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CHAPTER 1. INTRODUCTION

Ultra-high performance concrete (UHPC) is emerging as a promising solution for bridge
preservation and repair (P&R), as it offers an effective and durable solution for extending the
service life of existing infrastructure, minimizing impact on the end users, and maximizing the
value of agency investments. Field-deployed UHPC P&R solutions can arrest further
infrastructure deterioration by enhancing the durability. These solutions can also facilitate
strengthening options for aging infrastructure as well.

OBJECTIVE AND USE

This report is intended for bridge owners, contractors, and their supporting professionals
responsible for design, construction, materials, and maintenance who are interested in including
UHPC in their bridge P&R toolkit. This document aims to familiarize the reader with key
concepts related to UHPC, such as its material mechanical and durability properties, along with
common UHPC-based P&R solutions. It also gives an overview of some emerging UHPC-based
solutions for bridge P&R. Most notably, the document contains design and construction
recommendations for three promising and fastest growing UHPC P&R applications: bridge deck
overlays for rehabilitation, link slabs, and steel beam end repair. These recommendations are
limited in scope but provide valuable information for all owner agencies considering the
development of materials, construction, and design specifications. Lastly, much of the
information provided herein builds on previous UHPC design and construction documents
published by the Federal Highway Administration (FHWA) (Graybeal 2019; Graybeal and
Leonard 2018).

BRIDGE PRESERVATION AND REPAIR

Defining the terms preservation, repair, and the like is important in the context of this document.
Bridge preservation is a proactive approach to extending bridge service life and is defined as
“...actions or strategies that prevent, delay, or reduce deterioration of bridges or bridge elements;
restore the function of existing bridges; keep bridges in good or fair condition; and extend their
service life. Preservation actions may be cyclic or condition-driven” (FHWA 2018). This
approach can slow the progress of deterioration and extend its life. Preservation is a long-term
strategy adopted by an agency to reduce the lifecycle cost of a structure and is based on the
principle that the repair cost is proportional to the deterioration level. Repair refers to the
treatment provided to a structure, component, or structural element that has lost its functionality.
Repair is a broad term that comprises maintenance treatments to restore a minimum structural
capacity, strengthening to add structural capacity, or rehabilitation to meet specification
requirements. Maintenance may involve preventive-, cyclical-, or condition-based treatments.
Rehabilitation involves major work required to restore the bridge structural integrity and correct
major safety defects (FHWA 2018).






CHAPTER 2. UHPC-CLASS MATERIALS

UHPC is a fiber-reinforced, portland cement-based product with advantageous fresh and
hardened properties. Through advancements in superplasticizers, dry-constituent gradation, fiber
reinforcements, and supplemental cementitious materials, UHPC outperforms conventional
concrete. Developed in the late 20th century, this concrete class has emerged as a capable
replacement for conventional structural materials in a variety of applications, including those
related to bridge P&R. An alternative name for UHPC is ultra-high performance fiber-reinforced
concrete (UHPFRC). For this document, UHPFRC is synonymous with UHPC since fiber
reinforcement is a key component of UHPC-class material. The following subsections provide
summaries of constitutive materials, commercial availability, material properties, and existing
transportation infrastructure deployments.

CONSTITUTIVE MATERIALS

Common UHPC formulations consist of several solid powders, including portland cement, fine
silica sand, finely ground quartz flour, and microsilica (silica fume). Additional constituents
include high-range, water-reducing admixtures, water, and microfiber reinforcement. For
structural applications, fibers are commonly composed of drawn and cut steel wires that measure
0.5-0.8 inches in length and 0.03—0.05 inches in diameter and have tensile strength between 100
and 300 ksi. UHPCs formulated for nonstructural application may use polymeric or synthetic
fibers instead of steel fiber. The quantities of these constitutive materials are engineered to form
an optimized gradation of granular constituents, a water-to-cementitious materials ratio less than
0.28, and a steel fiber dosage of at least 2.0 percent by volume to promote strain-hardening
behavior in tension. In addition to the basic material constituents, the mix design may be
modified with additives or admixtures to produce a desired performance characteristic, such as
increased flowability, thixotropy, longer set time, reduced heat of hydration, or higher early
strength. As a point of reference, figure 1 shows a comparison between the quantities of
constituents, by mass, for conventional concrete and UHPC. The reader is referred to Design and
Construction of Field-Cast UHPC Connections for additional information on UHPC constituents
(Graybeal 2019).

EUHPC @Conventional Concrete

Cementitious Materials

Coarse Aggregates

Fine Aggregates [ s

Water o
Admixtures

Steel Fibers

0 10 20 30 40 50 60
Percentage By Mass

Source: FHWA.

Figure 1. Graph. Comparison of the constituents, by mass, between conventional concrete
and UHPC.



MATERIAL PROPERTIES

UHPC is a class of materials. As such, different mix designs will lead to different performance
attributes. Table 1 presents the observed range of performance for a suite of properties, including
fresh, mechanical, durability, and dimensional stability. The data presented in this table were
generated by research conducted at FHWA’s Turner-Fairbank Highway Research Center
(TFHRC). In terms of the design and construction guidance provided in this document, some
properties hold greater relevance than others, depending on the specific project requirements and
the performance objectives of the P&R action. Properties beyond those presented in table 1 can

be achieved.

Table 1. Expected range of material properties of field-cast UHPC.

Property Test Method and Details Expected Range
Unit weight ASTM C642 (ASTM 2013a) 145-160 Ib/ft’
7-day compressive strength ﬁg%\l\g g;gs(i(sﬁﬁgdoggg 2) 14-20 ksi
14-day compressive ASTM C1856 (ASTM 2017a) 18-22 ki
strength ASTM C39 (ASTM 2020a)
Modulus of elasticity ﬁg%\l\g gig;iéﬁi{;@g?}lz; ) 5,600-8,000 ksi
. , . ASTM C1856 (ASTM 2017a
Poisson’s ratio ASTM C469 (f&STM 2014a)) 0.1-0.2
Direct tension cracking FHWA-developed direct tension test 0.75-1.2 ksi*
strength (Graybeal and Baby 2013) ) )
Direct tension postcracking | FHWA-developed direct tension test 0.75-1.2 ksi*
strength (Graybeal and Baby 2013) ) )
Direct tension strain FHWA-developed direct tension test 0.0025-0.006
capacity (Graybeal and Baby 2013) (inches/inches)
Direct tension bond ASTM C1583, bonded to an exposed 0.35-0.6 ksi
strength aggregate surface (ASTM 2020b) ) '
Long-term drying shrinkage ASTM C1856 (ASTM 2017a) 0.0003-0.0012
ASTM CI157 (ASTM 2017b) (inches/inches)
Long-term autogenous ASTM C1856 (ASTM 2017a) 0.0002-0.0009
shrinkage ASTM CI157 (ASTM 2017b) (inches/inches)
ASTM C1856 (ASTM 2017a)
Chloride ion permeability ASTM C1202 (ASTM 2019) 50-500 Coulombs
56 days after placement
ASTM C1856 (ASTM 2017a) Relative dynamic
Freeze-thaw resistance ASTM C666 (ASTM 2015a) modulus of elasticity
After 600 cycles > 95 percent




Property Test Method and Details Expected Range
Initial set time ASTM C403 (ASTM 2016) 4-10 hours
Final set time ASTM C403 (ASTM 2016) 7—24 hours
ASTM C1260 or ASTM C1567 (ASTM
Alkali-silica reaction 2013b, 2014a) Innocuous
Tested for 28 days

*The expected range of values for direct-tension, sustained, postcracking tensile strength is the same as the expected
range of values for direct-tension cracking strength. This equivalence is because, for a strain-hardening material like
UHPC, the minimum value of direct-tension, sustained, postcracking tensile strength is the direct-tension cracking
strength.

AVAILABILITY

UHPC availability in the U.S. market has increased dramatically over the last decade. This
increase is directly associated with UHPC’s growing popularity as an option for construction of
the built environment. For this document, UHPC availability is categorized as follows:

e Commercial material suppliers: Companies and/or organizations that have completed
research and development and have a UHPC mixture(s) on the commercial market are
included in this category. Products in this category could include, but are not limited to,
prebagged or ready-mix-type products. Also included are products for which a license is
granted for third-party use. In all, the mixtures should be effectively proprietary. In some
cases, commercial material suppliers also provide onsite project assistance. This
assistance includes, but is not limited to, qualified technicians who can provide onsite
batching, mixing, and testing support to the UHPC installer.

e Fabricated product suppliers: Companies and/or organizations that supply fabricated
products composed of UHPC for the built environment are included in this category; for
example, a precaster of bridge girders who offers girders composed of UHPC. These
companies and/or organizations may have developed their own proprietary UHPC
mixtures for use in their products, or they could source their materials from commercial
material suppliers.

e Open-source mixtures: UHPC mixtures that have been developed by individuals, research
teams, companies, and/or organizations, where the mix design is available in the public
domain and is free of charge to use, are included in this category. These mixtures could
also be referred to as nonproprietary UHPC mixtures.

Multiple States, typically in cooperation with a local university, have also worked toward
developing UHPC mixtures using local raw ingredients to lower the material cost and promote
use in the State (Berry, Snidarich, and Wood 2017). In some cases, these locally developed
mixtures have been deployed on bridge construction projects (El-Tawil et al. 2018). FHWA also
has information available that discusses developing nonproprietary, regional UHPC mixtures
(Wille and Boisvert-Cotulio 2013). The direct costs of a nonproprietary mixture may be as much
as 50 percent less expensive relative to commercial mixes (Wille and Boisvert-Cotulio 2013).
However, this price does not include other necessary costs, such as research and development,
quality control (QC), blending, and packaging, which could be significant.




DEPLOYMENT IN U.S. BRIDGE CONSTRUCTION

UHPC has been used in the United States for bridge construction since 2006. Through 2021,
more than 350 applications of UHPC have occurred on bridge construction projects in the United
States (FHWA 2022). At the time of this publication, the most common bridge construction
application of UHPC in the United States was for connections between prefabrication bridge
element and systems. UHPC use in connections is attractive due to its superior durability and its
ability to make the short reinforcing bar lap splices within the connections, which enhance
constructability. Examples of these element and systems include, but are not limited to, precast
concrete deck panels, box beams, precast modular bridge units, connections between existing
columns and new, precast bent caps, and connections between precast abutment elements
(Graybeal 2019). Other UHPC applications in new construction in the United States include
precast, prestressed bridge girders, foundation piles, and precast UHPC bridge decks (Blais and
Couture 1999; Sritharan 2015; Aaleti, Petersen, and Sritharan 2013). As it relates to the subject
of this report, between 2013 and 2020, more than 40 U.S. bridges have employed UHPC for
preservation, repair, and/or retrofit applications. This number includes some UHPC link slabs
constructed on new bridges.



CHAPTER 3. PROMISING APPLICATIONS OF UHPC FOR PRESERVATION AND
REPAIR

UHPC offers an effective, durable, and versatile solution for bridge P&R. To date, several
different UHPC applications for bridge P&R have been deployed in the field. The objective of
this section is to provide an overview of some of the emerging and promising UHPC P&R
solutions. The coverage of each solution aims to include a basic description of the technique,
some basic design considerations, and drawings and/or photos of the solution. Three very
promising UHPC P&R applications are presented in detail at the end of the section: bridge deck
rehabilitation using UHPC overlays, expansion joint replacement with UHPC link slabs, and
corroded/deteriorated steel beam end repair using UHPC encasement.

UHPC HEADERS FOR BRIDGE DECK JOINTS

Cracking and deterioration of bridge deck joint headers is a common issue on bridges with high
truck traffic volumes and/or relatively flexible superstructures. Conventional headers are
typically composed of conventional or elastomeric concretes. They commonly employ steel
angles or channel sections to armor the transition between the joint. A typical armored expansion
joint header is shown in figure 2. This header has been in service and exhibits some deterioration
of both steel and concrete. Joint headers constructed using UHPC are expected to last longer and
do not necessarily require using steel sections for joint armoring, which simplifies construction.

Mpvtn

Source: FHWA

Figure 2. Photo. Traditional armored expansion joint header.

