SHRP2 (2012) suggests
using PBES up to 250 kips (125 tons) to build longer spans or wider bridges to minimize

construction duration.

Generally, the substructure is considered bulky and heavier compared to the girders.
According to Table 2-1, a span length greater than 50 ft with decked bulb-tee and decked
box-beam sections with 9.5 in. thick flange cannot be attained when the PBES weight is
limited to 40 ton (80 kips). In other words, bridge span and girder type also need to be
considered when defining weight limits for substructure components. Options are available
for reducing substructure element weight. Generally, the section weight can be reduced by
removing the material that does not contribute to section capacity or the stiffness, applying

prestressing or post-tensioning, or a combination thereof.

The substructure elements that show potential for immediate implementation are as follows:

1. Precast abutment walls and stems: Use of precast abutment walls and stems are
recommended. Some of the recommended stem sections are cast with cavities to
reduce weight. Additionally, segmental stems are recommended for sites with limited
access for large equipment.

2. Precast column: Octagonal and square/rectangular columns are recommended.
These precast columns are preferred because they do not require vertical casting and
are easy to secure during transportation. Segmental columns with precast hollow
sections are recommended for sites with limited access for large construction

equipment.

142



3. Precast pier/bent cap: The recommended bent caps include the rectangular and the
trapezoidal shapes. These bent caps are preferred because they reduce the number of
required substructure elements (i.e., columns and footings). In addition, a bent cast
with cavities, tapered sections, or a combination thereof is recommended for reduced

weight.

5.1.6.1 Precast Abutment Walls and Stems

Description: The precast abutment walls and stems were used in several ABC projects in
the U.S. Use of walls or stems depends on the site condition. An example project with an
abutment wall is the M-25 over the White River Bridge in Michigan (Figure 5-14). The
precast abutment walls are used with spread footing while the stems are used with piles. The

abutment wall on spread footing is also known as a cantilever abutment.

T

-

Figure 5-14. Abutment wall on spread footing (Source: MDOT M-25 over White River Bridge Plans)

For sites requiring a spread footing, the precast abutment wall is usually cast in segments to
help with shipping and handling of the component. For sites requiring piles, the precast
abutment stem is cast either in segments or as a single element based on site constraints.
Another option of reducing abutment stem weight is to use redundant pile cavities to be filled

in the field (Figure 5-15).
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Figure 5-15. Segmental abutment with redundant pile cavities (Source: Culmo 2009)

The abutments can be designed as integral or semi-integral. The semi-integral abutment is
recommended because of the following: (1) placing the prefabricated superstructure is
simpler on the constructed abutment, (2) the semi-integral abutment provides access for
inspection and maintenance of the bearing, (3) future superstructure repair and replacement
activities can be accommodated, and (4) the semi-integral abutment simplifies substructure

design especially in high-skew bridges.

The height of a precast abutment wall varies from 4ft to 10ft, and its thickness is around 2 ft.
Precast abutment stem height and thickness vary between from 3 ft and 4 ft, and the length
can be up to 14 ft. The typical 28-day compressive strength used in precast substructure

elements varies from 4,000 psi to 5,000 psi.

Sources of information: Stamnas and Whittemore (2005); MDOT M-25 over White River
Bridge plans (2010); Culmo (2009); UDOT (2010b).

Constructability evaluation: For sites requiring spread footings, the abutment walls are
placed into the channel cast in the spread footing. Connectivity is achieved through grouted
splice-sleeve connection. Tight tolerances are required for the proper fit of the precast
elements while using grouted splice sleeve connections. Refer to Section 5.2.2.3 — Abutment
Wall to Footing Connection for design details and potential strategies for improved

constructability.
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In sites requiring piles, tighter tolerances are required for the pile driving operation when a
precast abutment stem is used. A steel template is commonly used to assure accuracy of pile
placement (Figure 5-16). The abutment stems are connected to the piles using various types
of grouted connections. (See Section 5.2.2.1 — Pile Cap or Abutment Stem to Pile Connection
for details.) During the abutment stem placement over the piles, for leveling, a gap needs to
be maintained between the end of the pile and the precast abutment stem. With this gap,
maintaining a proper grade with the abutment stem is difficult. To maintain the grade, a CIP

concrete slab on grade can be placed as shown in Figure 5-17.

Post-tensioning is commonly specified for abutment stems casted in segments. Other vertical
connection details without post-tensioning are discussed in Section 5.2.2.5 — Vertical
Connection between Elements. Grouting of the vertical shear keys between the abutment
segments (i.e., splices) (Figure 5-14) needs further study. Projects have reported joint
forming and sealing difficulties under significant pressure head due to the height of the

abutment stem.

Moreover, when the redundant pile cavities (Figure 5-15) are used in an abutment stem to
reduce the weight, the formwork to form the cavity may create difficulties during the casting
process. Grouting large cavities will be difficult because of fill depth limits of most grouts.
The use of concrete and special concrete mixes for filling cavities in substructure elements

needs to be investigated.

Figure 5-16. Template used for maintaining pile driving tolerances (Source: Photo courtesy of MDOT)
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Figure 5-17. Concrete slab on ground to maintain the proper grade for placing the abutment stem
(Source: Photo courtesy of MDOT)

5.1.6.2 Precast Columns

Description: Precast columns of circular, I-shape, octagonal, square/rectangular, and oval-
shape have been implemented in various projects. The oval-shape is typically used for the
piers of long and wide bridges. The I-shape is typically used for the piers of tall structures
where increased lateral stiffness is required. For the short and short-to-medium span bridges,

the circular, square/rectangular, and octagonal shapes are used.

According to the precast industry, a circular cross-section can only be cast in vertical position
which creates difficulties. For that reason, New England states, Florida, Texas, and Utah
prefer using octagonal precast columns. Other states such as lowa, Washington, and
California use square/rectangular precast columns. If needed, there are various ways of
casting circular sections in horizontal position as accomplished by the concrete pole

industry’s centrifuge casting.

The octagonal columns (Figure 5-18) and square/rectangular columns (Figure 5-19) are easy

to fabricate and are more stable during the shipping and handling process.
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Figure 5-19. Square/Rectangular column (Source: IowaDOT 2011)

Sources of information: Shahawy (2003); UDOT (2010b); Khaleghi (2011).

Constructability evaluation: The octagonal and rectangular precast columns can be
fabricated in horizontal position, thus providing flexibility by using long forms to provide the
ability to cast multiple columns at once. Higher strength concrete can be specified, and

prestressing can be used to achieve taller and more durable precast columns.
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Specified tolerances need to be stricter for column connections to footings and to bent caps.
Refer to Section 5.2.2.2 — Column to Footing Connection and Section 5.2.2.4 — Pier Cap or
Bent Cap to Pier or Column Connection for design details and potential strategies to mitigate

constructability issues.

Transporting columns may create difficulties depending on the height and weight. A
rectangular precast column with a similar load carrying capacity to an octagonal column has

a greater weight.

5.1.6.3 Precast Pier/Bent Cap

Description: The precast pier/bent caps are common prefabricated substructure elements
that distribute the load from the bridge superstructure uniformly to the foundation. The
commonly specified bent cap geometries are: 1) rectangular (Figure 5-20) and ii) trapezoidal
(Figure 5-21). The bent caps are useful for the bridge sites crossing power/utility lines,
waterways, and highway-rail grade crossings. The use of bent caps minimizes the required

number of columns and footings.

Usually, one bent cap is used to support the full-width of the superstructure, whereas multiple
trapezoidal bent caps are used for the full-width (Figure 5-21). The typical height of a bent
cap is 3 ft to 4.5 ft, and the width is 3 ft to 4 ft.

The UDOT (2010b) standardized the bent caps as: i) single column hammer head bent
(Figure 5-22 a), i1) two column bent (Figure 5-22 b), and iii) three column bent (Figure 5-22
c). Any combination of any of two or three column bent caps is used to support the full-

width of a superstructure (UDOT 2010Db).
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P
Figure 5-21. Trapezoidal bent cap (Source: Restrepo et al. 2011)
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(a) Single column hammer head bent (b) Two column bent
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(¢) Three column bent

Figure 5-22. UDOT standardized bent cap sections (Source: UDOT 2010b)
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Sources of information: LoBuono (1996); Billington et al. (1999); Matsumoto et al. (2001);
Ralls et al. (2004); UDOT (2010b); Restrepo et al. (2011).

Constructability evaluation: The bent cap weight needs to be considered for transport and

handling.

Depending on the type of connection for the bent cap to column or pier cap to pier, the
specified tolerances needs to be stricter. Refer to Section 5.2.2.4 — Pier Cap or Bent Cap to
Pier or Column Connection for design details and potential strategies to mitigate construction

challenges.

Prestressing may be used to reduce the height and weight of the element. A precast inverted-
T bent cap was proposed by Billington et al. (1999), which can be prestressed (Figure 5-23 a,
b) to achieve shallow depth and extended length of up to 42.5 ft. Also, the section geometry
can be optimized to reduce the weight of the bent cap (i.e., reducing the section around the
center of the cap and bottom corners of the flange, Figure 5-23 ¢, d). The recommended
design with web walls of 14 in. thickness provides sufficient cover, anchorage zone, and
shear reinforcement in the bent cap. Implementation of the inverted-T bent cap could not be
identified. Further study is required to establish the applicability of the details proposed by
Billington et al. (1999).

Another approach to reduce the weight of the bent cap element is to eliminate a section using
embedded corrugated metal casing. Refer to Section 5.2.2.1 — Pile Cap or Abutment Stem to
Pile Connection for design details. The approach needs further analysis before being

considered for implementation.
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Figure 5-23. Inverted-T prestressed bent cap (Source: Billington et al. 1999)
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5.1.7 Substructure Elements with Implementation Potential

Some of the substructure elements that are presented in Appendix A may have a potential for
implementation. The substructure elements used in limited number of projects are
1. Precast bent cap cast with cavities or tapered sections

2. Precast segmental columns.

5.1.7.1 Precast Bent Cap Cast with Cavities or Tapered Sections

Description: This bent cap (Figure 5-24) was implemented in 2001 in the Conway Bypass
Highway Bridge in Horry County, South Carolina. The bent cap weight was reduced by

including cavities.