New Jersey Department of Transportation (DOT) has used this solution to rehabilitate the
expansion joints in two different bridges: [-295 Northbound Bridge over Mantua Creek in
Paulsboro, NJ, and [-280 Westbound (WB) Bridge over the Newark Turnpike in Kearny, NJ.
Figure 3 shows the details for the headers on either side of the expansion joint for the [-280
bridge as they existed before replacement. Figure 4 shows the details of the UHPC headers that
were installed. The UHPC headers were approximately 15 inches deep and were cast using a
self-leveling and self-consolidating UHPC mixture, similar to that commonly used for field-cast
UHPC connections. The final configuration at the expansion joint does not include steel header



angles typically found on deck joint headers. UHPC’s high strength and abrasion resistance are
expected to be able to sustain the demand of repeated wheel loads and snowplow impacts.
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Figure 4. Illustration. UHPC joint header repair detail: I-280 WB over Newark Turnpike.
REPAIR OF PREFABRICATED BRIDGE ELEMENT CONNECTIONS

Using prefabricated bridge elements has been common in U.S. highway bridge construction for
many decades. These systems commonly use field-cast connections to create continuity between
structural elements. UHPC is a known solution for creating robust and durable connections



between prefabricated bridge elements in new construction. It can also be a viable solution to
repair existing connections that exhibit deterioration or leakage or elements that exhibit
differential deflection due to poor connections. For example, adjacent precast concrete box beam
and voided slab bridges have a history of durability issues related to longitudinal cracking along
shear key connections.

In 2016, Florida DOT (FDOT) rehabilitated the Martin Downs Boulevard Bridges over Danforth
Creek in Palm City, FL, by removing the existing traditional partial-depth grouted shear keys and
replacing the removed concrete with UHPC. The objective was to create a new, durable
connection and restore composite action between the beams, thus eliminating differential
deflections between elements. As shown in figure 5, the existing shear keys, along with the
surrounding concrete, were removed, exposing the shear reinforcement within the voided slab
beams. The reinforcement in the adjacent slabs was connected with horizontal stirrups, and the
excavated regions were filled with UHPC. Figure 6 shows the UHPC being installed on this
project. A similar project was completed in St. Clair County, MI, on Kilgore Road Bridge over
Pine River in Kenockee Township. Here, UHPC was used to repair joints between the bridge’s
precast double T-beams. UHPC installation on this project is shown in figure 7. Also, this project
was the first to deploy an open-source UHPC mixture on a U.S. bridge.
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A. Plan view of the planned repair.
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Figure 5. Illustrations. UHPC connection repair used on the Martin Downs Boulevard
Bridges.
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Figure 6. Photo. Installation of UHPC on one of the Martin Downs Boulevard Bridges.
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Figure 7. Photo. Installation of UHPC connection repair project on the Kilgore Road
Bridge over Pine River in Kenockee Township, MI.

SEISMIC RETROFIT

Bridge structures built before the establishment of modern seismic bridge design and detailing
provisions often require upgrading or retrofitting to enhance their seismic performance.
Commonly, the reinforced concrete columns of these structures require the most attention, given
that the columns are typically the primary lateral load-resisting elements in the structures.
Traditionally, structural steel, fiber-reinforced polymer (FRP), or bulky reinforced concrete
jackets have been employed to upgrade the strength and ductility of seismically deficient bridge
columns. UHPC provides an alternative column-strengthening or -jacketing solution to these
traditional methods. Laboratory research has demonstrated that UHPC can restore bridge column
capacity with deficient reinforcing bar lap splices located in bridge column plastic hinge zones
(Dagenais, Massicotte, and Boucher-Proulx 2018).

In 2014, the British Columbia Ministry of Transportation used UHPC jackets to encase and
confine the hinge zones of pier columns on Mission Bridge in Mission, British Columbia,
Canada. Built in 1973, the bridge was found to have multiple seismic vulnerabilities. As such,
the bridge had previously used FRP wraps to retrofit the plastic hinge zones. One such seismic
vulnerability was the threat of lateral spreading in specific pier locations. While ground
improvements in the form of deep compaction piles mitigated the issue at most pier locations, a
single pier required additional strengthening. For this location, a UHPC jacket was selected
because it would provide an aesthetically pleasing and cost-effective retrofit solution compared
with other alternatives. The construction procedure included removing the existing FRP wraps,
after which the column concrete surfaces were roughened and steel rods were installed to anchor
the UHPC to the surface of the columns. Steel stirrups were added around the column

11



perimeters, and then the stirrups and the anchors were encased in a 9-inch-thick jacket of UHPC.
The repair schematic is shown in figure 8, and the finished product is shown in figure 9.
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Figure 8. Illustration. Schematic of the UHPC seismic retrofit for the Mission Bridge.

© 2015 Associated Engineering.

Figure 9. Photo. Completed seismic retrofit for the Mission Bridge using UHPC.
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COLUMN AND PIER WALL REPAIRS

Cast-in-place UHPC can be used to repair deteriorated bridge columns and pier walls. This
application is similar to the seismic retrofit of the Mission Bridge, except that it is not focused on
a plastic hinge region or ductility enhancement. The objective is rather to enhance the strength
and durability of the original bridge pier. This process would normally require removing poor
cover concrete, roughening the concrete substrate to achieved good bond with the UHPC, and
replacing the removed concrete with UHPC. This technique was deployed on a reinforced
concrete pier wall in 2014 on a Canadian National Railway (CN) Bridge in Quebec, Canada, as
shown in figure 10. In the case of the CN Rail Bridge, the concrete cover was removed, exposing
steel piles that had been embedded in the pier. All existing reinforcing was exposed and
evaluated. Heavily corroded reinforcement was replaced with new reinforcement anchored into
the pier’s concrete core, while reinforcement that exhibited acceptable levels of corrosion was
left in place. Formwork was installed around the entire pier wall perimeter and was constructed
such that the reconstructed wall would take the shape of the original pier geometry. UHPC was
then poured into the formwork to encapsulate the existing core and all of the reinforcing, thus
restoring the pier to a like-new condition, as shown in figure 11.

© 2020 LafargeHolcim.

Figure 10. Photo. CN Rail Bridge with concrete cover removed from pier.
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© 2020 LafargeHolcim.
Figure 11. Photo. Completed UHPC pier repair for CN Rail Bridge.

CONCRETE ELEMENT PATCHING

Prestressed concrete beams experience cracking and spalling at their ends due to improper
protection from water and deicing chemicals at the deck joints. Such exposure leads to
deterioration at the beam ends. Furthermore, situations arise in which concrete elements are
damaged during construction or erection and require repair. Laboratory research has
demonstrated that UHPC can be a viable solution for repairing and strengthening concrete beams
that have undergone damage to the beam ends (Shafei, Phares, and Shi 2020). In 2017, FDOT
deployed UHPC to repair a spliced U-girder (Haber and Graybeal 2019). During construction,
the concrete that was installed as a closure pour for the midspan girder-to-girder splice was
poorly consolidated and, thus, needed repair. The region to be repaired was highly congested;
thus, the repair material needed to be highly flowable. UHPC was selected as the repair material
because it bonds very well with steel reinforcement and existing concrete, but also because it is
highly flowable and self-leveling. The poorly consolidated concrete was removed and replaced
with UHPC. Colorado DOT has also deployed UHPC for concrete element patching of bridge
decks (FHWA 2021).

SPRAYABLE UHPC

Sprayable UHPC is applied by pumping and spraying UHPC in a similar manner as that for
traditional shotcrete. Figure 12 shows a nozzleman applying sprayable UHPC to a concrete panel
during the research and development phase of product development. The advantages of UHPC
shotcrete are consistent thickness throughout the operation; rapid cure times; high strength,
which can eliminate the need for embedded reinforcement; and enhanced durability. The primary
advantage of applying UHPC by spraying versus forming and pouring is the elimination of
formwork. Scenarios where UHPC shotcrete could be advantageous include, but are not limited
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to, repair of tunnels, culverts, bridge piers, and dams. At the time of this writing, sprayable
UHPC has not yet been deployed in the United States but has been deployed in Europe (Doiron
2019).

© 2020 LafargeHolcim.

Figure 12. Photo. Nozzleman applying sprayable UHPC.

BRIDGE DECK OVERLAYS FOR PRESERVATION, STRENGTHENING, AND
REHABILITATION

Background

Highway bridge decks require much attention from bridge owners, and bridge deck deterioration
is a common issue in many States. UHPC is a very promising material for bridge deck
preservation, strengthening, and rehabilitation when used as a bridge deck overlay. In the context
of this document, a bridge deck overlay is defined as a layer of material that is placed atop a
bridge deck, with or without removing any of the existing bridge deck concrete. The
performance objectives of a bridge deck overlay vary. In some cases, overlays are applied to
extend the service life of an existing bridge deck by providing a new wearing surface and
reducing the ingress of moisture and chlorides into the deck, which commonly corrode the steel
reinforcement present in the deck. Overlays not only provide waterproofing and protection from
chlorides, but, in other cases, they are installed to strengthen and/or stiffen a deteriorated bridge
deck. UHPC-class materials offer several properties that make them advantageous for bridge
deck overlays:

e Very low permeability and very good resistance to freeze-thaw damage: UHPC
significantly reduces the potential for ingress of contaminates as well as freeze-thaw
damage compared with conventional overlay and partial-depth replacement materials,
thus minimizing the maintenance cost and increasing the bridge deck lifespan.

e Good abrasion resistance: UHPC reduces the potential for wheel-path abrasion on the
ride surface of the bridge deck.
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e High strength and stiffness: A thin layer of UHPC could provide both enhanced
durability and increased flexural strength with minimal added dead load.

e High bond strength: UHPC has a high bond strength and can act compositely with
existing concrete surfaces, if those surfaces are properly prepared (De la Varga, Haber,
and Graybeal 2017; Aaleti and Sritharan 2017, 2019).

e Cost-effective lifecycle: UHPC offers a cost-effective alternative to deck replacement and
some other deck rehabilitation options. UHPC may cost more up front, but it will last
longer and require less maintenance than other solutions.

Example Projects

UHPC bridge deck overlays have been installed on more than 150 bridges worldwide as of 2020.
UHPC application as a bridge deck overlay originated in Switzerland. As such, the majority of
completed projects are in Switzerland (Briiwiler and Denarié 2013; Ecole Polytechnique
Fédérale de Lausanne n.d.). As of 2020, 17 UHPC bridge deck overlays have been installed in
the United States (FHWA 2021).

Bridge Over the Morge River

One of the earliest UHPC bridge deck overlays was installed in Chateauneuf-Conthey,
Switzerland in 2004. This bridge spans the Morge River and is shown in figure 13. The primary
objective of the UHPC overlay was to waterproof the deck and arrest active deterioration of
concrete and steel caused by the ingress of water and chlorides. The bridge deck surface was
prepared by hydrodemolition. This project employed a 1.18-inch-thick UHPC overlay. An
asphalt wearing surface was installed atop the UHPC overlay. A waterproofing membrane was
not used between the UHPC overlay and the asphalt topping.

e

© 2020 EPFL.

Figure 13. Photo. Bridge over the Morge River in Chiateauneuf-Conthey, Switzerland.
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The UHPC overlay performance was evaluated after approximately 10 years of service. The
UHPC overlay was found to be performing as anticipated: elevated chloride levels were only
found within the first 0.1-inch of the UHPC overlay. Figure 14-A shows a photo of the bridge
deck soffit shortly after the overlay was installed. Spalled concrete, exposed and corroded
reinforcement, and efflorescence are observed. Figure 14-B shows a photo taken after 9.5 years
of service. As shown, the condition of the deck soffit remains unchanged. That is, deterioration
did not appear to progress, and there were no indications of additional efflorescence. In
Switzerland, damaged deck soffits are not commonly left unrepaired. In this case, the soffit was
left in an unrepaired state to provide a visual comparison over time (Denari¢ 2015).

[

[
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Figure 14. Photos. Soffit of the bridge over the Morge River.
Chillon Viaduct

The Chillon Viaduct, located near Montreux, Switzerland, was rehabilitated using a UHPC
overlay in 2015 (figure 15). This major highway structure is composed of twin single-cell
segmental concrete box girder structures, each 1.5 mi long, with a total deck surface of about
580,000 square ft (Brithwiler et al. 2015). The viaduct structures, built in 1969, were
deteriorating from alkali aggregate reactivity as well as traffic volumes and truck weights that
exceeded the original design assumptions. UHPC was selected to provide enhanced durability
and waterproofing and to increase the capacity of a relatively thin deck (7.1 inches), which was
integral to the box girders. The UHPC overlay was designed to be 1.5-2 inches thick, depending
on the location on the deck. To provide additional capacity, the UHPC overlay was reinforced
with No. 5 bars. Bars were placed transverse to the direction of traffic and longitudinal over pier
regions (figure 16). The reinforced UHPC overlay increased the transverse moment capacity of
the deck by 73 percent in negative bending and by 33 percent in positive bending.
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© 2020 Walo.
Figure 15. Photo. Chillon Viaduct during UHPC deck overlay construction in 2015.