In the Conway Bypass Highway Bridge project, each bent cap with a square cross-section
supported the full-width of the superstructure. The depth and width of the bent cap were
about 4 ft with a specified 28-day compressive strength of 5000 psi. Cross-section details
were not available in the literature. The design and cross-section details need to be

investigated.

-v;{ ; 2l

Figure 5-24. Precast bent cap with cavities (Source: Culmo 2009)

Potential weight reduction using a doubly reinforced concrete section, a component with
embedded cavity, and a component with tapered cantilevers was evaluated (Figure 5-25). A
25% weight reduction can be achieved by using doubly reinforced concrete sections when
compared to a singly reinforced section (Table 5-3). Use of a cavity and tapered cantilever

helps reduce weight by 16% when compared to a singly reinforced section.
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(a) Rectangular section (b) Rectangular section with a cavity
e o e PP s ]

5'.8" _5'_6" -

(c) Section with tapered cantilever sections
Figure 5-25. Bent cap configurations

Table 5-3. Comparison of Bent Cap Weight Reduction

Standard rectangular

(singly reinforced design) 378.0 56.7 =
Rectangular

(doubly reinforced design) 283.5 42.5 25.0
w/ Cavity 317.5 47.6 16.0
w/ Tapered cantilever 318.5 47.8 15.7

Sources of information: Shahawy (2003); Culmo (2009).

Constructability evaluation: Fabrication and reinforcement detailing of the bent cap with

cavities may create difficulties. Potential connection details of the bent cap to the column are
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discussed in Section 5.2.2.4 — Pier Cap or Bent Cap to Pier or Column Connection.

Prestressing can be an option to further reduce the cross-section dimensions.

5.1.7.2 Precast Segmental Columns

Description: A hollow precast segmental column was designed by Billington et al. (2001)
under the sponsorship of FHWA and Texas DOT. The columns consist of multiple precast
segments and a template (capital) (Figure 5-26 a). The desired column height could be
achieved by increasing/ decreasing the number of segments and segment heights. The weight
of each segment can be limited to allow ease in transporting and placing. The precast
template (Figure 5-26 a) helps with aligning the pier with the bent cap or girder elevation.
The hollow section of the segment (Figure 5-26b) can accommodate drainage ducts. Girders

can be directly placed on the segmental columns to eliminate the bent cap (Figure 5-27).

The precast segmental column was implemented in a short-span bridge project in Texas (U.S.
Highway 249 over Louetta Road in Houston). No other implementation was documented in
the literature. Because of limited application and lack of performance data, further review is

recommended before specifying these substructure elements.

Precast
Template e——Adjustable
a Support
Precast, match cast—— I >—Match cast
column segments ‘ joints
i
o
o
&
©
>
FRER TN !
ﬁ;i | Variable -
(a) Elevation (b) Section

Figure 5-26. Precast segmental column (Source: Billington et al. 2001; Shahawy 2003)
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Figure 5-27. Short-span bridge with precast segmental columns (Source: Shahawy 2003)

The precast segmental column characteristics are as follows:
e Length of each segment 3 ft to 6 ft,
e Depth of cross-section 4 ft to 10 ft,
e Width of cross-section is 4 ft, and

e Specified 28-day compressive strength is 5000 psi.
Sources of information: Billington et al. (2001); Shahawy (2003); PCI (2011).

Constructability evaluation: The precast template (capital) is aligned with the bent cap or
girder elevation with adjustable supports on the top segment of the precast segmental
column. High-strength epoxy grout is specified for the joint between the precast template
and the top segment of column. The match-cast joints between the segments allow for an
accelerated construction process. However, for using match-cast joints, each segment must
be labeled for identification. There are two possible connection details for the precast column
segments: 1) grouted splice coupler connection and ii) vertical post-tensioning. (See Section

5.2.2.6 — Connection between Segmental Columns or Piers for details.)

To minimize the segment weight, a suitable section type and size needs to be developed for

short and short-to-medium span bridges. This requires further review before implementation.
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5.2 CONNECTION DETAILS
5.2.1 Recommended Superstructure Connection Details

The following connection details are recommend to be used in the State of Michigan.
Recommendations are based on (1) exposure conditions in Michigan, (2) load transfer
demand, (3) constructability, (4) connection dimensions and tolerances (to ensure

construction quality) and (5) other required details such as formwork.

5.2.1.1 Transverse Connection at the Deck Level

The transverse connection between panels is typically unreinforced, and requires post-
tensioning for transfer of both moment and shear. Following the grouting, the panel joints
can be compressed by longitudinal post-tensioning. Panel tolerances must be specified so
that post-tensioning only compresses the grout and avoids transfer through panel-to-panel
contact. To accommodate some duct misalignment and ease of placing tendons, generally a
2-in. circular post-tensioning duct is recommended for this purpose. The post-tensioning
schedule needs to accommodate the strength development rate of the joint grout in between
panels. A grout material with a modulus of elasticity comparable to the deck panel concrete
is recommended for the panel joints at the transverse connection for a uniform distribution of

clamping stress (Ulku et al. 2011).

The details shown in Figure 5-28 are recommended instead of the details presented in Figure
5-29 . This recommendation is based on the required tolerances, space for ensuring proper
grouting, and adequate confinement for the material to transfer shear. The connection detail
shown in Figure 5-29 has been used with a specified tolerance of 4 +/- % in. between the
bottom edges of the panel, which may result in zero tolerance and panel to panel contact. In
the case of panel-to-panel contact, the post-tensioning forces will be transferred at contact
locations without compressing the grout. For this reason, the tolerance is increased to 2 in.
as shown in Figure 5-29. Figure 5-30 shows the details at post-tensioning tendon coupling
locations. As discussed in Section 2.4, grout void dimensions are one of the parameters that
need to be considered in selecting grout. A larger void (fill depth) requires using extended
grouts or special concrete mixes to avoid high heat of hydration. The extended grouts, or

special mixes, have slower rate of strength development and will increase the construction
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duration. Neat grout that has a maximum fill depth limit of 6 in. is suitable for the
connection cavity shown in Figure 5-28. Also, proper grout curing and protection practices

need to be exercised as per the manufacturer’s recommendations.

There should be a sufficient gap in panel connections to eliminate panel-to-panel contact.
Flexible material such as a foam backer rod is commonly used to seal the bottom of the joint.
The foam backer rod can be attached to one of the panels before being placed. Further, foam
backer rods can accommodate panel surface irregularity at the joint. The foam backer rod
following installation should be able to withstand the self-weight of grout and any additional

pressure due to the application procedures such as pumping.

The connection detail recommended for the deck panels can also be specified for the
longitudinal connections such as a decked bulb-tee, double-tee, decked box-beam, or any
modular superstructure system. The difficulty expressed by the bridge designers with this
connection detail is the use of post-tensioning. The reason for the difficulty is the
complexities created by the post-tensioning during bridge deck repair, rehabilitation, and
replacement activities. On the other hand, post-tensioning essentially seals the joint and

improves system durability.
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Figure 5-28. Diamond shaped transverse connection details between panels (Source: Culmo 2009)
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Figure 5-29. Transverse connection details of a grouted shear key

g GROUTED SHEAR KEY
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DUCT COUPLER

Figure 5-30. Transverse connection detail of a grouted shear key with longitudinal post-tensioning duct

coupling

5.2.1.2 Longitudinal Connection at the Deck Level

There have been numerous ABC projects that successfully utilized longitudinal connections
at the deck level. In all cases, the connection design was empirical, and guidelines are not

available for rational design incorporating all effects including the thermal gradient loads.
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In this project, in order to evaluate the connection capacities under all load effects, the
longitudinal connection behavior with respect to its design parameters was analyzed.
Utilizing the analysis results connection was rationally designed, and standard details were
developed incorporating the load demands (i.e., moment, shear, and axial force) under live
and temperature gradient loads. The parameters considered in the analysis are (1) bridge
width, skew and span length, (2) girder size, spacing, and flange thickness, (3) end and
intermediate diaphragm configuration, (4) intermediate diaphragm spacing, and (5) the

material properties of superstructure components.

Load demands include only positive and negative thermal and live loads. Michigan is
located in zone 3 as defined in the AASHTO LRFD (2012). A temperature of T, =41 °F and
T,=11"F, as specified in the AASHTO LRFD Table 3.12.3.-1, defined the gradient profile.

Negative temperature values are obtained by multiplying the positive values by -0.3.

Live loads are specified in MDOT-BDM (2013) Section 7.01.04, which references AASHTO
LRFD Article 3.6.1.2. This includes the exception that the design tandem, as specified in
section 3.6.1.2.3, shall be replaced with a 60 kip single axle. Also, for Michigan interstate
and trunkline bridges, vehicular live loading designated as HL-93Mod, is specified as 1.2
times the combination of the

e Design truck or 60 kip single axle load and

e Design lane load.
Temperature gradient generates considerably larger moments and forces due to internal and
external constraints. The impact of each parameter on the moment, shear and axial load
demand was evaluated. Moment and force envelops were developed based on the critical
parameters. The analysis process and the associated critical parameters are shown in Figure

5-31.
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Figure 5-31. Critical design parameters for longitudinal connection at the deck level

The connection designed based on the rational process is shown Figure 5-32. These details

are appropriate for bridge superstructures with precast girders and concrete decks. The details

presented in Figure 5-32 are applicable to only typical highway bridges with prestressed

concrete girders such as I, box, bulb-tee, and MI-1800. The standard details are also

presented in Appendix I in a format compatible with the Michigan Bridge Design Guide.

160



High performance

concrete " Sacrificial surface

Nl

1u
92 SLAB

% |
L

T 3,
4

F

ol

(a) Deck slab and connection dimensions
BRIDGE LENGTH

B COMPONENT WIDTH Bl
EA03 BAR | | ! |
@ Dz3" )
10" MIN LAP
EKD4 BAR
Topizlab
EKD4 BARS EK04 BARS EKO4 BARS

Ny e S
Uy i,
= | ¥ == )

1u
ol* SLAB

Ll

=
N|_—'~

EADZ  (TvP) . COMPONENT WIDTH 5,1_

I+
Hy

(b) Connection details

Figure 5-32. Standard details for the longitudinal connection at the deck level

The connection can be cast with high early strength concrete or grouts with an elasticity
modulus comparable to concrete. The formwork for the connection needs to be designed to
retain the material and prevent any leakage. The formwork needs to be designed to carry the
weight of closure material and can be mounted as shown in Figure 5-33. In a majority of the
cases, the formwork can be attached along the edge of prefabricated element prior to
installation. Spray foam can be used to seal the gaps between the formwork and the concrete

slab.
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One of the difficulties associated with this connection detail is the space available for the
reinforcement. One approach is to stagger the reinforcement as indicated in the MDOT-BDM

(2013) Section 7.01.19.

(a) 3D-view of the hanging formwork (reinforcement not shown for clarity)

WOODEN BLOCK

HANGING FORMWORK
(CONTINUQUS)

(b) 2D-section of hanging formwork with longitudinal closure reinforcement

Figure 5-33. Hanging formwork for longitudinal connection at deck level

5.2.1.3 Deck-to-Girder Connection - Blockouts

The blockout in the deck panels to establish the connection between the deck and steel girder
is shown in Figure 5-34. The blockout is formed with rounded corners and tapers through
the depth. A blockout with rounded corners is preferred to minimize the potential for
developing air pockets during grouting, and to reduce stress concentrations within the
connection under thermal and shrinkage loads. The tapered grouted cavity also prevents

potential uplift of the panel. Steel studs can be welded to the steel girders on site or before
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being transported to site. The formwork recommended for these connections is fabricated
from flexible foam. Leveling devices are required to be used in conjunction with the flexible
foam to maintain the proper panel elevation and to keep the foam compressed to prevent

grout leakage.

The recommended deck and precast concrete girder connection is shown in Figure 5-35.
Implementation of this detail is simple as the coil bolts are threaded into the flared coil on
site. In any case, tolerance specifications for girder sweep, blockout size and location, and a

quality control process are critical to avoid potential construction difficulties.
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Figure 5-34. Panel to steel girder connection details (Source: Culmo 2009)
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Figure 5-35. Panel to concrete girder connection details

Shim packs have been previously used for supporting and leveling the panels. Ensuring
proper support, setting up the deck crown, and constructability are the primary complications
associated with using shim packs. Leveling devices are used for supporting full-depth deck
panels (Figure 5-36). Leveling devices can also be specified as a temporary support to
overcome the difficulties described above. Leveling devices will provide support to panels
until haunches are grouted and have achieved sufficient strength to carry the load due to
remaining construction activities. Placing deck panels over the girders will be easier with the
use of leveling devices. Also, with the use of leveling devices, differential camber can be
adjusted. The leveling bolts can be designed to support the deck dead load and other
temporary construction loads. Following connection grouting, leveling devices can be

removed or may be left embedded in the deck.
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Designing leak proof formwork and ensuring fully consolidated grouted connection are
reported as difficulties. This is primarily because grout is expected to consolidate only under
gravity. One such example is the formwork for grouting the haunch between full-depth deck
panels and the girders. In the majority of cases, steel angles, wooden formwork, or flexible
foams have been used. Flexible formwork is recommended here because girder and panel
surface gap irregularities and panel movement during adjustments are accommodated (PCI
NE 2011). The commonly specified flexible foams for grouting the haunches (Figure 5-36)
are (1) polypropylene tubing seal, (2) elastomeric tubing, and (3) polyethylene rod.
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CARRIAGE BOLT —,

y— TAPERED BLOCKOUT
ifs (GROUTEDAFTER CUTTING OFF THE BOLT)

B — 2#4 BAR WELDED TO
\ e %" PLATE

> <

PIFE SLEEVE OR
THREADED SOCKET “\

I

“~—— PRECAST DECK

|--::.. — ]
/ |
FLEXIELE FORMWORK

Y
\\— STEEL GIRDER

Figure 5-36. Leveling device detail and formwork at the deck level (Source: PCI NE 2011)
5.2.1.4 Continuity Detail over the Pier or a Bent

Continuity detail over the pier or bent can be established using splice sleeves provided at the
deck level and continuity reinforcement provided at the bottom flange of the beam (Figure
5-37). The splice sleeves are slid into position after placing a beam over the adjacent span.
A similar detail can be used to establish the live load continuity over the piers for steel
girders. The connection detail at the bottom flange is shown in Figure 5-38. The complexities
reported with this connection are (1) connecting splice sleeves is a tedious and time
consuming process, and (2) maintaining beam reinforcement alignment for splice sleeves is

difficult.
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Another option for continuity over the pier or a bent can be established with link slabs
(Figure 5-39). Link slab analysis and design procedures presented in Ulku et al. (2009) are
recommended. Link slabs have been implemented in the Mass DOT Fast 14 ABC project.

Box-beam
Girders

Grouted splice
sleeves

Bent cap

Column

Figure 5-37. Continuity detail at pier using splice sleeves (Source: Culmo 2009)
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Figure 5-38. Continuity detail at pier of a steel box girder (Source: Culmo 2009)
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Figure 5-39. Continuity detail at pier using link slab (Source: Ulku et al. 2009)

5.2.1.5 Continuity Detail at the Abutment

Semi-integral abutment is recommended for ABC projects based on in-depth assessment of
all available details to establish the continuity over the abutment. This connection detail also
allows for generous tolerances. The superstructure is isolated from the substructure where
repair, rehabilitation and replacement activities will not involve the substructure (Aktan and

Attanayake 2011). A precast approach slab and an associated sleeper slab can also be
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specified in lieu of cast-in-place concrete construction. The transverse restraint systems for

skew bridges with semi-integral abutments were detailed in Aktan and Attanayake (2011).
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Figure 5-40. Continuity detail at abutment with semi-integral abutment (Source: Aktan and Attanayake
2011)
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5.2.2 Recommended Substructure Connection Details

The connections between the substructure elements are primarily established using grouted
splice sleeves and/or grouted pockets. The recommended connection details are listed in

Table 5-4.

Table 5-4. Recommended Connection Details for Substructure

Substructure connection type Recommended connection details

Corrugated grouted pocket with grout access hole at the

Pile cap or abutment stem to pile pile cap/abutment stem (Figure 5-42)

a) Grouted splice sleeve with socket at footing

(Figure 5-45)

b) Void with shear key at the footing for grouted column
connection (Figure 5-46)

Column to footing

Grouted splice sleeve with a channel at footing

(Figure 5-48)

a) Grouted pocket and two layers of reinforcement
(Figure 5-49)

b) Grouted duct or splice sleeve (Figure 5-50, Figure
5-51)

a) Vertical connection between abutment stems

Abutment wall to footing

Pier or bent cap to pier or column

Vertical connection between elements

b) Vertical connection between bent caps

Segmental columns and piers are often specified for high and long-span bridges. Segmental
columns and piers are not commonly specified in bridge construction with typical highway
attributes even though their benefit for accelerated construction is high. The segmental
columns or piers are good candidates to overcome transportation limitations or sites not able
to accommodate large equipment for placing heavy substructure units. There are no current
design details or standard sections of segmental piers and columns for typical highway
bridges. For this reason, they are not included in Table 5 3; however, the details are

presented in Section 5.2.2.6.

Most of the substructure connections are established using grouted splice sleeve, blockout,
and pockets as presented in Table 5-4. Stringent tolerance requirements for the connection
will improve constructability. The use of a template is encouraged for splice sleeves or ducts
when casting the precast elements. The splice coupler template can be used while casting

both precast elements, which are to be connected. A similar approach can be used even when
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a precast element is connected to a cast-in-place concrete component. The construction

sequence of using templates for a splice sleeve connection is shown in Figure 5-41.

Top part of the
column

Template of splice
/ sleeves used to
align reinforcement
Bottom part of the
column

Figure 5-41. The template used for a column splice with grouted splice coupler

5.2.2.1 Pile Cap or Abutment Stem to Pile Connection

The connection between the pile and precast abutment stem is shown in Figure 5-42. The
abutment stem includes a corrugated grouted pocket. The original abutment stem grout
pocket detail presented in Culmo (2009) is modified here to an inverted frustum shape. The
modification is for preventing grout spall when the grout is cracked or the bond fails due to
shrinkage. The cavity in the abutment stem can be formed with and without the corrugated
metal casing. However, the use of corrugated metal casing is helpful in fabricating as well

strengthening the concrete component.
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For a pier cap or abutment stem located high above the ground, a temporary platform (Figure
5-43), or a friction collar (Figure 5-44), is required in order to maintain the space between the
top of the pile and the cavity. Use of a temporary support system, if adequately designed,
also allows the construction process to continue because the temporary supports will provide
a load path before grouting the connections. The access at the top of the precast element is
useful for grouting. Grouting can be placed by gravity flow with the use of a funnel and
tremie tube, which can be inserted into the bottom of the pocket. The pocket can be grouted
effectively and without entrapping air, by starting the grouting process from the bottom of
the cavity. Non-shrink grout needs to be specified in order to avoid cracking and bond
failure under shrinkage. Similar connection details can be used between bent cap and the
columns and the pier cap and the pier.

TREMIE TUBE
AND FUNNEL L 3 4" DIA PRECAST
ACCESS HOLE

PRECAST
ABUTMENT CAP

GROUT
CORRUGATED POCKET
(INVERTED FRUSTUM)
i
.
FORMWORK PRESTRESSED
COMNCRETE PILE

Figure 5-42. Precast concrete abutment cap to prestressed concrete pile connection
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Figure 5-43. Temporary support system for pile cap to pile connection (Source: Wipf et al. 2009a)

Figure 5-44. Adjustable friction collar fixed to the octagonal column to temporarily support abutment
cap or pier cap (Source: www.proscaffna.com)

5.2.2.2 Column to Footing Connection

The connection details recommended between a precast concrete column and footing are
1. Grouted splice sleeve with socket at the footing (Figure 5-45), and
2. Cavity or pocket with a shear key (Figure 5-46).