© 2020 EPFL.
Figure 16. Photo. Placing UHPC on the deck of the Chillon Viaduct in the vicinity of a pier.

Laporte Road Bridge Over Mud Creek

The first UHPC bridge deck overlay constructed in the United States was part of a demonstration
project in Iowa and was completed in 2016 (Sritharan et al. 2018). The UHPC overlay was
installed on a three-span, cast-in-place concrete slab bridge carrying Laporte Road over Mud
Creek in Buchanan County, IA (figure 17). The primary objective of the project was to evaluate
the feasibility of installing UHPC deck overlays in the field with the anticipation of
accomplishing the following tasks: repairing surface deterioration, waterproofing the bridge deck
surface, and providing a new riding surface. Six months after installation, the bond between the
UHPC overlay and the substrate concrete was assessed in a field study conducted by FHWA
researchers. Based on observations and data collected, the team concluded that the bond between
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the UHPC overlay and the existing concrete bridge deck was sound, and the installation
successful. See Haber, Munoz, and Graybeal (2017) for additional information.

P

Source: FHWA.
Figure 17. Photo. Placing UHPC on the Laporte Road Bridge in 2016.

Pilot Projects on Long-Span Bridges in the United States

In 2020, UHPC overlays were installed on three long-span bridges in the United States. These
projects were carried out as pilot projects for which UHPC overlays were installed on large areas
of bridge deck. The bridges included in this list are as follows:

Commodore Barry Bridge: This cantilever truss bridge opened in 1974, connects
Pennsylvania and New Jersey, and is owned by the Delaware River Port Authority
(DRPA). The UHPC overlay pilot project included UHPC installation on a deck truss
span and a girder span. Full-scale UHPC application could save the DRPA more than
$200 million in capital costs and extend the life of the bridge deck by 30 years or more
(Summers 2021). Figure 18 shows a construction crew preparing the bridge deck of the
deck truss span with hydrodemolition in preparation for installing the UHPC overlay.

Delaware Memorial Bridge, first structure: This suspension bridge opened in 1951. It
connects Delaware and New Jersey and is owned by the Delaware River and Bay
Authority (DRBA). The UHPC overlay pilot project included UHPC installation on
girder, truss, and suspension spans. Full-scale application could save the DRBA more
than $60 million compared with a full bridge deck replacement (FHWA 2021). A photo
of this project is shown in figure 19.

Claiborne Pell Bridge: This suspension bridge opened in 1969 and is owned by the Rhode
Island Turnpike and Bridge Authority. The UHPC overlay pilot project included UHPC
installation on the suspension spans. Installation was done by two different UHPC
suppliers. A photo of this project is shown in figure 20.
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Source: FHWA.
Figure 18. Photo. Hydrodemolition of the bridge deck of the Commodore Barry Bridge
before installation of a UHPC overlay.
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Figure 19. Photo. UHPC overlay on the Delaware Memorial Bridge before grinding.
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Figure 20. Photo. UHPC overlay installation on the Claiborne Pell Bridge.

EXPANSION JOINT REPLACEMENT WITH UHPC LINK SLABS
Background

In simple span bridge construction, deck joints are commonly provided at the ends of the simple
spans. These joints accommodate girder end rotations and deck translation caused by live loads,
temperature change, and concrete creep and shrinkage. A common issue with simple span
construction is sealing deck joints. Deck joint seals often fail prematurely, allowing water and
deicing chemicals to leak through. This leakage causes deterioration of girder ends, bearings, and
substructure elements (Thorkildsen and Greenman Pedersen Inc. 2020). Additionally, joint seal
materials, armoring angles, and concrete headers frequently become dislodged by heavy vehicles
such as snowplows and become scattered across the roadway, creating hazardous conditions for
motorists. One solution to deck joints issues is to elimination the joints altogether and replace
them with link slabs. A link slab is a structural slablike element, traditionally composed of
reinforced concrete, that is placed between adjacent simple spans and ties into the existing bridge
deck. The link slab concept was first proposed in the early 1980s (Zuk 1982) and has since been
deployed by at least 30 percent of U.S. DOTs (Haikal et al. 2019).

Design Concepts Related to Link Slabs

Link slabs are designed to accommodate girder end rotations and superstructure deformations
without introducing moment continuity between adjacent spans. As noted by Caner and Zia
(1998), the stiffness of the link slab is much lower than that of the composite deck-girder system.
As such, link slabs can be designed and detailed to maintain a bridge’s simple span behavior for
analysis purposes even after the ends of the adjacent bridge decks are linked together.
Traditionally, link slabs have been composed of reinforced concrete. To accommodate
deformation at the beam ends, well-distributed cracking is expected to occur in the concrete. As
such, early research conducted by Caner and Zia (1998) recommended debonding the link slab
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from the remainder of the superstructure to allow for this behavior to occur. The recommended
debonded length was equal to 5 percent of the total span length adjacent to the link slab; the
length of span 1 was added to the length of span 2. Lastly, many States who deploy link slabs
have instituted limits on crack widths to reduce the potential of leakage and moisture ingress
(Thorkildsen and Greenman Pedersen Inc. 2020). Figure 21 depicts a modern link slab designed
using conventional reinforced concrete.
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Figure 21. Illustration. Conventional link slab section.
UHPC Link Slabs

The first U.S. bridge to use a UHPC link slab was built by New York State DOT (NYSDOT) in
2013 in Owego, NY. The bridge carries Route 926G over Route 17. This structure is composed
of two simply supported steel, multigirder spans and carries two lanes of traffic. The deck was
replaced using full-depth precast deck panels connected with UHPC. At the same time, the deck
joint over the pier was eliminated by using a UHPC link slab. To date, NYSDOT has completed
the most UHPC link slabs in the United States and has institutionalized the technology as they
have developed standard design details, sample calculations, and specifications, making the
deployment of this technology widespread throughout the State. Figure 22 shows a common
design detail for a UHPC link slab in the State of New York. As of 2020, six different State
DOTs have deployed this technology, and UHPC link slabs have been installed on at least

35 bridges in the United States. UHPC offers several advantageous for link slabs, such as:

22



Non-Contact Splice

Link Slab

Transverse Rebar

Debonded

Zane

— Link Slab Thilckness

Longitudinal Rebar -\ — Sheet Gasket
£ £ls E|| e Overfil UHPC by %" and
=0 =522 Diamond Grind flush
S s /
| | LI T Koo -
i ﬁ# ™ —_ I
=1 - Srﬂ“':-“ = -—
I ! N SRR
I Il I I At . Il 11
Ultra-High—— / o Pl \N—Exposed
Performance Aggregate
Concrete / Surface
T Concrete / T
/ M Smooth Concrete Surface
Additional Stud Shear e ML L VN within Debonded Zone
Connectors between ‘ 4" Max,
Existing Studs Preformed Closed
Girder End Gap CellFoam Material

: = ;
P L
[ ! ]
=— @€ of Pier and
Link Slab

Source: FHWA.
Figure 22. Illustration. UHPC link slab details.

Optimized link slab size and geometry: UHPC link slabs might be significantly shorter
(50 percent or more) than those composed of conventional concrete because of UHPC’s
tensile ductility. UHPC-class materials have a high tensile strain capacity. As such, the
deformation demand imposed on the UHPC link slab by the adjacent spans can be
accommodated by a relatively short length of slab. For example, on a given bridge, a
UHPC link slab may only need to be 2—4 ft in length, whereas a conventional concrete
link slab may need to be 6-9 ft in length. Furthermore, UHPC link slabs can be relatively
thin with reduced supplemental reinforcement compared with conventional concrete,
thus, minimizing the moment continuity over the pier location and maintaining simply
supported behavior.

Simplified construction: Since UHPC link slabs can be designed to be relatively small,
they require less onsite labor and material volume, which expedites and simplifies
construction. This shortened construction period reduces the impact on the traveling
public because construction windows can be shortened. Figure 23 shows the construction
sequence of a UHPC link slab in New York State that is replacing an existing expansion
joint.

Enhanced durability: Lastly, UHPC link slabs are inherently more durable than those
constructed with conventional concretes, due to the durability properties of UHPC.
Furthermore, the cracks that form in UHPC are designed to be very thin compared with
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conventional concrete. Thus, the risk of leakage from moisture and deicing salt from the
deck surface to the beam ends and substructure is reduced.

© 2020 NYSDOT. © 2020 NYSDOT.

A. Removal of existing B. Placement of UHPC. C. Finished UHPC link slab.
concrete.

Figure 23. Photos. Installation of a UHPC link slab in New York State.
STEEL GIRDER END REPAIRS USING UHPC
Background

Deterioration of steel girder ends is a common issue encountered by bridge owners. This
deterioration, usually in the form of corrosion of the steel (figure 24), is due to leakage of water
and deicing agents from expansion joints. The corrosion leads to section loss of the webs,
flanges, and stiffeners at the beam ends. This loss reduces the shear and bearing capacity of the
girder. To keep bridges operating safely, these deteriorated regions require repair when the
section loss becomes significant. Conventional repairs include incapsulating the entire end of the
superstructure with a reinforced concrete integral diaphragm, or replacing the damaged steel
section with new steel, or, in extreme cases, replacing the entire girder. In some cases, the
superstructure or bridge deck may require jacking and/or lane closures to install these solutions.
This situation makes completing these repairs challenging at times.
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© 2020 Arash Zaghi, University of Connecticut.

Figure 24. Photo. Steel beam end corrosion damage.

UHPC offers an innovative alternative to the traditional repair solutions to restore the shear and
bearing capacity of deteriorated steel girder ends. This alternative repair is illustrated in

figure 25. The UHPC-based repair employs thin, full- or partial-height panels of UHPC cast
against the girder web, encasing the corroded portions of steel. The UHPC panels are anchored
to the girder by headed shear connectors welded to the intact, noncorroded portions of the web.
Alternative shear connectors have also been investigated in lieu of headed studs and include
threaded rods and perforated web connections (Kruszewski, Wille, and Zaghi 2018). This design
can effectively create a new load path that bypasses the deteriorated regions of steel and restores
the lost bearing and shear capacity of the beam. Additionally, the UHPC panel protects the
underlying steel from future section loss (Kruszewski 2018). Kruszewski noted that encasing
both sides of the beam end in UHPC reduces the inspectability of the beam end, although the use
of UHPC is expected to mitigate future web damage. The benefits of this repair method are
summarized as follows:

Deteriorated

All images: © 2020 Arash Zaghi, University of Connecticut.
Figure 25. Photos. Installation of a UHPC beam end repair.

25



e Enhanced durability: UHPC’s low permeability and high freeze-thaw resistance reduce
further corrosion and the potential for additional section loss in the girder. Conventional
repair solutions cannot achieve these results.

e Constructability: UHPC repairs can be performed in short time windows and may reduce
the need to jack the superstructure. Additionally, this repair is easily constructed using
standard construction procedures, such as standard stud welding and carpentry for
concrete formwork.

¢ Minimal impact to users: The impact on end users is minimized by reducing onsite
mobilization and repair time, thereby also reducing the need for lane closures. This repair
strategy can also be performed periodically during off-peak hours, making it ideal for
projects with short time windows and without disruption to traffic.

e Repair versatility: This repair strategy can be easily adapted to different field conditions,
such as bridges with complex geometries and projects with limited access to the repair
area. These conditions are typical in bridges with varying degrees of skew.

e Low maintenance requirements: This repair method could potentially be maintenance
free or require minimal maintenance if it is properly detailed and installed.

This repair method was developed over the last decade through successive research projects
funded by Connecticut DOT (CTDOT) and performed by researchers at the University of
Connecticut. The goal of these successive projects was to develop, evaluate, and validate a
UHPC-based rehabilitation strategy for corroded steel girder ends. The research included
small-scale testing of different shear connectors, large- and full-scale testing of repaired steel
girders, computational modeling and parametric study of the repair strategy, and technical
assistance and monitoring of CTDOT’s first implementation of the repair on an actual bridge.
The reader is referred to the works by Zaghi et al. (2017a), Kruszewski, Wille, and Zaghi (2018),
Zaghi et al. (2017b), and Hain et al. (2019) for additional details.