Use of a template is recommended for the grouted duct or splice sleeve type connections
while casting the precast elements. The template will allow stringent tolerances for enhanced
constructability. For the socket, shims can be used to place and level the column. High early

strength, non-shrink type grout needs to be specified for the splice sleeve. Providing a socket
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at the footing helps form the grout bed. Also, bridge plans should include the type of sleeve
and access to the grout inlet valve in addition to the socket depth and width dimensions. The

recommended grouted splice sleeve connection is shown in Figure 5-45.

DCTAGONAL
COLUMMN
NON-SHRINK
~ GROUT
i
7;'
N
¥ -
GROUTED DUCT OR i
SPLICE SLEEVE L: .{ 8
—
__4—"
" =
I ™
SHIM PACK —
=,
_/ fd N
FOOTING —

Figure 5-45. Octagonal precast column to footing connection with grouted duct or splice sleeve and

socket connection

A precast concrete column to footing connection is shown in Figure 5-46. The connection
cavity can be designed to be smaller than the column cross section. This way the column can
rest on top of the footing without transferring the load to the reinforced connection. In this
case, the column is not embedded into the footing, hence the reinforcement is embedded into
the joint to transfer moment and shear. The bearing area of the column can be designed to
support the loads until the grouted void achieves the required strength. If the connection
cavity volume is large for neat grout, extended grouts or high early strength concrete can be
used. If extended grout and concrete is specified, adequate space needs to be provided to
place and consolidate the material. An example of such a connection is shown in Figure
5-47, where the connection cavity corners are beveled to provide adequate space for material
placement and consolidation. The detail shown in Figure 5-47 includes threaded bars;
however, column reinforcement can be extended where practical. A steel plate is attached to

the bottom of the connection cavity to retain the grout within the footing.
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Figure 5-46. Circular precast column to footing connection with grouted void/pocket and shear key

Figure 5-47. Column to footing connection with beveled void corners (Source: Photo courtesy of MDOT)
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5.2.2.3 Abutment Wall to Footing

A grouted splice-sleeve is an efficient way to allow for moment and shear transfer between a
footing and abutment wall. The connection can be made by providing a socket on the footing
for placing the abutment. The socket also helps to contain the grout. Shim packs can be used

to align and level the abutment as shown in Figure 5-48.

The size of the socket needs to be designed based on the space requirement for grouting the
splice sleeves and to have sufficient access to the splice sleeve grout inlet for grouting. Joint
waterproofing material can be used for reinforcement protection (Figure 5-48). To avoid any
conflict, the splice sleeves and the extended bars from the footing need to be aligned. As
discussed in Section 5.2.2, while casting the elements, requiring the use of a template of the

splice sleeves is recommended (Figure 5-41).
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Figure 5-48. Precast concrete abutment to precast concrete footing

5.2.2.4 Pier Cap or Bent Cap to Pier or Column Connection

The connection detail recommended in the NCHRP-681 project is shown in Figure 5-49
(Restrepo et al. 2011). There are two grout pockets with two reinforcement layers. The bent
cap is shimmed, and the connection cavity is filled with extended non-shrink grout or high
early strength concrete through the opening at the top of the bent cap. This way construction

can continue without any interruptions. Connection reinforcement may be (1) bars extending
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from the column, (2) bars threaded into the column, or (3) bars that are inserted into the

column through drilled holes or corrugated ducts that are grouted.

BENT CAP

/ GROUT

. SHIMS
COLUMMN
| REBAR CONNECTORS
ELEVATION
GROUT
L+
+rl-..€
CORRUGATEDDUCTS OR SHIMS
DRILL & GROUT

SECTION

Figure 5-49. Precast bent cap to precast column connection details with grouted pocket and two layers of
reinforcement (Source: Restrepo et al. 2011)

The connection between the columns and bent cap, shown in Figure 5-50, includes
corrugated ducts to connect the reinforcement extending from the columns. Establishing the
connection between the columns and the bent cap is challenging as it requires aligning a
group of bars that are extended from multiple columns. However, this detail has been

successfully implemented with the prefabricated units. The alignment difficulties can be
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reduced by using a template while casting the columns and bent cap. Use of a template will
also help control more stringent tolerances which will enhance the constructability. The
ducts are often pressure grouted, and the tubes are cut off. Proper vent tubes or outlet tubes
should be specified to ensure an air-pocket free connection. Implementing the detail shown
below (Figure 5-50) will require a pause in construction activities until grout develops the
required strength. If the project schedule will not allow the pause, an adjustable friction
collar (Figure 5-44) can be installed which allows load transfer directly from the bent cap to
the columns. Another option is the vertical splice duct connection, as shown in Figure 5-51,
that includes a capital on each column. The column capital can be designed to provide

sufficient bearing area for safe transfer of loads to the pier.
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Figure 5-50. Grouted corrugated duct connection for precast bent cap to precast concrete column
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(a) 3D-view of the bent cap to column connection detail

/Vertical splice ducts /Precast cap

Il
| Il -

/—Precast column

(b) 2D-view of the bent cap to column connection detail

Figure 5-51. Vertical splice duct connection for precast bent cap to precast concrete columns (Source:
Culmo 2009)
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5.2.2.5 Vertical Connection between Elements

A vertical connection between substructure elements or splicing is commonly used to control
the size and weight of substructure units such as abutment stems and bent caps. Splicing is
performed with grouted shear keys or reinforced concrete connections that transfer both
moment and shear (Figure 5-52, Figure 5-53 and Figure 5-54). A moment and shear transfer
connection between substructure units is recommended considering Michigan exposure that
develops large thermal cycles. The moment and shear will be generated by the back wall
sliding over the abutment under thermal cycles. Recommended details are presented in
Figure 5-52, Figure 5-53, and Figure 5-54. The difficulty of the reinforced connections is the
conflict between reinforcement during installation by lowering the abutment. In some of the
recently completed projects, splice reinforcement needed to be bent in the field to correct for

this conflict.

Wingwall —

Abutment splice with
grouted shear key

L / N

{a) Plan view

Abutment wall Remforced concrete

(b) 3D view

Figure 5-52. Grouted shear key and reinforced concrete connection details
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Figure 5-53. Abutment stem splice connection details
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Figure 5-54. Bent cap connection details
5.2.2.6 Connection between Segmental Columns or Piers

Splicing is needed for columns and piers to control the weight of an individual element when
used in large or tall bridges. A column splice detail is shown in Figure 5-55 designed for
moment, shear, compression, torsion, and tension transfer. One of the difficulties with this
detail is maintaining the alignment of splice bars and couplers. This can be overcome by

using templates during precasting, as discussed in Section 5.2.2.
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Figure 5-55. Column splice with grouted splice coupler (Source: Culmo 2009)

Another option for vertical connection between precast elements is to use vertical post-
tensioning as shown in Figure 5-56. The connections are established using epoxy grouted
shear keys and post-tensioning that runs throughout the length of column. Bars are used to
connect and align each segment for stability during construction until the post-tensioning is
applied to compress the entire assemblage. The difficulty with this connection detail is to
maintain tolerances for an uneven fit at the match-cast connection. Another difficulty is to
maintain the post-tensioning duct alignment. Strict quality control measures can help with

the constructability challenges.
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Figure 5-56. Vertical connection of precast pier element (Source: Culmo 2009)
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5.3 GROUT MATERIALS

5.3.1

A Grout Selection Example

To demonstrate the recommended grout selection process discussed in the literature review, a

typical column to footing connection detail is selected. The details of the connection are

shown in Figure 5-57, Figure 5-58, and Figure 5-59. The site and schedule constraints and

geometric dimensions of the grout void are listed below.

The grout is exposed to freeze/thaw considering Michigan exposure.

The compressive strength requirement is 3.0 ksi to be achieved within 24 hours as per
the construction schedule.

The working temperature range is 45 °F - 85 °F.

The maximum grout working time requirement is 45 min.

The grout void dimension is 30 in. x 30 in. x 42 in.
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Figure 5-57. Elevation of the pier
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Figure 5-59. Column to footing connection

The grouts listed in Section 2.4 of this report are considered for this application. Suitable
grouts that fulfill the freeze/thaw exposure requirement are listed in Table 5-5. However,
Sonogrout 10k cannot fulfill the compressive strength requirement of 3.0 ksi in 24 hours and
is eliminated for further consideration. SikaGrout 212 is eliminated because it cannot fulfill
the working temperature range requirement. The working time requirement can only be
fulfilled using Set 45 HW, EUCO SPEED MP, and S Grout. The Set 45 HW and EUCO
SPEED MP are magnesium phosphate grouts, which generate significant heat during the

hydration process. The size of the connection cavity is not suitable for grouts with high heat
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generation.  Following these considerations, only S Grout remains suitable for this

application.

None of the identified grouts are suitable for placement in neat form due to the large cavity
volume. The S Grout can be extended using sand. However, the strength of extended grout
will be lower than documented in the table for neat grouts; yet water reducing admixture can
be specified to allow the grout to achieve high strength. With these modifications, it is
necessary to evaluate the rate of strength development, as well as the setting time, shrinkage,
and freeze/thaw resistance. Mock-up tests are needed to evaluate these properties. Finally,
following the grout selection, provisions need to elaborate on connection cavity surface

preparation as per the manufacturer’s recommendations.