Examples of UHPC Steel Girder End Repair

Following are several known deployments of steel girder end repairs using UHPC in the United
States:

e Rhode Island DOT (RIDOT): RIDOT completed its first beam end repair with UHPC in
2018 in Providence, RI, as an emergency repair of the bridges at the interchange of
Route 6 and Route 10. This project included UHPC beam end repairs on 18 beam ends.
An example is shown in figure 26. In addition to having UHPC throughout the entire web
height at the bearing, a 6-ft UHPC repair was installed along the bottom flange of the
beams to rehabilitate extensive corrosion of the bottom flange.

e CTDOT: CTDOT completed its first beam end repair with UHPC in 2018 in New Haven,
CT, where Interstate 91 crosses three sets of railway tracks (Hain et al. 2019). This
project had extensive constraints, as work was only permitted in a single 4-hour
timeframe each day. Additionally, the superstructure was composed of rolled wide-flange
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beams with depths ranging from 33 to 36 inches. Also, because of the rail alignments,
each of the piers intersected the superstructure at a different skew angle. The project
involved the repair of 42 beam ends. Because of the aforementioned superstructure
geometric conditions, each beam end was unique and would have resulted in well over
100 different shop drawings, if a conventional bolted or welded repair option were
pursued, due to varying plate thicknesses, widths, and skews. The photos shown in
figure 25 are from this project.

St. Clair County, MI: The St. Clair County Road Commission completed its first beam
end repair with UHPC in 2018 on Masters Road-Belle River Bridge. This bridge was
built in the 1930s in St. Clair County, MI. The bridge had experienced expansion joint
failure and subsequent deterioration. The county chose to rehabilitate the bridge instead
of replacing it due to its historical value. UHPC was selected for the repair of the beam
ends. Welding headed shear connectors was not an option due to the poor condition of the
beams. Instead, reinforcing bars were used, which were passed through holes drilled in
the webs of all the beams. A nonproprietary UHPC mix design was used.

Texas DOT (TxDOT): TxDOT completed its first beam end repair with UHPC in 2020
on the Sidney Sherman Bridge, which carries Interstate 610 over the Houston Ship
Channel in Houston, TX (figure 27-A). Built in 1969, the bridge had begun to show
significant corrosion damage to the girder ends and diaphragms, as well as rocker bearing
deterioration. UHPC was selected due to its durability, high strength, and ease of
installation compared with other solutions. Figure 27-B shows one of the completed
UHPC repairs.

Source: FHWA.
Figure 26. Photo. UHPC beam end repair on the Route 6/10 Interchange Bridge.
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So;rcré: Texas ISOT.

A. Elevation view of Sidney Sherman Bridge.
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Source: Texas DOT.
B. Completed beam end repair with UHPC.
Figure 27. Photos. UHPC beam end repair on the Sidney Sherman Bridge.
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CHAPTER 4. DESIGN OF UHPC BRIDGE P&R APPLICATIONS

This section provides both general and specific design recommendations for UHPC-based P&R
applications. The general recommendations cover items somewhat universal to construction with
UHPC and would be applicable for most P&R applications. Specific design recommendations
are provided for three promising UHPC P&R applications: bridge deck overlays, link slabs, and
steel beam end repair. The recommendations included herein are based on materials and
structural engineering research that has been conducted on UHPC-class materials by FHWA and
other entities, as well as lessons learned from field deployments and in-service applications.
Recommendations are presented in tables in a dual-column format. Similar to many structural
design codes, recommendations are provided in the left column, and the corresponding
commentary is provided in the right column.

STRESS-STRAIN RELATIONSHIPS FOR DESIGN

The following subsection presents the uniaxial stress-strain relationships recommended for
design with UHPC. These relationships have been developed through considerable research at
FHWA’s TFHRC. These research findings and additional background on how these relations
were developed are given in the article by El-Helou, Haber, and Graybeal (2022).

Compression Relationship

The recommended compression stress-strain relation is shown in figure 28. This relationship
should be treated as linearly elastic until a stress of a,f" is reached. Here, au is the reduction
factor, which is taken as 0.85, at a maximum. After the effective compressive strength, o,f%, is
reached, the compressive resistance is constant until the ultimate compression strain, €c, 1S
reached. The compression parameters—modulus of elasticity, E¢; compression strength, f'c; and
ear—and Poisson’s ratio, v, shall be obtained from cylindrical specimens tested according to
ASTM C1856/C1856M (ASTM 2017a). In lieu of experimental test data, the modulus of
elasticity can be determined by equation 1 (described in the General Recommendations, Modulus
of Elasticity subsection), Poisson’s ratio may be taken as 0.15, and the ¢., may be taken as
0.0035.

.
o

Stress
S~

p &, Strain

Source: FHWA.
&cp = transition point between the elastic and plastic
portions of the curve.

Figure 28. Image. Recommended compressive stress-strain relationship.
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Tension Relationships

The recommended tension stress-strain relations are shown in figure 29. These relationships
should be treated as linearly elastic until a stress of y.f; ¢ is reached, where y, is a reduction factor
and f; .- is the effective cracking strength. Other parameters include the E.; the effective cracking
strain, &, the localization stress, f;ic; and the localization strain, &; /.. Herein, “localization” is
defined as the point at which tensile deformation in UHPC begins to accumulate into a single
dominant crack. After this point, tensile stress continuously decreases with increasing strain or
permanently drops below the value of the effective cracking stress.

A A
a A Ly_ufalog ________
8 g '
@ BV |
* |
|
I : I
| | '
I I I
|
| | |
I 1 1 I
: — : ' .
& 1oc Strain &or &ioc Strain
Source: FHWA. Source: FHWA.
A. Stress plateau response. B. Stain-hardening response.

Figure 29. Images. Recommended tension stress-strain relationships.

These parameters shall be obtained from prismatic specimens tested in uniaxial tension
according to AASHTO T397 (AASHTO 2022). Additional details regarding how these
relationships were developed and how to determine individual parameters are found in the work
by El-Helou, Haber, and Graybeal (2022). The elasto-plastic model (figure 29-A) should be used
when average tension test results, determined according to AASHTO T397, demonstrate that
1.2ficr < fi10c. The bilinear model (figure 29-B) may be used when average tension test results
demonstrate that 1.2f; . = fi . For the elasto-plastic model, f; o should not be taken to be less
than f; .. The reduction factor y accounts for variability in tensile response and can be taken to be
0.85 in lieu of statistical data from the UHPC mixture of interest.

MINIMUM PROPERTIES OF UHPC

The recommendations presented herein are for current UHPC-class materials, which are cement
composite materials composed of an optimized gradation of granular constituents, a
water-to-cementitious materials ratio of less than 0.28, and a high percentage of discontinuous
internal steel fiber reinforcement, which ensures tensile ductility. The design recommendations
in the following subsections are predicated on the minimum mechanical properties of UHPC
listed in table 2.
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Table 2. Minimum mechanical properties of mature-age UHPC.

Variable Minimum
Property Symbol Test Method Value

Compressive strength fe ASTM C39 and ASTM C1856 | 18 ksi
(ASTM 2017a, 2020a)

Effective cracking strength | f; ¢ AASHTO T397 (AASHTO 0.75 ksi
2022)

Localization stress Jiloc AASHTO T397 (AASHTO Jrioc = frer
2022)

Localization strain in &t loc AASHTO T397 (AASHTO 0.0025

direct tension 2022)

Steel fiber reinforcement Vy Not applicable 2.0 percent (by

volume)*

*A higher fiber content may be used to increase the tensile strength as needed to meet the demands of the particular
UHPC application.

RHEOLOGY OF UHPC FOR FIELD APPLICATIONS

The rheology or “workability” of UHPC-class materials typically used in field applications falls
into one of two categories:

Self-leveling: Self-leveling UHPCs are highly flowable and do not require mechanical
vibration to consolidate. That is, these UHPCs are formulated to flow under the force of
gravity. When evaluated using a static flow table test, per ASTM C1856, self-leveling
UHPCs commonly exhibit spread diameters between 6 and 10 inches (ASTM 2017a).
Figure 30-A shows a self-leveling UHPC mixture after completion of a static flow table
test. Self-leveling UHPCs are commonly used for applications that require significant
flow capabilities, such as headers, pier or column encasement, link slabs, connection
repairs, or beam end repairs.

Thixotropic: Thixotropic UHPCs exhibit thixotropic material behavior and require
internal or external vibration for consolidation. Thixotropy is a time-dependent shear
thinning property of a non-Newtonian fluid, which causes a material to remain solidlike
under static conditions and to flow when agitated or sheared. Figure 30-B shows a
thixotropic UHPC mixture after completion of a static flow table test, and figure 30-C
shows the same mixture after a dynamic flow table test (20 drops). Thixotropic UHPCs
are mostly used for bridge deck overlays. Bridge decks are not level, and as such
thixotropic mixtures allow UHPC to be placed on sloped bridge decks, up to a maximum
grade of 10 percent, while maintaining the required profile. The UHPC supplier will
typically vary the UHPC thixotropic flow properties according to the slope of the deck,
so the spread will be greater for small slopes and less for larger slopes.
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Source: FHWA.

Source: FHWA.
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A. Self-leveling UHPC after B. Thixotropic UHPC after C. Thixotropic UHPC after
static testing. static testing. dynamic testing.

Figure 30. Photos. Flow table testing of self-leveling and thixotropic UHPC formulations.

GENERAL RECOMMENDATIONS

Unit Weight

Recommendations

Commentary

The unit weight of UHPC inclusive of the
steel fiber reinforcement may be taken as
155 Ib/ft.

Chloride Ion Diffusion Coefficient

This value most closely represents the unit
weight of UHPC with 2 percent (by volume)
steel fiber reinforcement. Lesser or greater
percentages of steel fiber reinforcement
necessarily decrease or increase the unit
weight, respectively. Inclusion of non-steel
fiber reinforcement also affects the unit
weight.

Recommendations

Commentary

The diffusion coefficient of UHPC may be
taken as 2.0 x 1071* inches?/s.

This value is based on research completed on
UHPC cementitious matrices with
cementitious materials contents greater than
1,500 Ib/yd?, no aggregates larger than a fine
sand with an average diameter of 0.02 inches,
and water-to-cementitious materials ratios
less than 0.25 (Association Frangaise de
Génie Civil 2013; Thomas et al. 2012; Kono
et al. 2013; Piérard, Dooms, and Cauberg
2013).
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Coefficient of Thermal Expansion

Recommendations

Commentary

In the absence of more precise data, the
coefficient of thermal expansion of UHPC
may be taken as 7.0 x 107 inches/inch/°F.

Modulus of Elasticity

The coefficient of thermal expansion value
depends on the UHPC material constituents
and should be based on laboratory tests and
data provided by the UHPC material supplier.
The coefficient of thermal expansion value
shown herein is based on the experiment by
Mohebbi, Graybeal, and Haber (2022)

Recommendations

Commentary

The modulus of elasticity of UHPC may be
calculated as follows:

Ec=2,500 (19" (in ksi) (1)

Bond Strength to Existing Concrete or UHPC

This equation is based on research results
obtained from testing steel fiber-reinforced
UHPCs and is a good approximation for
UHPCs with compressive strengths between
14 and 29 ksi (El-Helou, Haber, and Graybeal
2022).

Recommendations

Commentary

Concrete substrate surfaces should be
roughened to enhance interface bond strength.
Prepared surfaces should have preferably both
macro- and microtexture. The preparation
methods should be selected to minimize
microcracking in concrete, otherwise known
as “bruising.”

Hardened UHPC substrate surfaces should be
roughened to include microtexture and

The interface tensile bond strength can range
from zero to the tensile strength of the
substrate concrete. Laboratory research has
demonstrated that UHPC can exhibit interface
bond strengths between 0.35 and 0.6 ksi when
the substrate concrete has been prepared to
exhibit both macro- and microtexture (i.e.,
exposed aggregate) (De la Varga, Haber, and
Graybeal 2017).

Removing the surface cement paste to provide
microtexture is more important than providing
macrotexture for tensile bond strength,
although macrotexture is important for
interface shear strength (De la Varga, Haber,
and Graybeal 2017). Providing macrotexture
without microtexture, such as occurs with a
form liner, is not recommended for
bond-critical applications such as used to
prevent moisture intrusion. UHPC will not
bond well to smooth or dirty surfaces.

Fresh UHPC can bond to hardened UHPC
under the right conditions. Fibers can be



Recommendations

Commentary

possibly macrotexture. The projection of fiber
reinforcement from the substrate UHPC into
the interface region is considered beneficial.

Existing concrete surface should be prewetted
with water to a saturated surface dry (SSD)
condition.

Development Length of Reinforcement

exposed using set retarders on the formwork,
which will delay the hydration reaction of the
fresh UHPC contacting the form. After form
removal, the nonhydrated surface paste can be
washed from the hardened UHPC with water.
Hardened UHPC can be roughened, and the
fibers exposed by sand blasting.

Prewetting concrete has been demonstrated to
increase the bond strength between UHPC
and the existing concrete. This procedure
typically requires a minimum of 6 hours or
more of continuous wetting. Bonding agents
can also be considered, but information is
lacking on the long-term performance of
bonding agents.

Recommendations

Commentary

The recommendations herein may be used for
deformed steel reinforcement sizes No. 8 and
smaller embedded in field-cast UHPC with a
compressive strength of at least 14 ksi at the
time of loading.

The embedment length of deformed steel
reinforcement in UHPC should be equal to or
greater than the development length, /4.

When cover is > 3dp:

e [;> 8d) for reinforcing bars with yield
strength £, < 75 ksi.

e /s> 10d) for reinforcing bars with
yield strength 75 ksi < f, < 100 ksi.
Where:

dp = diameter of reinforcing bar.
/v = yield strength of reinforcing bar.

When 2d; < cover < 3dp, increase the
minimum /s by 2d.

For concrete bridge deck applications, the

A compressive strength of 14 ksi is defined
here to facilitate the use of UHPC in
accelerated construction when early
application of construction loads is
advantageous. The final compressive strength
of UHPC is normally significantly greater
than 14 ksi.

Research has demonstrated that deformed
steel reinforcement can be developed within
comparatively short embedment lengths
(Yuan and Graybeal 2014). An embedment
length of 8d} is sufficient for most common
reinforcement configurations, including the
use of epoxy-coated reinforcement. Increased
confinement of the bar and increased
mechanical properties of UHPC can allow
even shorter /; values. Bars with higher f,
values require an increase in the development
length.

A decrease in the cover results in reduced
confinement of the bar and thus an increase in
the required development length.

For No. 5 bars embedded in UHPC with
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Recommendations Commentary

embedment length of a No. 5 deformed steel ~ cover as small as 1 inch, research has
reinforcement bar can be taken as: demonstrated that they sustain stress levels
When cover is > 1.25 inches: corpparab}e Wlth those expected at the
ultimate limit state.

e /s> 8d)p for reinforcing bars with yield

strength f, < 75 ksi.
When 1.0 inch < cover <1.25 inches:

e /s> 10d) for reinforcing bars with
yield strength f, < 75 ksi.

Lap Splices of Reinforcement

Recommendations Commentary
For lap splices of straight lengths of deformed Research by Yuan and Graybeal (2014)
steel reinforcement, the lap splice length, /, demonstrated that passive reinforcement can
should be at least 0.75/4. develop stresses in excess of 100 ksi when /y

is embedded into a UHPC connection and

1 ing to th t lap-spli
Clear spacing to the nearest lap-spliced bar spliced with adjacent bars with a lap of 0.75/,.

should be < /;. Clear spacing between adjacent
bars should also meet the clear spacing
requirement defined in Minimum Cover and
Spacing of Reinforcing Bars subsection.

Minimum Cover and Spacing of Reinforcing Bars

Recommendations Commentary
The minimum cover of UHPC around This recommendation stipulates a geometry
reinforcements or other embedments, and the that allows for sufficient fiber passing
clear spacing between adjacent reinforcements  through constricted spaces during casting.
or other embedments, should not be less than Restrictions to UHPC flow during casting
the greater of 1.5 times the length of the longest  can result in undesirable fiber distribution
type of fiber reinforcement included in the effects. This provision could be relaxed in
UHPC or 0.75 inch, unless adequate fiber specific applications, but adequate fiber
distribution is otherwise demonstrated for a distribution would need to be demonstrated
specific application. first.

Formwork and Traffic Vibration Mitigation

Recommendations Commentary

Formwork should be designed and installed to UHPC can be highly fluid and may not
be watertight and must withstand hydrostatic ~ self-cauterize leaks in the formwork that
pressures from UHPC and buoyancy forces on normal concrete may be capable of doing.

any top forms. UHPC has a higher unit weight than normal

concrete, and formwork has to be designed
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Recommendations

Commentary

Formwork surfaces in contact with UHPC
should have a nonabsorbent finish so they will
not pull moisture out of the UHPC.

External vibration from traffic should be
greatly reduced or eliminated during the time
period after casting and before the UHPC has
developed an acceptable level of mechanical
properties. Maintain vibration mitigation until
the UHPC has achieved a compressive
strength of 14 ksi.

Maintain formwork until the UHPC has
achieved a compressive strength of 14 ksi.

Mixing

considering the higher hydrostatic pressure.

Watertightness can be established via
mock-ups or in the actual forms. If
watertightness is established in the actual
forms, excess water should be removed before
UHPC placement.

Oiled plywood will reduce the amount of
moisture absorption compared with untreated
plywood, but it may still result in some
moisture absorption. Options for truly
nonabsorbent formwork include steel,
plywood products with a resin coating, or
plywood forms wrapped with plastic sheeting.

Excessive vibration before the UHPC sets can
result in the segregation of fibers and can
affect the bond between embedded connectors
or reinforcement and UHPC. Fibers
settlement can produce mechanical property
variability across a volume of cast UHPC.

Recommendations

Commentary

UHPC mixtures should be batched and mixed
according to developer or manufacturer
recommendations, with consideration given to
the ambient environment.

Stockpiled materials and mix water should be
stored at reduced temperatures.

UHPC performance is sensitive to mixing
deviations. Addition of water or chemical
admixtures above or below the developer- or
manufacturer-established ranges can be
detrimental to the early and long-term
performance of the material.

In hot weather, UHPC is commonly batched
with a flow at the higher end of the flow
range to allow for more working time. In cold
weather, batching UHPC with the lower end
of the flow range is preferable to reduce any
potential for fiber settlement from
construction vibrations during longer setting
times.

Environmental conditions can affect the
properties of UHPC before and during the
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Recommendations

Commentary

A mixer that is be capable of dispersing the
liquids and fibers uniformly within both the
powder and fluid matrix should be used to
mix UHPC.

The temperature of the UHPC at the
conclusion of mixing should be kept between
40 and 80 °F, unless otherwise approved by
the owner.

Placement and Consolidation

mixing operations. The temperature of UHPC
increases during mixing, and some mix water
is typically lost to evaporation. Best practices
call for mixing operations to occur under cool
temperatures and away from direct exposure
to sun and wind, if possible.

UHPC can be mixed in most concrete or grout
mixers. Both tow-behind pan mixers and
conventional concrete ready-mix trucks have
been used to mix UHPC. As a general rule,
the maximum volume of UHPC that can be
mixed in a conventional mixer is between
approximately one-third and two-thirds of the
volume of conventional concrete or grout that
can be mixed.

UHPC gains heat during the mixing process.
Typically, UHPC mixtures that exceed 80 °F
exhibit diminished flowability, decreasing the
time available for placement and increasing
the likelihood of surface dehydration. Ice
cubes are a viable replacement for some or all
of the mix water during warm or hot weather
conditions.

Recommendations

Commentary

Fresh UHPC should be transported, placed,
and covered as quickly as possible to
minimize the potential for reduced flowability
and avoid evaporation (loss) of mix water
from exposed surfaces.

Highly flowable, self-leveling UHPCs should
not be externally or internally vibrated.

Thixotropic UHPCs should be vibrated as
necessary such that consolidation is achieved.
Constituent segregation should be avoided.

Methods to estimate conventional concrete

surface dehydration rates are available and

may be applicable to UHPC-class materials
(ACI2014).

Vibration of these type of UHPC can cause
segregation and settlement of fiber
reinforcement. Rodding is acceptable and can
be used in situations where two successive
pours meet. Tapping with a hammer on top
forms can help remove entrapped air and
provide an audible QC check.
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Curing and Strength Gain

Recommendations

Commentary

UHPC should be protected from freezing
temperatures until it attains the specified

minimum compressive strength of 14 ksi,
unless otherwise specified.

Exposure to the external environment, such as
direct sunlight or wind, should be limited
before UHPC attains the specified minimum
compressive strength to prevent surface
dehydration.

Similar to conventional concretes, UHPC is
susceptible to the deleterious effects of
freezing temperatures before gaining
appropriate strength. Laboratory studies have
demonstrated that UHPCs commonly exhibit
their full mechanical and durability properties
once a compressive strength of 14 ksi is
reached (Haber et al. 2018). Afterwards,
UHPC may be exposed to the environment
without experiencing any deleterious effects.

Although cooler temperatures are beneficial
for mixing and placing UHPC, warmer
temperatures are beneficial to initiate the
initial set, rapid curing, and improved
mechanical properties (Esmaeili and Kasaei
2016; Sbia et al. 2017).

UHPC overlay projects, where reinforcing bar
development and lap splice capacity are not a
concern, have permitted the removal of
moisture protection and the application of
construction live loading at strengths as low
as 11 ksi (76 MPa) with no apparent
detrimental effects.

Excessive surface dehydration can lead to
plastic and/or drying shrinkage cracking. This
concern is more common as it relates to
bridge deck overlays and other applications
with large, potentially exposed surface areas.

SPECIFIC RECOMMENDATION: BRIDGE DECK OVERLAYS

This subsection provides recommendations for bridge deck overlays using UHPCs that meet the
requirements listed in table 2. These recommendations are based on best practices in the United
States and projects complete in Switzerland, according to the Swiss UHPC design code

SIA 2052 (Ecole Polytechnique Fédérale de Lausanne 2016).
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Material Consistency

Recommendations

Commentary

The fresh UHPC for bridge deck overlays
should be thixotropic, so it can be placed on a
grade without top forming.

Fiber Content

The UHPC supplier will typically adjust the
consistency of the UHPC in accordance with
the grade. It is recommended to require a
demonstration of the UHPC placement on a
similar slope to ensure the UHPC material
supplier and the installer will not incur any
issues on the bridge.

Recommendations

Commentary

Fiber content should be based on the
mechanical properties necessary to meet the
strength and serviceability objectives of the

bridge deck overlay for preservation or repair.

Thickness, Clear Spacing, and Cover

Most UHPC overlays constructed to date have
used 3.25 percent by volume of steel
microfibers. This content is based on common
practices in Switzerland.

Thickness is the primary design consideration for UHPC overlays. Thickness depends on the
performance objectives of the overlay—waterproofing, strengthening, or both. The primary
factors influencing the minimum possible thickness of the overlay are the length of the fiber
reinforcement and clear cover requirements. The cover and spacing requirements for UHPC
overlays differ from those found in the General Recommendations subsection, given the
installation conditions and rheology of UHPC overlays.

Recommendations

Commentary

The minimum finished overlay thickness
should be the greater of 1.0 inch or 1.5 times
the maximum fiber length.

The minimum nominal clear cover, after
finishing and profiling, over reinforcing bars
should be 0.625 inch.

Minimum clear distance between reinforcing
bars and the existing concrete deck substrate
should be the greater of 0.5 inch or the

Thin lifts of UHPC can results in restricted
flow placement and can impede the uniform
distribution of fiber reinforcement throughout
the overlay. For design, however, a larger
minimum value is recommended to allow for
construction tolerances and surface profiling.
UHPC overlay surfaces are commonly
profiled using grinding and grooving for skid
resistance.

This recommendation is based on the
practices in Switzerland, as described in
SIA 2052 (Ecole Polytechnique Fédérale de
Lausanne 2016).

Experience has shown that 0.5 inch is
sufficient space to ensure consolidation
around deck reinforcement when placing and
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Recommendations Commentary

maximum fiber length. consolidating thixotropic UHPC overlay to
reach below the top mat reinforcement (Ecole
Polytechnique Fédérale de Lausanne 2016).
The engineer should account for the surface
roughness profile of the concrete substrate.

Existing Deck Concrete Substrate Preparation

The bond between a UHPC overlay and the existing deck concrete substrate plays a critical role
in the performance of the overlaid system. Unlike other applications, composite action between
UHPC and concrete is highly desirable. That action relies on the chemical and mechanical bond
between the UHPC and concrete. Previous research has demonstrated that this bond is achievable
if the substrate concrete has a roughened, prepared amplitude of 0.125 inch minimum (Aaleti and
Sritharan 2019). Furthermore, deteriorated cover concrete is also commonly removed in overlay
applications. It is critical that concrete roughening or removal methods do not result in
microcracking or “bruising” of the prepared substrate, which will reduce the bond strength
between UHPC and concrete (Bissonnette et al. 2006). Surface preparation methods that have a
lower risk of causing microcracking hydrodemolition are sand blasting and shot blasting (ACI
Committee 364 2021), with hydrodemolition and shot blasting being the methods most likely to
provide the minimum recommended surface texture. Figure 31 illustrates a substrate surface
prepared using hydrodemolition.

Source: FHWA.
Figure 31. Photo. Deck surface prepared by hydrodemolition.