Table 5-5. Recommended Grouts for the Given Project Requirements

e, - |
= | ] 2 | o | & £
2183|2555
= 3 S
w |22 S E| 2|8
k3] 3 2 %) g ('3 O &
n 8 2 g =2 Q 2
o) = 2 2 & =
o =
A
. . | 1da 6.0 | 6.0 | 4.0 3.5 1.6 3.5 4.7 3.0
Compressive strength (ksi) = dais 70 | 65 | 50 | 50 | 38 | - | 56
(min. 5.0 ksi at 24 hrs. as =3 00 ~ |70 | 67 | 60 | 51 | 57 | 66
per AASHTO 2010) 28days | 85 | 7.5 | 80 | 80 | 62 | 62 | 78
Initial setting time (min) 15 12 |3hrs| 45 |3hrs|Shrs |4hrs | 45
Filling depth/thickness for | Min 0.5 | 0.5 1 - 0.5 | 0.5 -
neat grout (in.) Max 2 1 6 2 2 2 -

. o Min - - 45 40 65 45 - 45
Working temperature (F) - 7yp 100 | 85 | 90 | 85 | 75 | 70 | - | 85
Freeze/thaw resistant YES | YES | YES | YES | YES | YES | YES | YES
Extend with aggregate YES | YES | YES | YES | YES | YES - YES

5.3.2 Recommendation for Grout Selection

Proprietary and non-proprietary grouts and mixes can be specified for precast element
connections. The properties of proprietary grout are documented in Chapter 2 of this report
and evaluated for their usage and limitations. Proprietary grouts develop high early strength
and can possess non-shrink properties. A list of non-proprietary concrete mixes available in

literature is also presented in Chapter 2 of this report. Non-proprietary mixes such as high
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performance concrete (HPC) and ultra-high performance concrete (UHPC) have slow
strength development process compared to the proprietary grouts. Hence, non-proprietary

mixes may not suitable for strict project duration limitations.

The recommendations for grout selection are as follows:
1. A project designer needs to be equipped with all available grout/mortar types,
properties, application procedures, and limitations.
2. Connection detail design needs to be finalized following the review of material
properties, application procedures, and limitations.
3. Special provisions may include requirements for mock-up testing if the specific
grout/mortar identified for the project will be used with modifications and the

property data is not available.
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5.4 DEMOLITION METHODS AND EQUIPMENTS

The prefabricated bridge elements and systems recommended for Michigan are presented in
Section 5.1 of this report. Except the spliced girder systems and full-depth deck panel
systems, the remaining prefabricated components or systems are assembled onsite as simple
spans and then converted to continuous spans for live loads. Even when the bridge
superstructures are placed using SPMT or slide-in techniques, simple spans are used except
in a few projects such as the Sam White Bridge in Utah. In the case of full-depth deck panel
systems, the girders are designed as simple spans to carry the dead load of the girder and the

deck panels.

The demolition process will primarily involve removing continuity details between panels as
well as the girder ends following the reverse order of construction to make the spans simply
supported. The demolition procedures can follow the reverse order of construction for PBES
without compromising safety. Only the spliced girder bridges require using temporary

supports or counter weights if the reverse order of construction is followed for demolition.

In all cases, the demolition process requires detailed assessment of the bridge superstructure
and substructure condition and structural analysis to evaluate the stability of the structure
before planning and scheduling demolition activities. Bridge scour and/or substructure
deterioration can lead to instability issues and may require temporary supports. Therefore, it
is essential to assess the existing post-tensioned ducts (if applicable) prior to demolition of
bridges. A structurally sound grouted post-tension system may be assumed to be fully
bonded so that a sudden release of post-tension forces may not cause instability or hazardous

conditions (Lwin 2003).

Under the ABC concept, the demolition of the bridge starts after scheduling the construction
activities. By that time, the project team is knowledgeable of the equipment and the
construction technology that is planned. This is also an opportunity for the project team to
utilize most of the equipment already deployed at the site to be used for demolition activities.

This is further discussed later in the chapter under demolition techniques.
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Carefully planned and executed demolition could contribute to sustainability. When the
demolition is performed following the reverse order of construction, and the components are

in good condition following removal, there is a possibility of reuse.

5.4.1 Demolition Techniques

A demolition technique should be selected considering the parameters listed in Section 2.5 of
this report. Location and accessibility, shape and size of the structure, time constraints, and
maintenance of traffic (MOT) are some of the important parameters. An in- depth analysis of
those parameters for a particular site and bridge configuration needs to be carried out to
develop an efficient demolition process. Several demolition techniques are discussed in
Section 2.5 of this report. The PBES recommended in Section 5.1 are suitable for short and
short-to-medium span bridges; hence, the most appropriate techniques for demolition are the
following:
e Removing the superstructure or the entire structure using Self-Propelled Modular
Transporters (SPMTs),
e Removing the superstructure using horizontal skidding or the slide-out technique,
e Removing individual components, modules, or systems in the reverse order of
construction, and
e Using traditional bridge demolition techniques when none of the above techniques are
feasible due to site conditions and accessibility, bridge structural configuration or
condition, maintenance of traffic (MOT), schedule, availability of equipment, or a

combination thereof.

The above listed bridge demolition techniques need to be augmented by several other
operations, which are these:

¢ Drilling, sawing, and cutting,

e Hydrodemolition, and

e Demolition by hydraulic attachments (hammer, shear or pulverizer etc.).

The use of SPMTs, the skidding technique, or the removal of individual components/
modules/systems during demolition requires the spans to be simply supported. Semi-integral

abutments greatly simplify the demolition process. Further, they help to remove the
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superstructure without any damage to the abutment.  However, if isolating the
components/modules/systems is required, hydrodemolition, hammering, concrete saw
cutting, metal cutting techniques or a combination thereof can be used. Details such as
reinforced concrete diaphragms and link slabs are used over the piers or bents to establish the
live load continuity between spans. The use of link slabs helps in the demolition process

while converting spans to simply supported.

Use of a regular concrete saw that can cut up to 12 in. is adequate. However, a reinforced
concrete cast-in-place diaphragm is often deeper than 12 in. and requires hydrodemolition,
hammering, concrete saw cutting, metal cutting techniques or a combination thereof to make

spans simply supported or to isolate the components to facilitate the removal process.

The continuity between individual components/modules/systems is established using grouts,
cast-in-place concrete (special mixes), post-tensioning or a combination thereof in
conjunction with unreinforced or reinforced connection details. Saw cutting helps in
isolating the individual components/modules/systems to facilitate the demolition. A few
examples of saw cutting are shown in Figure 5-60 to demonstrate the capabilities and state-

of-the-art practices.

Figure 5-61 shows partial and full removal of bridge deck using the hydrodemolition
technique. Hydrodemolition can be used to remove small patches of concrete for repair or
rehabilitation activities (Calabrese 2000). During replacement of full-depth deck panels,
hydrodemolition is a better option for removal of grout or concrete at the blockouts without
damaging the girders and shear studs. Hydrodemolition should follow technical guidelines
related to wastewater control and debris removal for a better demolition process (Winkler
2005). In addition to these methods, the use of a hammer and a pulverizer for bridge

demolition is shown in Figure 5-62.
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(a) Saw cutting of a l;ridge deck (b) A saw cut section of a segmental bridge
(Source: http://www.476blueroute.com) (Source: Lwin 2003)

Figure 5-60. Saw cutting technique

(a) Concrete remova.l by hydroc.iemoh‘uon (b) Hydrodemolition of a bridge deck
(Source: http://nationalhydroinc.com) (Source: http://www.blasters.net)

Figure 5-61. Hydrodemolition technique

(b) Pulverizer in action

(a) Hammer

Figure 5-62. Demolition by hammer and pulverizer
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5.4.1.1 Self-Propelled Modular Transporters (SPMTs)

This technique has been successfully used for bridge superstructure removal and
replacement. The use of the technology is limited due to the initial cost and site constraints
such as accessibility, space requirement, and utilities (FHWA 2007). Use of SPMTs to
remove the bridge for demolition is justified when the same equipment is used for
replacement. When using an SPMT for the removal of deteriorated bridges, the bridges
should be carefully analyzed for structural integrity, structural vibrations and stability,
especially in establishing the SPMT support locations. As discussed above, the

superstructure continuity details need to be removed for effective use of this technique.

5.4.1.2 Horizontal Skidding

This technique has been successfully used for bridge replacement. The structure can be slid
out and then either demolished or deconstructed afterwards. At the same time, the new
bridge can be slid into the position. Deteriorated bridges need to be carefully analyzed for
structural integrity and stability by considering the temporary support locations. This is a
cost-effective method only if the new bridge is replaced using the same technique. The use
of this technique is mainly governed by the site condition, including space availability for
accommodating both the replacement bridge and the old bridge. Further, the significance of
the feature intersected is a major parameter because the removed bridge superstructure has to

be demolished or deconstructed while the spans are over the feature intersected.

5.4.1.3 Removing Individual Components, Modules, or Systems in the Reverse Order of
Construction

Demolition of bridges by removing individual components, modules, or systems, requires the
spans to be simply supported. The demolition process can be planned by studying the
construction process, as-built details, and condition of the bridge. A thorough assessment
needs to be performed considering the existing condition before saw cutting the connections
to assure the safety of the structure. As discussed earlier, use of semi-integral abutments and
link slabs greatly simplifies the demolition process. Isolating individual elements by cutting

through field cast connections can be accomplished using concrete saws.
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An example of removing a box-beam is shown in Figure 5-63. This method allows using
traditional equipment to perform demolition operations by adhering to site constraints such as
removing debris and controlling dust. In general, the lifting devices need to be attached close
to the component supports of the existing bridge. The components can be taken away from
the site and be reused or demolished later on. Another advantage of this method is that the

equipment deployed in the demolition procedure can also help with the construction.

Figure 5-63. Removal of a box-beam

5.4.2 Demolition of the Recommended Bridge Systems

Based on the bridge superstructure configuration, the recommended bridge structural systems
are categorized into three major groups. The demolition steps are broadly divided into
superstructure and substructure removal as shown in Figure 5-64. Only the full-depth deck
panel system requires three major steps in the demolition process. The removal of safety
barriers is not explicitly discussed even though it should be the first step of the demolition

process as shown in Figure 5-65.
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Figure 5-64. Demolition hierarchy of the recommended bridge systems

Figure 5-65. Removal of safety barriers

5.4.2.1 Demolition of Full-Depth Deck Panel Superstructure

Demolition of full-depth deck panels with post-tensioning is challenging compared to the
other systems recommended in Section 5.1. In certain cases, depending on the condition and
size of the structure, a detailed analysis of the demolition process should be performed
including cutting of post-tensioning and carrying out a time-dependent analysis of the

system. The following is the major steps involved in a demolition process.
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Assess the condition of the bridge superstructure and substructure.

Evaluate the scour state, which may lead to instability of the structure.

Assess the existing condition of the grouted tendon ducts to prevent abrupt changes in
post-tension load transfer when the ducts and the strands are cut. If the ducts are fully
grouted, the load transfer is gradual and will not create safety concerns.

Conduct a detailed analysis of the demolition process considering the condition of the
bridge, demolition sequence, temporary supports, and position of the lifting devices.
Remove overlay to locate the blockouts and panel-to-panel connections (required
only when deck panels are replaced).

Locate blockouts with shear studs, and cut around the blockouts by using a concrete
saw or hydrodemolition. Concrete that encases the shear studs can be removed by
using a hammer or hydrodemolition. Use of jack hammer is not recommended
because it may damage the girders.

Cut transverse connections first and then cut the longitudinal connections of the
panels using a concrete saw. If only the deck is to be replaced, then the girders
should be spared while cutting or removing the panel. Hence, cut depth needs to be
carefully adjusted. Cutting post-tensioning ducts and strands should not yield to any
instability situations as the girders are designed to be simply supported while carrying
the dead load of deck panels.

Remove panels by lifting once the deck is fully detached from the girders (Figure
5-60).

Cut off existing shear studs if it is necessary (Figure 5-66). New studs can be welded
(if steel girders are used in the superstructure or steel plates are provided in the top
flange of the concrete girders). It is advised to protect the studs as much as possible.
If a limited number of studs are needed to be replaced, drilling and installing new
studs in a concrete girder is advised.

Remove the girders after panels and the continuity detail over the piers are removed,
do this by cutting or through other demolition techniques as discussed at the

beginning of the section.

194



(b) Cutting off the existing steel shear studs

Figure 5-66. Replacement of deck panels (Source: Wenzlick 2005)

5.4.2.2 Demolition of a Superstructure with Modular Elements or Systems

The bridge superstructure elements or systems are first placed as discrete simply supported

components. Then the continuity between components and over the piers or bents is

established. Demolition is performed following the reverse order of construction after

thoroughly assessing the condition of the bridge superstructure and substructure. The

following major steps are recommended.

Assess the condition of the bridge superstructure and substructure.

Evaluate the potential for scour, which may lead to instability of the structure.
Conduct a detailed analysis of the demolition process considering the condition of the
bridge, demolition sequence, temporary supports, and position of the lifting devices.
Remove the continuity details over the piers or bents making the spans simply
supported. Potential approaches of removing continuity detail are discussed at the
beginning of this section.

Saw cut the connections between individual elements or systems.

Attach lifting devices at predefined locations and remove the components.
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5.4.2.3 Demolition of Bridge Substructure

Demolition of substructures needs to be evaluated after considering the size and weight of the
components and the potential for scour at the piers and abutments. Demolishing with
mechanical methods, such as hammers and pulverizers, is recommended based on the size
and weight of the substructure units. Removal of debris can be minimized by performing
demolition in the reverse order of construction. This is feasible if segments are used for

abutment wall and bent caps to reduce weight.

The substructure components, such as bent caps and columns, can be brought down as a
single unit by cutting at the footing level. Afterwards, they can be cut into pieces that are
small enough to be transported. This technique was used in the demolition of Cooper River
bridge (Figure 5-67) and demolition of the I-5 Bridge over the Willamette River in Eugene,
Oregon (Figure 5-68).

Pile demolition can be carried out by mechanical methods after deciding on a suitable depth
of removal. As recommended in FDOT Standard Specification for Road and Bridge
Construction, removal depth of piling should be the deepest described in the permit or other

contract documents, but not less than 2 ft below the finish ground line.

Figure 5-67. Demolition of a bent cap and columns as a single unit (Source: SCDOT)
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Figure 5-68. Column and pier walls are sawn off and lifted out for demolition (Source:
http://www.mcgee-engineering.com)
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6 A CONSTRUCTABILITY MODEL FOR ABC PROJECTS

An ABC constructability model is developed based on constructability basics presented in
Chapter 2 and performance, challenges, and lessons presented in Chapter 3. The model is
structured in a list of questions. The model shown in tabular form below is intended for the

project development and delivery team’s review before construction commences.
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6.1 TO BE REVIEWED BY THE PROJECT DEVELOPMENT TEAM

DESCRIPTION YES NO N/A Remarks

I |BIDDABILITY

1 Are agreements and any coordination needs in place with appropriate agencies/utilities/other
" |affected parties?

Are permits executed, and have all requirements identified been addressed on the plans
(DEQ, Coast Guard, waterway, RR, regulatory, local agency, FAA, etc.)?

3. |Is the environmental classification complete?

4. |Is the environmental certification complete?

Did you consider involving all stake holders (designer, contractor, fabricator, utility
providers, township officials, state and local police, regulating agencies etc.) during the
construction process to mitigate the risks, to identify and revise the methods of construction,
and to deliver the project on time?

BUILDABILITY

Site Investigation

Has a current site survey been completed (horizontal & vertical controls)?

Was subsurface exploration performed? (soil boring, water table, etc.)

Was there a utility investigation including overhead lines?

Are the existing drainage features adequate?

Were overhead, underground, and other bridge supported utilities considered during the
design phase?

Has the level/amount of deterioration identified during the original scope been rechecked? A
recheck should occur if the original scope is more than 2 years old.

Did you consider locating the fabrication facility at or near the job site to minimize the
construction cost and the impact of load restrictions?

8. |Did you analyze the site constraints associated with potential construction methods?
9. |Is this project a candidate for SPMT construction?

2.

A P IR IS A el e
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DESCRIPTION YES| NO | N/A Remarks

BUILDABILITY

Right of Way

Have any special access requirements been addressed?

Are private facilities located within the R.O.W. that need to be addressed?

Construction Staging

Did you consider using BIM in the design and construction of this project?

Have local ordinances been investigated and permits secured?

If applicable, have permit requirements been noted?

Did you consider pre-event meetings to examine every step involved in the construction?
Did you consider preparing a contingency/emergency plan for unforeseen site conditions?
Does your emergency response plan include a checklist, contact information, contracting
alternatives, information sharing, and decision making hierarchy?

Is the envisioned construction method(s) compatible with the site constraints?

Did you consider involving the heavy lift contractor (i.e. SPMT) during design to facilitate
the construction process?

Are skilled workers available for the project?

Did your design team review the installation details?

Have you incorporated unique design and construction aspects into the project?

For the unique aspects, have you developed an assessment and data collection plan?
Maintenance of Traffic (MOT)

Have items been reviewed on the Transportation Management Plan Project Development
Checklist to determine what items are needed?

Did you review transportation logistics (i.e., practical weight limits for transporting, lifting,
and placing.)?

Did you consider alternative means of access to accommodate any constraints? Are the
constraints clearly articulated in the specifications or on the plans?

3. |Did you consider involving the contractor in developing MOT plans?
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DESCRIPTION YES| NO | N/A Remarks

Schedule

Have the regulatory permit restrictions been considered?

Did you consider incentive/disincentive provisions?

Did you analyze which delivery method minimizes construction time?

Does the standard and special specifications used in earlier projects provide sufficient
clarity?

Note: using tested and standard specifications minimizes probability of error and reduces
construction rework.

F. | Special Materials/Conditions

1. | Has the presence of asbestos, hazardous waste or toxic materials been identified and
addressed?

2. | Are you using special concrete and/or grout specifications on this project?

3. | Did you consider the compatibility between specified material and design detail
requirements? (e.g., gap size to be filled )

4. | Do quality assurance and quality control provisions in construction specifications
adequately address every stage of the construction process?

5. | Did you consider using lightweight material for fabricating lighter sections?

Have you incorporated special materials and specifications?

7. | For the special materials and specifications, have you developed an assessment and data
collection plan?

el had il falc
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DESCRIPTION 'YES NO | N/A Remarks

G. | Fabrication

1 Did you consider standardizing the precast components to improve the efficiency of
" | fabrication and installation?

) Did you consider alternate geometries and details for connections between bridge elements
" | or systems to improve construction efficiency?

3 Did you consider issues with moisture ingress for joints between bridge elements or systems
" | to improve durability?

4 Did you consider installation and removal of formwork? Or did you use details that do not
" | require formwork for connections and closures?

5 Did you consider using larger precast elements which will reduce the time and cost of
" | fabrication, delivery, and erection?

6 Did you consider developing protocols using the BIM model or otherwise for as-built
" | inspection?
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6.2 TO BE REVIEWED BY THE PROJECT DELIVERY TEAM

DESCRIPTION YES NO N/A Remarks

II | BUILDABILITY
A. | Site Investigation
1. | Has the Engineer performed a site visit?

Has a sufficient field investigation been conducted to ascertain that the proposed contract

2. work can be performed?

3. | Has the site been evaluated for suitability with the identified construction method?

B. | Right of Way

1. | Is there sufficient R.O.W. available for all operations? ‘ ‘ ‘

C. | Construction Staging

1. | Is the project phased to provide reasonable work areas and access?

2. | Are widths of work zones and travel lanes adequate?

3. | Are heights of the work zones and travel lanes adequate?

4. | Does staging cause special conditions (structural adequacy/stability, etc.)?

5 Are any proposed adjacent contracts, restrictions, and constraints identified and accounted
| for?

6 Can the details as shown on the plans be constructed using standard industry practices,
" | operations, and equipment?

7 Can construction-staging operations be carried out according to the maintenance of traffic

plan?

8. | Can drainage be maintained through each stage?