When significant amounts of concrete need to be removed, such as for a partial-depth deck
replacement, two removal methods may be combined. For example, cold milling, which tends to
have simpler debris management, can be used for initial removal. Final removal and roughening
can be completed with hydrodemolition or shot blasting to ensure that no microfractures remain
in the substrate. This approach could be particularly advantageous when hydrodemolition is used
to limit the amount of wastewater that needs to be treated and disposed.
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Recommendations

Commentary

Concrete substrate should have a roughened
surface with a minimum profile of 0.125 inch
measured as the average distance between the
peaks and valleys.

Studies have shown that a minimum
0.125-inch profile is necessary to ensure full
composite action (Aaleti and Sritharan 2017).
The 0.125-inch profile can be considered

equivalent to a roughness average (Ra) of
0.0625, as defined by ASME B46.1 (ASME
2019).

Skid Resistance

The skid resistance of the finished UHPC overlay surface is an important consideration.
Hardened UHPC without any texture may be very smooth and may not provide enough friction.
As discussed in the Construction Considerations subsection, grinding the entire surface of the
UHPC is typically used to provide skid resistance. Grinding also eliminates a possible soft top
layer resulting from curing with plastic sheeting, eliminates shallow plastic surface cracking that
may appear during curing, and provides a smooth riding surface that is not always achieved by
the screed.

Recommendations

The completed UHPC surface must provide
adequate skid resistance.

Commentary

Skid resistance is typically provided by
grinding the entire UHPC surface after curing.
Providing skid resistance without grinding
may be possible by texturing the surface, but
the outcome must be validated based on the
proposed texture. ASTM E303 is one possible
method to test for skid resistance (ASTM
2018).

Phased Construction Joints

UHPC overlays are often installed using phased construction in the form of single- or
multilane-width stripes. This overlay is commonly installed to maintain traffic on a portion of the
bridge or is due to construction equipment limitations. This construction practice results in
longitudinal construction joints in between construction phases. Furthermore, long distances
between expansion joints may necessitate transverse construction joints in some cases. It is
critical in these cases to design and detail phased construction joints to be waterproof but also
transfer stress. This step requires proper surface preparation of hardened UHPC to promote
bonding with fresh UHPC and potentially the addition of reinforcing bar dowels between phases.

One approach to developing good bond between hardened UHPC and fresh UHPC is to remove
the hardened surface cement paste from the hardened UHPC and expose the fiber reinforcement,
as shown in figure 32. This result can be accomplished by using an in-form set retarder and
pressure washing after the initial set or sandblasting. Research by Jung et al. (2014)
demonstrated that this approach can reduce crack width at UHPC-UHPC interfaces.
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© 2020 J. D. Eckman Inc.

Figure 32. Photo. Exposed fiber finish on a UHPC overlay construction joint.

Reinforcing bars can be placed across the construction joint as both an additional measure to
improve the water tightness and a mechanism to transfer forces between phases. This action is
particularly critical in areas of negative bending. Consideration should be given to using
corrosion-resistant reinforcing bars. Additionally, a stepped construction joint has also been used
to enhance water tightness and mechanical interlock between phases. Figure 33 illustrates a
common stepped construction joint detail used in Switzerland, which is detailed in their UHPC
design guidelines, SIA 2052 (Ecole Polytechnique Fédérale de Lausanne 2016). The detail relies
on reinforcing bars to transfer tensile stress across the joint while helping to maintain water
tightness when the deck and overlay are loaded by traffic. Additionally, the relatively wide step
provides additional area surface for the UHPC-UHPC bond, as well as a longer pathway to
reduce the likelihood of any water that might enter the top of the joint reaching the bottom of the
joint. This detail was validated during a follow-up investigation of the performance of the UHPC
overlay on the bridge over the Morge River (Denarié¢ 2015).
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A. Construction of phase 1.
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B. Construction of phase 2.

Figure 33. Illustrations. UHPC overlay construction joint detail used in Switzerland

(SIA 2052).

A modified version of the Swiss detail has been implemented in the United States on UHPC
overlay projects in lowa and New Jersey. In both cases, modifications eliminated the shear
keylike notches and incorporated the step and the reinforcement on top of the roughened deck
surface. An example is shown in figure 34. In New Jersey, interface surfaces of the first phase
were prepared using an exposed fiber finish before the second phase was placed. One contractor
used set retarder on the construction joint formwork with power washing to remove the skin and
expose the fiber. Another contractor sandblasted the interface after the UHPC had cured and the

edge form was removed, as seen in figure 35.
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Figure 34. Illustration. UHPC overlay construction joint on NJ 159 WB Bridge over

Passaic River.
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Figure 35. Photo. Stepped UHPC overlay construction joint with exposed fiber finish
created by sand blasting on the I-295 Bridge over Mantua Creek in Paulsboro, NJ.

Recommendations

Commentary

Construction joints should be detailed to
maximize bond between hardened and fresh
UHPC, minimize water intrusion, and provide
mechanical continuity.

Reinforcement of construction joints is
recommended if joints are placed in regions
subjected to negative bending. The
reinforcement provided should be capable of
resisting f;oc, before yielding.

Several UHPC overlays constructed to date in
the United States did not specify construction
joint details. At the time of this writing, no
performance issues have been reported by the
bridge owners. Ideally, the fibers should be
exposed on a hardened UHPC surface to
enhance the bond between construction
phases. Reinforcing bars across the joint may
provide further assurance against water
infiltration.

Construction joints without reinforcement are
more suspectable to premature cracking when
placed in regions of negative bending.
Furthermore, if a UHPC overlay is being used
to strengthen a deck, adding reinforcement
across the joint can help ensure the UHPC is
able to transfer stress across the construction
joint and help ensure that the joint does not
become a weak point in the overlay.
Reinforcement of construction joints may not
be needed if the existing bridge deck
reinforcement is fully encapsulated in the
UHPC.
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Recommendations Commentary
Additional guidance on detailing reinforced
construction joints is given in the Swiss
SIA 2052 guidelines (Ecole Polytechnique
Fédérale de Lausanne 2016).

Construction Considerations
Existing Deck Surface Preparation

When an existing concrete deck surface is being prepared for removal, an inspector should
review the condition of the deck with respect to the concrete removal method. If the deck is
heavily patched, a uniform removal depth may be difficult to achieve with methods such as
hydrodemolition and shot blasting due to different strengths of the various patch materials versus
the strength of the original deck concrete. For deeper removals, performing initial removals with
scarifying is a way to minimize this problem, leaving less patch material for the final
hydrodemolition or shot blasting. Hand chipping harder patch areas should be minimized due to
the tendency to leave microcracks behind, but, when necessary, the hammer size should be
limited to 35 1b maximum. A hydrodemolition or sand blasting hand wand or lance could be used
to target isolated high spots without causing microfractures. However, experience has shown that
the lance is difficult to control, especially when the blast hits rebar, leading to unintended
removals or uncontrolled flying debris.

Testing of Fresh Properties

Currently, no standardized test method exists for testing the fresh properties of thixotropic UHPC
for bridge deck overlays and rehabilitation. However, a practical method of testing fresh
thixotropic UHPC is to modify the ASTM C1856 flow test by including drops of the flow table
(ASTM 2017a). The energy of the drops should cause the UHPC to spread, revealing if the
UHPC flows too much or not enough. The number of drops and the acceptable spread should be
determined by the UHPC supplier. One supplier is currently using an acceptable spread of 6 to

8 inches after 20 drops of the flow table for placing materials that can be used on slopes up to

6 percent.

Placement Equipment and Methods

The selection of equipment and methods for installing a UHPC overlay are critical to project
success. Conventional concrete deck screeds, like that shown in figure 36-A, are used to spread,
consolidate, and finish UHPC overlays in cases where the lift thickness is less than 2 inches. The
lightweight nature and relatively low power motors that vibrate the screed bar and propel the
screed forward are not capable of pushing or driving thick lifts of thixotropic UHPC that have
amassed in front of the bar. As such, these screeds require significant assistance from workers
with hand tools to spread UHPC to an appropriate thickness before a pass is made with the
screed bar. Conventional concrete bridge deck finishing machines are not well-suited for use
with thixotropic UHPC overlays. Common issues include UHPC sticking to the augers and
rollers and UHPC surface tearing. However, automated bridge deck finishing machines exist that
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are designed specifically for use with UHPC, as shown in figure 36-B. Automated UHPC paving
machines have been used for numerous UHPC overlay installations in the United States.

Source: FHWA.

A. Portable screed bar.

:\:

Sourc-e: FHWA.

B. Automated UHPC paving machine.

Figure 36. Photos. Common placement equipment for UHPC overlays.
Curing and Finishing

Once the UHPC overlay has been placed, preventing moisture loss and surface dehydration is
critical. This outcome is often accomplished by a combination of conventional concrete curing
compound and plastic sheeting.
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Postconstruction Concerns

The primary postconstruction concern related to UHPC overlays is steel fibers that have been
exposed by the grinding and grooving process; this result is illustrated in figure 37-A. There is
concern about the fibers being a hazard to vehicular or bicycle tires, as well as being a hazard to
pedestrians, pets, or other animals that might walk on the deck surface. At the time of this
writing, no occurrences of damage to vehicle or injury to persons or animals have been reported
by the bridge owner. Furthermore, UHPC overlays expected to have a grind and groove are
commonly not recommended for installation on bridges that might have frequent pedestrian
users.

The appearance of the steel fibers on the surface could be a concern, as they corrode due to
atmospheric exposure and deicing salts. Over time fibers will rust, and that rust will give the
bridge deck a rust-colored hue as they corrode. However, while it is a matter of opinion,
distinguishing the rust-colored hue from general dirt and debris on a bridge deck is generally
difficult. Additionally, over time, the exposed fibers will disappear, along with the rust-colored
hue. This result will occur more rapidly where deicing salts are used and in more heavily
traveled lanes. Figure 37-B shows a UHPC overlay after 2 years of service. As shown, the fibers
are no longer visible.

&

© 2020 Delaware DOT.
A. Shortly after installation.

© 2020 Delaware DOT.

B. 2 years after service.
Figure 37. Photos. UHPC overlay surfaces after grinding and grooving.

SPECIFIC RECOMMENDATION: LINK SLABS

This subsection provides recommendations for link slab design using UHPC-class materials that
meet the minimum properties listed in table 2. The recommendations provided herein are
primarily based on procedures and practices used by NYSDOT (New York State Department of
Transportation n.d.). NYSDOT was the first agency to develop design, material, and construction
specifications for this application. Furthermore, the contents in this subsection will specifically
cover UHPC link slabs installed to replace existing expansion joints on in-service bridges, not
link slabs installed on new structures. However, many of the same considerations apply in both
cases.
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Limit States

UHPC link slab design should consider strength, fatigue, and service limit states. The key design
parameters include, but are not limited to, link slab thickness, /; debonded length, Lpg; and
quantity of additional reinforcement, 4. Detailing these quantities and checking performance for
each limit state will require the designer to consider span configuration, bearing type and
arrangement, girder end deformations due to live load and other force effects, and bridge skew.

For link slab strength design, the Strength I limit state should be used. In most cases, the primary
force effect is live load due to traffic. Dead load of the existing structural element will contribute
minimally to the force effect on a link slab due to the construction sequence. However, the
designer should also include temperature effects, time-dependent effects such as shrinkage and
creep, breaking forces, and the like. An adequate link slab design will likely be controlled by
tension localization of UHPC for the strength limit state. That is, when strength load
combinations are applied, the design should expect large tensile strains to occur in UHPC.

For fatigue design, the designer should primarily consider the fatigue of reinforcing steel placed
within the link slab and evaluate the fatigue resistance of reinforcement according to article
5.5.3.1 of the AASHTO LRFD (load-and-resistance factor design) using the Fatigue I limit state
(AASHTO Highway Subcommittee on Bridges and Structures 2020). Fatigue of UHPC in
tension is a potential consideration for the designer. However, it is unlikely to govern or drive the
design of the link slab, especially in the case of a link slab that contains steel reinforcement.
Furthermore, fatigue of UHPC in tension is still a topic being explored by researchers. The
French standard for UHPC design, however, does contain some guidance about UHPC tension
fatigue, which may not be appropriate for UHPC link slabs (Association Francaise de
Normalisation 2016).

For service design, the UHPC link slab is expected to crack in tension. The designer should
check the stresses and strains in constituent materials under the Service I limit state to determine
if these quantities are within an acceptable range. Additional guidance will be given in the
following subsections.