Did you consider simulating or testing the lift operation prior to the scheduled move? Did
you consider using advanced positioning sensors such as GPS during the PBES assembly?
10. | Did you develop a plan of action in case damage occurred during lift operation?

1 Did construction specifications define mixing, placing, and curing procedures for grout

" | and/or special concrete?
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DESCRIPTION YES NO N/A Remarks

12 Did you evaluate the suitability of the construction specifications for grouting and/or special
" |concrete operations related to connection details?

Did you consider/analyze tolerance issues as they relate to pre-stress/post-tensioning
operations?

13.

Did you carefully analyze tolerance issues related to the assembly and/or connectivity of the
. |precast components? (e.g., review/analysis of tolerance issues related to the locations of
shear connectors when using precast deck panels) Did you check elevations?

[S—
AN

Did you evaluate the compatibility of the construction method(s) with the site constraints?
(e.g., the working radius and location of cranes)

Maintenance of Traffic

Are there adequate provisions for pedestrian access and abutting properties?

Are there adequate provisions for emergency providers?

Are there adequate provisions for water traffic?

Have delays been estimated and provisions made to minimize them?

Schedule

Is the length of time and production rate for work reasonable?

Are there any restricted hours, and have their impact on schedule been considered?

Have other contracts in the area been considered along with how they affect this project (i.e.,
trucking routes, accessibility, and traffic control)?

Does the schedule consider long lead-time for ordering materials?

Is the shop drawing review time considered?

Are night and weekend work proposed, and if so, are the impacts considered?

Is the sequence of construction reasonable?

Have seasonal limits on construction operations been considered and accounted for?

Does the utility relocation schedule fit into the overall schedule?

[
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DESCRIPTION YES NO N/A  Remarks
F. |Special Materials/Conditions
1. |Have soil erosion/sedimentation issues been addressed?
) Are any special (unique/proprietary) materials, methods or technologies required for the
" |contract?
3. |Have all environmental constraints been avoided and restrictions been adhered to?
4 Did construction specifications define mixing, placing, and curing procedures for grout
" |and/or special concrete?
5 Did you evaluate the suitability of the construction specifications for grouting and/or special
" |concrete operations related to connection details?
G. |Staffing
1. |Are there any special operations that would require inspection specialists?
2. |Is the budget adequate to cover construction engineering costs for the project?
III |General
1. |Have you incorporated unique design, construction, and material aspects to the project?
If the answer to the above question is ‘yes,” have you developed an assessment and
2. |associated data collection plan for the unique design, construction, and material aspects of
the project?

Improving Bridges with Prefabricated Precast Concrete Systems
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6.3 SUMMARY

As accelerated bridge construction (ABC) continues to gain acceptance across the U.S.,
constructability reviews will assist in ensuring that projects are completed in the most
efficient and cost effective manner by simply reducing errors. In this study, a comprehensive
ABC constructability model was developed based on constructability basics and challenges
and lessons learned reported in the literature. Two difficulties faced in developing the ABC

constructability model are as follows:

e a Limited access to a small amount of case study reports on ABC projects because ABC
is new to the industry, and
e Finding adequate and necessary details on some of the case studies documented in the

literature.

Nevertheless, the constructability model presented in this report is a significant resource for
future ABC implementations by providing guidance to project planners, designers, and
constructors. The model will need to be fine-tuned as more ABC projects are completed and
documented. A post-construction program for ABC projects that properly documents
challenges and lessons learned will provide the data for continual refinement/revision of the

constructability model.
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7 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS
7.1 SUMMARY AND CONCLUSIONS

The project goal was to analyze prefabricated bridge elements and systems (PBES) and
accelerated bridge construction (ABC) technology for implementation; it was also to develop
technology implementation recommendations to assure constructability, durability,
repairability, and maintainability. In addition, recommendations for follow-up projects are
described in order to further improve effectiveness and efficiency of new technology

implementations.

The first task was to review and synthesize the state-of-the-art practices in using (1) PBES in
ABC, (2) connection details between prefabricated components, (3) available cementitious
grout material for the connections and their application procedures, (4) equipment and
methods for accelerated construction and demolition, (5) constructability review process
(CRP) or constructability program, and (6) decision-making models. The synthesized
knowledge base compiled from the literature review developed the basis of the subsequent
tasks. The subsequent tasks were to develop recommendations for PBES and connection
details for Michigan exposure, developing a Michigan-specific ABC decision-making
process, a constructability review checklist for ABC implementations, and a special
provision template for grout selection and application. The literature review is presented in

Chapter 2.

The performance of earlier ABC implementations was reviewed. Previous ABC
implementations were categorized into three groups:
(1) full-depth deck panel systems,
(2) deck integrated prefabricated modules (box-beams) to develop side-by-side box-
beam systems, and
(3) Self Propeller Modular Transporters (SPMT), or the slide-in technique, to move a

complete bridge superstructure into place.

Recommendations are presented in Chapter 3 to assure the long-term durability of PBES.
Recent ABC projects were also reviewed, and lessons for future implementations are

described. The lessons learned were synthesized and categorized as (1) project planning,
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design and tolerances, (2) precast element fabrication procedures, and (3) construction
operation and methods. One outcome of analysis of recent projects together with the
synthesis provided in the literature review was the basis for the development of a

constructability review checklist for ABC projects.

To advance the available decision-making processes, a multi-criteria decision-making
process and the associated software platform was developed. The software is called Michigan
Accelerated Bridge Construction Decision-Making (Mi-ABCD) tool that compares the
Accelerated Bridge Construction (ABC) to Conventional Construction (CC) alternatives for a
particular project. The decision-making process incorporates project-specific data and user-
cost and life-cycle cost models to provide input to the users with quantitative data. The
software platform was developed on Microsoft Excel and Visual Basic for Applications
(VBA) scripts. A user manual was also prepared and included in Appendix E. The multi-
criteria decision-making process developed during this project provides solutions to many
issues in ABC decision-making. The decision-making framework calculates the preference
rating of each construction alternative. The contribution of major parameters to the
preference ratings is also displayed. The decision-making platform features developed in

this project is a significant advancement over the available decision-making models.

Connection details for the prefabricated bridge elements and systems and grout or special
mixes suitable for the connections and for the Michigan climate are developed and included
in the report. Following the synthesis of the state-of-the-art practices and performance and
lessons learned from ABC implementations, PBES with potential for immediate
implementation are classified. Implementation potential for PBES is based on
constructability, maintainability, reparability, and durability (CMRD). Suitable connections
between the PBES are identified considering Michigan exposure, load transfer mechanism,
constructability, durability, dimensions and tolerances. @ The PBES and associated
connections recommended for Michigan, attributes of PBES, connection details, formwork
for grout or special mix placement, construction complexities, and additional limitations are
presented in Chapter 5. Above all, standard details for longitudinal connections at the deck

level are developed for bridge superstructures with precast, prestressed concrete girders.
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Addressing the constructability issues due to weight of substructure components, reduced-

weight options are identified and presented in Chapter 5.

Nonspecific grout or special mix recommendations for a connection are not practical because
the material selection needs to be based on project or design specifics. Examples of related
project specifics are (1) site specific exposure conditions, (2) grout pocket dimensions, (3)
application procedures and limitations, (4) curing requirements and also (5) grout properties
such as compressive strength, volume stability, initial setting time or working time, and
working temperature range. It is recommended that grout needs to be tested and evaluated
for the particular application before field implementation. In order to streamline the grout
specification process, a template of special provisions for grout selection and application is
developed and presented in Appendix J. Further, development of a database of material
properties suitable for the connection between prefabricated components is recommended.

This database needs to be available to designers as discussed and presented in Chapter 5.

An ABC constructability review checklist is compiled. The checklist will help guide the
project development and delivery teams in constructability assessments before initiating the
design process. The checklist will also help reduce errors as observed in earlier ABC

implementations. It can be a project management, scheduling, and cost control tool.

7.2 RECOMMENDATIONS

The recommendations developed in this project are specific to (1) the Michigan specific
decision-making platform, (2) PBES suitable for Michigan, (3) PBES connection details, (4)
grout and special concrete mix specifications, and (5) the constructability review checklist.
1) The next version of the decision-making platform capability needs to include
comparisons of different ABC alternatives with conventional construction.
2) The PBES suitable for Michigan are categorized as 1) suitable for immediate
implementation and ii) suitable for implementation with additional investigations.
e The PBES suitable for immediate implementation are as follows:
o PC Iand bulb-tee girders: A widely used girder type with standard details. In the
context of ABC, these multigirder systems can only accommodate the full-depth

deck panels.
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o Full-depth deck panels with transverse prestressing and longitudinal post-
tensioning: The transverse prestressing is required for panel crack control. An
accurately designed and constructed deck system with longitudinal post-
tensioning will achieve superior durability performance. Durability performance
failures are often related to flawed grouting of connections. Other problems
reported are related to repair and rehabilitation difficulties due to the post-
tensioning. With regard to limitations on repair and rehabilitation with the post-
tensioning, it is best to implement this system at sites where girder damage (e.g.,
high-load hits) is unlikely.

e Decked bulb-tee girders: Bridge can be designed with or without an overlay. The
forms for casting the precast bulb-tee girders can be modified for the decked
section. Problems include the performance weakness of the system associated
with the empirically designed longitudinal connections. This report addresses this
by presenting rationally designed standard longitudinal connection details.

e Decked box beams: This system is recommended based on the Michigan DOT’s
favorable experiences. The difficulty is the multi-step fabrication process
required for casting this section. Box beams are standardized; hence, the
formwork is available. Fabrication difficulties can be overcome by modifying the
box beam formwork for the decked sections. Similar to all PBES, durability
performance of the decked box section is also controlled by the details and
grouting quality of the longitudinal connections. Rationally designed standard
details for flexure-shear transfer connections is also presented in this report.

e Decked steel girder system: This system is developed through a SHRP II project.
The system is non-proprietary, and fabrication appears simple. The shallow depth
makes the section suitable for sites with underclearance limitations. Further, the
construction does not require any specialized equipment. To be cost effective, the
section steel girder fabrication and precasting of the deck can be performed at a
nearby staging area. Durability performance of the system is again controlled by
the details and grouting quality of the longitudinal connections. Connection

redesign to accommodate both moment and shear transfer is recommended.
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Precast abutment stem: Two different sections are recommended. The primary
limitation is the weight of the stems. To minimize the weight, a stem fabricated
with cavities is recommended. The cavities can be filled with concrete following
placement. Another option is segmental stems that are spliced in the field. The
segmental stems can be utilized for sites with limited access or space.

Precast columns: Rectangular, square, and octagonal sections are recommended
considering fabrication and transportation difficulties with circular sections. On
the other hand, the precast industry needs to innovate in order to manufacture
circular products efficiently and cost effectively, for example, by using centrifugal
force during concrete placement to form the circular cross-section.

Precast pier/bent cap: The primary limitation is the weight of the segments. Bent
caps can be fabricated in different lengths to overcome the weight limitations.
Reduced-weight alternatives are presented in the report. Some state agencies
have developed standard details for pier and pier caps, two column bent, or a three
column bent. Developing standard pier and bent cap details for MDOT

applications is recommended.

e The recommended PBES strategies that require additional investigation before being

implemented in Michigan are as follows:

Precast adjacent box beams: This bridge system has been implemented since the
1950’s. Additional investigations and subsequent redesign is required to resolve
durability performance problems with the girder, longitudinal joints, and the deck.
Inverted-T precast slabs: This system, with high span-to-depth ratio, is suitable
for projects with underclearance limitations. The connection between the units is
prone to cracking. The NCHRP-10-71 project proposed new details to prevent
cracks from forming. These proposed details have not been tested nor their
performance monitored. Further investigation is required prior to recommending
the system.

Northeast Extreme Tee (NEXT) D beams: This section possesses higher load

carrying capacity than standard double tee girders. The concerns related to
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undefined live load distribution and the lack of optimality of the cross-section
requires further investigation.

Precast pier/bent cap with cavities: The sections developed with cavities are of
reduced weight. However, the section is not widely used and requires further
investigations. Prestressing was also identified as an option to increase bend cap
capacity; thus, the section can be reduced for lower weight. This requires a
detailed study on performance and cost comparison.

Precast segmental piers: Using segmental piers resolves problems associated with
weight and size, transportability, site accessibility, and space constraints. Further
investigation is required to identify a suitable section type and size for short and

short-to-medium span bridges.

3) Considering 1) Michigan exposure conditions, ii) the load transfer mechanism of the

connections, iii) constructability, iv) connection dimensions and tolerances (to ensure

construction quality), and v) other details such as formwork for grouting, the following

details are recommended.

e The superstructure connection details are classified into five groups given below:

Transverse connection at the deck level: This detail is typically used in the full-
depth deck panel system. Transverse connection between panels is typically
unreinforced and requires post-tensioning for moment and shear transfer.
Considering the tolerances, space for grouting, and adequate confinement of the
grout to transfer shear, the recommended connection details are presented in
Section 5.2.1.1.

Longitudinal connection at the deck level: Longitudinal connection at the deck
level requires two layers of reinforcement for moment transfer. The standard
details developed by a rational design process are presented in Section 5.2.1.2,
and they are recommended for systems such as full-depth deck panels, decked
bulb-tee, decked box-beam, and NEXT D beams. The reinforced joint can be
formed using high early strength concrete or suitable grout with properties

compatible to concrete.
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Deck-to-girder connection: This detail is typically used in a full-depth deck panel
system to connect the panel to the girder. In Section 5.2.1.3, connection details
are recommended for both steel and concrete girder systems. A panel support

system and flexible formwork are recommended.

Continuity detail over a pier or a bent: Details for a full moment connection and
link slabs over a pier or bent are recommended. Section 5.2.1.4 presents the
details and a discussion of limitations in using such details. Considering the
demolition process discussed in Section 5.4.2, link slabs over the piers and bents
are recommended.

Continuity detail at abutment. A semi-integral abutment detail with an approach
and sleeper slab is recommended. This recommendation is based on future bridge
superstructure replacement needs and associated design, construction, and

demolition simplicity. Details are presented in Section 5.2.1.5.

e The substructure connections are classified into five groups as given below:

Pile cap or abutment cap to pile: The recommended connection details presented
in Section 5.2.2.1 include moment and shear transfer connection with grouted
pockets formed with corrugated metal at the pile cap or abutment cap. In this
connection, an access hole at the top of the pile cap or abutment cap is required
for grout placement by gravity. A temporary support system is also recommended
for the pile cap or abutment cap so that the construction activities can be
performed without delay, while the grouted connection gains sufficient strength.
However, vibration propagating from construction activities may impact grout
strength and interface bond development at the connection.

Column to footing: Two types of connection details are recommended in Section
5.2.2.2. These are (1) a grouted splice sleeve and a socket at the footing level and
(2) a pocket connection with a shear key. Neat grout is recommended for splice
sleeves and extended grout; high early strength concrete is recommended for

larger voids in a pocket connection.
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o Abutment wall to footing: A grouted splice sleeve connection is recommended in
Section 5.2.2.3. Alignment of extended rebars with the splice sleeves may present

difficulties during prefabrication.

e Pier cap or bent cap to pier or column: Three connection types are recommended
in Section 5.2.2.4. These are (1) a grouted pocket with two layers of
reinforcement, (2) a grouted corrugated duct connection, and (3) a vertical splice
duct connection. The details with a designed bearing surface between components
allow construction activities to proceed without delay while grout or special
mixes achieve the minimum required strength. However, vibration propagating
from construction activities may impact strength and interface bond development
at the connection.

e JVertical connection between elements (splice): Splicing of components can
control the size and weight of substructure units as discussed in Section 5.2.2.5.
The details recommended are those that transfer both moment and shear. The
construction difficulties presented in Section 5.2.2.5 include space limitations and
conflict between reinforcement. In recently completed projects, splice
reinforcement was in conflict and needed to be bent at the field. With the
knowledge of construction difficulties, the designers and fabricators can resolve

potential conflicts during the design phase.

4) Grout selection, application procedures, and curing requires consideration of (1)
connection details, (2) strength, serviceability, and durability requirements, (3) site
exposure, and (4) construction schedule. A grout property database, if developed, will
significantly simplify the preparation of special provisions. A template of detailed
special provisions to address grout selection, testing, application, curing or protection,

quality control, and reporting is developed and included in Appendix J.

5) The recommendations to enhance constructability are as follows:
e Implement the constructability review checklist in ABC projects as it can play a
significant role in guiding the project planners, designers, and constructors.
e Refine the constructability review checklist using “Total Quality Management”

principles and the data collected during recent ABC projects.
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e Develop a post-construction report template for ABC projects to properly document

the difficulties and lessons learned as part of a “Total Quality Management” process.

7.3 RECOMMENDATIONS FOR IMPLEMENTATION

During this project, several tasks were identified that will expedite MDOT’s implementation

of PBES. These tasks are described below:

1)

2)

The Michigan-specific ABC decision making platform needs to be upgraded to include

comparisons of ABC alternatives.

In order to promote a system-wide PBES implementation, an inventory-specific PBES
can be developed including substructure components for MDOT and local agency
bridges. A Michigan bridge inventory can be classified with respect to span ranges,
skew, and additional inventory classification parameters. Bridges can be classified with
respect to span [short (<60 ft), short-to-medium (60 — 130 ft), and medium span (130 -
260 ft)] and skew [skew <20°, 20°< skew <30°, 30°< skew <45°, 45°< skew <60°]. A
project can be initiated to identify and specify PBES option(s) appropriate for each
classification.  Substructure components can also be specified, and conceptual
configurations and details can be developed. The conceptual configurations will help
resolve some of the difficulties such as component weight, transportation, and connection
details. Several conceptual substructure configurations are identified:

1) Discrete piers to support girders without the need for a continuous bent cap. The
design requires identifying and evaluation of transverse girder end diaphragm
options for stability and developing design examples and details.

i1) Discrete piers to support girder ends with integrated backwall to develop semi-
integral systems. Precast wall panels can be used with discrete columns to retain
the backfill. This detail requires developing design details, testing, and
verification, and developing design examples.

i11) Limited length bent caps (e.g., bent caps that are supported by single, two, or
three columns).

iv) Prestressed bent caps.

v) Precast approach slabs for semi-integral bridges.
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3)

4)

5)

This proposed project will be the intermediary step towards standardizing PBES and

associated substructure components.

There is a lack of information available to the designer in specifying grout or special
mixes for the connections between prefabricated components. The current practice of
specifying the material in general terms, such as non-shrink grouts, creates difficulties
during construction. Development of a material database is recommended for use of

design engineers and contractors.

The increase use of PBES within MDOT and local agency inventory requires updated
inspection procedures to include processes specific to prefabricated bridge systems. The
updated inspection and reporting procedures will require including child tables to already
existing parent tables such as deck and substructure. Information related to superstructure
type such as a full-depth deck, a deck with modular elements, and a deck with modular
systems can be included in the child table under the deck. An additional table may
include component, connection, and continuity detail-specific ratings and inspector
comments. Extending the inspection database in this fashion helps in implementing an
effective and efficient bridge management program specific to PBES. Further, PBES in a
few cases will require the use of advanced NDE techniques for inspection especially to
assess the integrity of concealed connections. Hence, it is also recommended to develop a

NDE toolkit for inspection of bridges built with PBES.

An increased number of bridges constructed using PBES requires developing a structure-
specific matrix for initiating bridge management activities of Capital Preventive
Maintenance (CPM), Capital Scheduled Maintenance (CSM), and Repair and
Replacement (R&R). Further, the use of PBES bridges requires reevaluating current
repair and rehabilitation techniques and procedures. Hence, it is recommended to develop
a PBES specitfic MDOT Bridge Deck Preservation Matrix and an associated document

specifying techniques and procedures of repair and rehabilitation.
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