Basis of Design and Considerations

Superstructure movement or deformation in simply supported bridges with conventional
expansion joints is accommodated by rotations at the bearing level and translation at the deck
level. When a conventional expansion joint is replaced with a link slab, the distribution of
superstructure deformation is modified. The expectation is that deformation at the beam ends is
accommodated by translation at the bearing level and rotation at the deck level, which occurs
within the link slab. As such, the link slab is assumed to be primarily subjected to pure bending.
There may be axial effects due to temperature effects or link slab shrinkage. The designer should
consider both the local and global behavior of the bridge, including link slabs. Here, “local
behavior” refer to the behaviors of the link slab as an individual element, whereas “global
behavior” refer to the behaviors of the bridge as a system with the inclusion of the link slabs.
One of the primary benefits of a link slab is that simple span behavior, for the most part, can be
retained, and girders can function as originally designed. However, replacing conventional
expansions with link slabs creates connectivity across the superstructure, which the designer
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should consider. For example, long bridges with many simple spans may require relief joints at
intermediate supports to accommodate thermal movements that cannot be accommodated by
expansion joints at the abutments alone. A structural analysis is required to quantify horizontal or
transverse forces acting on existing substructure and foundation elements. The analysis should
include any redistribution of braking, wind and seismic loads, as well as potential changes in
thermal restraint. The designer should use the results of this analysis to determine if any of the
existing substructures, including the foundations, need to be strengthened or replaced.

Figure 38-A depicts typical details for a UHPC link slab relative to other superstructure and
substructure elements. Figure 38-B depicts some of the critical design and detailing aspects of a
UHPC link slab. The follow subsections provide design recommends that pertain to each.
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B. Specific details related to the link slab.
Figure 38. Illustrations. Typical link slab details.

Simplified Analysis Procedure

The simplified analysis procedure described herein is similar to that employed by NYSDOT.
Engineering judgment should be used to determine the level refinement required for design
calculations.

Figure 39 illustrates the key aspects related to the design of the UHPC link slabs. The simplified
analysis procedure is as follows:

1. The deformation demand on the link slab is assumed to be the cumulative girder end
rotation, 6, caused primarily by vehicle live load. Here, simply supported behavior of the
spans is assumed. Note that 6 should be based on factored loads that correspond to the
limit state of interest.

2. The rotation demand is applied to the critical section of the link slab, which is located
with the debonded length. After this step, section analysis can be completed using unit
width analysis.

3. Assuming that the 8 occurs uniformly over the debonded length, the strain distribution in
the critical section is assumed to be linear and is defined by a curvature ¢, which is equal
to Lps/6, and by assuming a neutral axis location, c.

4. The strain distribution is used to determine the distribution of stresses. The relations
between stress and strain for UHPC in compression and tension were presented in the
Stress-Strain Relationships for Design subsection.

5. The forces in the section are determined based on the stresses in the section, and
equilibrium can be checked. The location of ¢ can be iterated until equilibrium of the
section is satisfied.
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6. The designer should then complete checks associated with the limit state of interest.
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M = imposed moment due to &; &, . = maximum tension strain in UHPC; & upc = maximum compressive strain in
UHPC; f. unpe = maximum compressive stress in UHPC; f; .1 = maximum tension stress in UHPC; f; = stress in the
reinforcing bars; T, = resultant tension force in UHPC, T = force in reinforcing bars, Cyxpye = resultant

compression force in UHPC.

Figure 39. Illustration. Assumed rotation demand and the associated stress, strain, and
force distributions in the link slab.

Bridge Geometry and Bearings

Recommendations

Commentary

The maximum skew angle of the bent caps or
pier over which a UHPC link slab will be

installed should be no greater than 45 degrees.

Bearings should be designed to accommodate
deformations occurring at the beam end
locations. At least one line of expansion
bearings should be used at each link slab
location to accommodate girder end
movements and rotations. Fixed bearings on
each side of the link slab should not be used.

Performance at the Service Limit State

Large skew angles can impact the local
distribution of forces at the end of a bridge
deck. This recommendation comes directly
from best practices employed in the State of
New York.

Elastomeric bearings are preferred due to
their ability to withstand the repetitive
horizontal movements from girder translation
and rotation.

Recommendations

Commentary

Except for UHPC in tension, all materials
should remain linear-elastic at the service
limit state. The tensile strain in UHPC, & uipe,
should be limited to the lesser of 0.25&; 1, and
0.001.
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Cracking during service should be limited,
and crack widths should be fine. As such,



Recommendations

Commentary

Performance at the Ultimate Limit State

limiting the tension strain demand on the
UHPC to control cracking is needed.

Recommendations

Commentary

The maximum tensile strain in UHPC, &, unpe,
should be limited to the localization strain of
UHPC, gt,loc.

All other materials in the link slab should
remain linear-elastic at the ultimate limit
state.

Detailing the Debonded Zone

At the ultimate limit, the design of the link
slab is controlled by localization of UHPC in
tension. As such, the tension strain in UHPC
at the ultimate limit state should be limited to
the localization strain.

Recommendations

Commentary

A bond breaker should be installed at the
interface between the UHPC link slab and any
adjacent component within the debonded
zone. The length of the debonded zone, Lpa,
should be designed to accommodate
superstructure end rotation.

Reinforcement splicing should not be
permitted within the debonded zone.

Ancillary elements present at the bridge deck
level within the debonded zone, such as
barriers, sidewalks, curbs, and the like, should
be designed and detailed to accommodate the
design 6, without contributing rotational
resistance to the link slab.

The debonded zone is the region of the link
slab that accommodates superstructure
performance and beam end rotation without
introducing a significant strain demand in the
conventional concrete deck. To achieve this
result, a decoupling mechanism must be
provided between the link slab and the
underlying concrete deck. Commonly a sheet
gasket is used.

The debonded zone is expected to undergo
tensile strains well beyond the elastic limit of
UHPC. As such, tension lap splices or
mechanical reinforcement splices are not
recommended.

The debonded zone of a UHPC link slab can
be rather short compared with conventional
concrete link slabs. As such, ancillary
elements, such as barriers, sidewalks, or
curbs, that are continuous across the
debonded zone will be subject to large,
concentrated strains, which are likely to cause
excessive cracking of any adjoining concrete
components. Decoupling these elements from
the debonded zoned will alleviate this
demand.
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Link Slab Reinforcement and Anchorage

Recommendations Commentary

Reinforcement located within the debonded Although UHPC-class materials have

zone should have corrosion protection, such postcracking ductility, UHPC link slabs are

as an epoxy coating, or be resistant to commonly reinforced with steel reinforcing

corrosion. bars. This setup also provides redundancy in
the element’s ability to withstand tension
forces. Furthermore, corrosion protection is
highly desirable in the debonded zone, as this
region is likely to crack under service loading.
This reinforcement is a conservative approach
to ensure acceptable performance.

Reinforcement should be anchored outside the This detailing allows the link slab to tie into
debonded zone and should have a lap splice or the reinforcement in the deck to transfer force
mechanically spliced continuity with the between the elements.

reinforcement located within the concrete

deck. Lap splice should not be permitted in

the debonded zone.

The portion of the link slab beyond the This region of the link slab accommodates the
debonded length is used for anchorage to the  lap splicing of the link slab and deck
concrete deck slab. The interface between reinforcement.

UHPC and conventional concrete should be
roughened to facilitate bonding.

UHPC link slabs are not recommended on
decks in poor condition.

SPECIFIC RECOMMENDATION: BEAM END REPAIR

This subsection provides recommendations for beam end repair using UHPC-class materials that
meet requirements listed in table 1. Certain terminologies used in this subsection are specific to
describing this repair method. A “panel” is defined as the finished UHPC block that is cast over a
portion of the girder. A panel can cover full height or partial height of the web. When two UHPC
panels are separated by the bearing stiffener on one side of the web, they are considered to be
“adjacent panels.” Two panels on opposite sides of the web are considered to be “opposing
panels.”

Limit States

For UHPC beam end repairs, both strength and fatigue limit states should be considered when
the quantity of the stud shear connectors is determined. This repair strategy assumes the in-plane
shear in girder webs is shed to UHPC panels through a distribution of stud shear connectors at
the girder end, so controlling load combinations are probably based on dead and live loads. That
is not to say that load combinations considering horizontal forces (e.g., wind, seismic, and

53



braking forces) may not apply, but the participation of a UHPC beam end repair may be small, if
at all.

For strength design, the following three scenarios have been envisioned, depending on the needs
of the repair (Kruszewski, Wille, and Zaghi 2018):

e Live load only: This scenario presumes the corroded structure in its current state is
satisfactory to resist dead loads, and the repair is only needed to support the live load.
Relative to the A4SHTO LRFD load combinations, this portion of the Strength I load
combination is only the live load, or 1.75 times the live load with a 33 percent impact
factor (AASHTO Highway Subcommittee on Bridges and Structures 2020).

e Entire design load: For this scenario, the beam end repair has been designed to take the
entire factored Strength I load combination, or 1.25 times the dead load of the
components plus 1.5 times the dead load of wearing surfaces plus 1.75 times the live load
with a 33 percent impact factor.

e Restoration of original capacity: For this scenario, the beam end repair is designed to
resist the original capacity of the girder end panel, which may be the shear capacity of the
end panel or the capacity of the bearing stiffener. This approach is the most conservative
because these values could far exceed the factored design loading, as the proportions of
the girder may have been dictated by other factors beyond strength design.

For fatigue design, the shear force range at the beam end should be determined using the
AASHTO LRFD for both Fatigue I and II load combinations (AASHTO Highway Subcommittee
on Bridges and Structures 2020). Fatigue life is an operational decision for how long the repair
needs to last and is the structure owner’s decision based on the particular bridge. That is, is the
repair supposed to keep the bridge operational until full replacement, or is the repair meant to be
a permanent solution? This decision also influences which of the three strength design load
scenarios is chosen.

For analysis of the loads, any of the methods in the AASHTO LRFD are acceptable for the
longitudinal and transverse determination of all loads for use in the beam end repair design
(AASHTO Highway Subcommittee on Bridges and Structures 2020).

Shear Stud Capacity

Traditionally, stud shear connectors in conventional concrete use a two-part strength equation
that is governed by the bearing capacity of the concrete on the stud and rupture of the stud itself.
However, the higher strength of UHPC suppresses the bearing capacity of the concrete, and
strength is merely controlled by rupture of the stud alone. This process has been demonstrated by
push-off test specimens (Cao et al. 2017; Hegger, Rauscher, and Goralski 2004; Kim et al. 2013;
Kruzewski, Wille, and Zaghi 2018; Xu et. al. 2022).

Eccentricity in the repair should be minimized by detailing the studs to be symmetric about the
girder’s bearing reaction force. Individual stud shear connector capacity is reduced as the
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eccentricity increases (Kruszewski, Wille, and Zaghi 2018). The effect of eccentricity should,

therefore, be considered in designing the repair.

Limited fatigue testing of stud shear connectors embedded in UHPC has demonstrated that they
fall into the same scatter band of stud shear connectors as in normal-weight concrete.

Recommendations

Commentary

The nominal shear resistance of one stud shear Stud shear connectors in concrete (normal or

connector embedded in UHPC should be
taken as:

Qn = (I)sc (I)ecc 0.70A4sc Fu (2)
Where:
¢sc = resistance factor for shear connector,
which should be taken as 1.00.
dece = eccentricity reduction factor.
Ay~ cross-sectional area of a stud shear
connector (inch?).

F., = specified minimum tensile strength of

a stud shear connector (ksi).

Individual stud shear connector strength
should be reduced by:
=12
d)ecc - 1 I (3)
Where:

e = overall eccentricity of all stud shear
connectors relative to the girder
bearing reaction force.

h = distance between the lowest and

highest stud shear connectors in the
repair.
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UHPC) rupture in a combined stress state
between pure shear (0.58 F,) and pure tension
(1.00 Fy). The 0.70 factor has been
determined from regression of historical
testing of stud shear connectors in
conventional concretes. Limited testing of
headed shear connectors in UHPC indicates
the factor is closer to 1.00, although 0.70 is
recommended until more test data are
published for stud shear connectors in UHPC.

Stud shear connectors should conform to the
mechanical requirements of the
AASHTO/AWS D1.5M/D1.5 Bridge Welding
Code (AASHTO and AWS 2020). The
Bridge Welding Code allows for both “type
A” and “type B” stud shear connectors, with
the difference being magnitude of strength.
Beam end repairs could use either type. The
design F should be commensurate with the
chosen stud shear connector type.

The lever rule should be used to sum the A
and their horizontal distance from the girder
reaction force to determine the overall
eccentricity, e.

Occe Will provide a conservative reduction for
¢/, ratios up to 0.50. More exact reductions
could be calculated using the instantaneous
center of rotation method as described in
Kruszewski, Wille, and Zaghi (2018).



Recommendations

Commentary

The fatigue life of an individual stud shear
connector should be taken as the minimum of
equation 4 and equation 5.

849,162
years = ————
n(ADTT)
( )SL (4)
- A
Years = (AF)m365n(ADTT)g, )

Where:

n = cycles per truck passage.

ADTTs;, = average daily truck traffic in a
single lane.

A=1,040 x 10® (ksi®).

AF = the shear stress range of all stud
shear connectors. Taken at the
Fatigue II shear load range divided by
the cross-sectional area of all stud
shear connectors.

m = stud shear connector fatigue growth
constant taken as 5.

Stud Shear Connector Requirements

Eccentricity is not explicitly known until the
shear connectors are fully detailed. Therefore,
eccentricity may require some iteration of the
design. That is, full symmetry is initially
assumed, but eccentricity needs to be
evaluated after detailing. The strength design
also needs to be rechecked once eccentricity
is known.

Equation 4 represents the number of years
before Fatigue I (infinite life) would begin to
control the design over Fatigue II (finite life).
This simplified equation is merely derived by
equating Fatigue I and Fatigue II together
with their respective load factors and solving
for the number of years. If equation 4 is the
minimum value, then there are enough stud
shear connectors that infinite life can be
assumed.

Equation 5 represents the calculation of years
for finite life using the traditional logarithmic
stress-life formulation. Stud shear connectors
have been shown to have a different fatigue
growth constant over other welded details:
they have a fatigue growth constant of 5,
whereas all other welded details have a
growth constant of 3. If equation 5 is the
minimum value, then this is the predicted life
of the repair.

Cycles per truck passage will likely just be
1.0 for applications of beam end repair.

Stud shear connectors are typically used to develop composite action between steel girders and
concrete decks in flexural shear. In this scenario, the concrete deck and the girder flanges are
relatively thick, and the stud shear connectors are welded only to one side of a thick girder
flange. In contrast, the beam end repair is a direct shear application of load on the stud shear
connectors, which are welded to both sides of a relatively thin girder web. While this process
sounds different, detailing stud shear connectors on both side of a girder web is frequently used
to anchor the embedded portion of a steel girder in integral abutments. Therefore, the application
of stud shear connectors for beam end repairs is not a radical solution. Regardless, stud shear
connector size selection and the relative positioning of studs between sides should have some
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Recommendations

Commentary

Each UHPC panel is mechanically attached to
the girder.

The stud diameter, d, should not exceed 2.5
times the thickness of the base metal to which
it is attached.

Studs should only be welded to flat base
metal and preferably with no more than
20 percent section loss.

A minimum of four stud shear connectors
should anchor a panel.

Stud shear connectors provide mechanical
attachment of the UHPC panels to the web.
Mechanical attachment may also be achieved
using fully threaded rods mechanically
fastened through holes in the web or UHPC
dowels provided through holes drilled
between the web and/or stiffeners to connect
opposing or adjacent panels. The diameter of
the holes for UHPC dowels is recommended
to be at least 1.5 times the fiber length. See
Kruszweski and Zaghi (2019) for additional
details on alternative mechanical attachments
beyond stud shear connectors.

This limit prevents a large-diameter stud from
being welded to a thin plate or web.

Stud shear connectors welded over heavily
pitted steel could suffer from lack of fusion.
However, if constraints require welding to
pitted steel, the weld soundness should be
established by bending the stud shear
connector 15 degrees from its original axis
after welding. The weld is considered sound if
it does not fracture.

Section loss reduces the base material
thickness. A concern is that distribution of
loading between all studs may not be uniform
if the based metal thickness is varying.
Therefore, not welding to base metal with
excessive section loss is preferable. Welding
to base metal thinner than 1/8 inch should not
be allowed.

This limit is based on the majority of the
push-off specimen data used to derive stud
shear connector strength. Detailing
requirements were based on specimens with
four studs per panel. A good detailing practice
would be to use a larger quantity of smaller
diameter stud shear connectors to anchor a
panel.
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Cover and Spacing Requirements

The high strength of UHPC enables the repair design to focus only on the capacity of the stud
shear connectors if basic cover requirements are satisfied. Both the full height of the web and the
partial height of web repairs are acceptable and capable of restoring lost capacity (Zaghi et al.
2017b). The thickness of the UHPC panel that is cast only needs to cover over the stud shear
connectors. The cover limitation is to ensure the development of stud rupture capacity and the
flow of UHPC without affecting fiber distribution. Figure 40 shows a schematic for
recommended minimum cover and spacing requirements.

Greater of:

3.
— Jinchor,
Lt 4 4L “ ] 1.5 times fiber length e e A ot e
ety TS o — ) N PSRRI R
<2 a 2 PRI N4 4 4 an 4. 4 4
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Source: FHWA.
Note: Drawing is not to scale.

Figure 40. Illustration. Schematic showing minimum cover and spacing requirements for
headed shear connectors in a UHPC beam end repair.

Recommendations Commentary

Stud shear connectors should have a The high strength of UHPC may allow this
minimum center-to-center spacing of 4d in all  requirement to be reduced to 3d.
directions. !

Stud shear connectors should have a This requirement helps to ensure a greater
maximum center-to-center spacing not number of smaller diameter studs distributed
through the panel in lieu of one stud in each

IThis requirement will be specified by the next edition of the AASHTO LRFD (10th edition).
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Recommendations

Commentary

exceeding 6 inches in all directions.

Stud shear connectors should have a
minimum side cover of 4d.

Stud shear connectors should have a
minimum cover at the top of a partial height
panel of 6d and 4d for full-height panels.

Stud shear connectors should have a
minimum spacing of 4d from areas of major
section loss.

Stud shear connectors should have a center-
to-center spacing of 2d between studs on
opposite sides of the web.

Stud shear connectors should have a
minimum clear cover the greater of 0.75 inch
or 1.5 times the fiber length to the outside
face of the UHPC panel.

corner of the panel.

Laboratory testing demonstrated that a 4d
cover was needed to develop the rupture
capacity of the studs (Kruszewski, Wille, and
Zaghi 2018). The UHPC panel exhibited
splitting before the studs ruptured in the 2d
side cover case

The increase in top cover associated with
partial-depth panels is meant to suppress
panel splitting failures, considering the
potential for air voids at the top of the panel.
This problem was not observed once the
UHPC fiber content exceeded 2 percent. The
cover requirement could be relaxed if needed,
provided the UHPC fiber content is equal to
or greater than 2 percent.

Full-height panels duplicate the side cover
requirement for the top cover because some
direct load transfer occurs between the UHPC
panel and the top flange.

The intent of the repair is to try and weld stud
shear connectors to regions with no loss in
base metal thickness and thus spaced away
from areas of section loss. Other
recommendations do allow for stud shear
connectors to be welded to regions with
limited section loss, although keeping stud
shear connectors a distance of 4d away from
base metal with more than 70 percent section
loss is advisable.

This provision prevents studs from being
welded to the same point on each side of the
web so weld heat-affected zones do not
overlap. The recommendation is just half of
the center-to-center spacing but could be
reduced to 1.5d if needed. Any further
spacing reduction would have to demonstrate
that heat-affected zones do not overlap.

Sufficient space should be provided for
unrestricted flow of UHPC during casting and
uniform distribution of fibers.
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Bearing Area Requirements

Recommendations Commentary

The bearing capacity of the UHPC above the = Bearing capacity can be checked with

girder bearing should be checked to ensure it ~ AASHTO LRFD article 5.6.5. (AASHTO

exceeds the design loading. Highway Subcommittee on Bridges and
Structures 2020). The effective compressive
strength of UHPC, a,f"., should be used in
equation 5.6.5-2 to determine bearing
capacity. The width of the UHPC panel may
be greater than that of the girder bearing;
therefore, only the projected area of the girder
bearing on the UHPC panel should be used
for checking the bearing area.

Stud Welding Requirements

The stud shear connector welding should conform to the AASHTO/AWS D1.5M/D1.5 Bridge
Welding Code (AASHTO and AWS 2020). Base metals other than those listed in the Bridge
Welding Code should have their weldability established before stud shear connectors are welded
to them. Weldability can be assessed by:

e Confirming whether the bridge component already has welded details.
e Checking the carbon equivalent of the base metal via a chemistry test.
e Testing the qualifications of the weldability of the girder itself.

Generally, bridge steel produced after 1974 will be weldable, and steel that is quench and
tempered will require special approval because supplemental preheat will be needed to prevent
embrittlement of the base metal. Steel with ASTM designations of ASTM A 7, A 8, A 94, and
A 440 will certainly need to have weldability established (ASTM 1905, 1912, 1925, 1959).
ASTM A 373 steel was developed to be weldable (ASTM 1954). Quench and tempered steels
used in bridges that need special attention to preheat and qualification were ASTM A 514,

A 517, and A 709 grades 100, 100W, and HPS 100W (ASTM 1964a, 1964b, 2010).

Recommendations Commentary
Stud shear connectors should be welded All provisions specified in clause 9 of
according to the AASHTO/AWS AASHTO/AWS D1.5M/D1.5 should be
D1.5M/D1.5 Bridge Welding Code followed, including (AASHTO and AWS
(AASHTO and AWS 2020). 2020):

e Material requirements.

Surface preparation.

Welding method.

Weld qualification.

Weld inspection.

Fillet weld repair if 360 degree flash is
not achieved.
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Recommendations

Commentary

Corrosion Mitigation and Inspection

Welding stud shear connectors with
automatically timed stud welding equipment
is not prequalified when welding is in the
horizontal position.

Fillet welding stud shear connectors is
allowable, but they are then subject to the
requirements of all other clauses in
AASHTO/AWS D1.5M/D1.5 (AASHTO and
AWS 2020).

Recommendations

Commentary

Formwork should be detailed such that the
UHPC panel completely covers the bottom
flange width.

UHPC panels should be cast on both sides of
the web.
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Depending on the girder bottom flange width
and the needed stud height, the UHPC panel
could be detailed not to cover the entire width
of the girder bottom flange. This act could
lead to a small portion of the girder bottom
flange that could pond water and lead to
further corrosion on the line between the
UHPC panel and the girder bottom flange.
Therefore, completely covering the flange
eliminates this risk.

For girders that are sloped such that water
will flow toward the UHPC panel on the
girder bottom flange, the leading edge of the
UHPC panel in the direction of water flow
should be angled such that it sheds water off
the bottom girder flange, so water will not be
trapped.

While the designer may elect to utilize a
repair that only occupies one side of the web,
this practice does not eliminate the risk of
corrosion. The bare side of the girder is still
susceptible to corrosion. Web section loss
below the applied studs may reduce the
expected capacity of those studs. Corrosion
prevention is maximized when a full-height
panel covering the full width of the bottom
flange is used.



Recommendations Commentary

The tops of partial-depth panels should slope  If separation occurred between the UHPC

away from the web. The edges of the UHPC  panel and the steel, ingress of water could

panel should be caulked. result, causing further corrosion behind the
UHPC panel. Therefore, sloping the tops of
partial-depth repairs away from the web to
shed water away is recommended. All edges
between UHPC and steel should be caulked.
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CHAPTER 5. SPECIFYING UHPC

Like other construction materials, using UHPC requires development of material and
construction specifications. Material specifications commonly define the constituents, properties,
testing criteria and target performance levels, and testing frequency. The construction
specifications provide recommendations for field-related activities such as material storage,
formwork adequacy, mock-up requirements, field testing, mixing, placement, and curing.
Common to both the material and construction specifications is the need to identify
project-specific criteria that may necessitate alterations to the UHPC formulation, mixing
process, placing process, or curing process. Lastly, a basis of measurement and payment must be
developed that is appropriate for the project.

MATERIALS

At the time of this writing, for a public-sector agency, the most common UHPC material
specifications are performance based or product based. Regardless of the specification type, the
material specification should identify material tests that must be completed in the field and
laboratory to ensure the UHPC product meets the project-specific requirements. To ensure
competitive bidding, the Code of Federal Regulations (2011) has requirements for using
proprietary products on Federal-aid projects. Using a performance specification and providing
competitive bidding of patented items with equally suitable unpatented items are examples of
practices that are consistent with these requirements. The regulations also provide focusing
proprietary products as experimental features in Federal-aid projects. Additional information on
these requirements can be obtained from FHWA division offices.

Performance-Based Specifications

Performance-based specifications are preferred as they encourage innovation and avoid the risk
of excluding potential new suppliers or qualified nonproprietary mixes to compete in the
marketplace. Performance specifications typically describe a series of material tests that must be
completed and an associated set of performance metrics or levels. In some cases, a performance
specification may also include a set of mixture proportion ranges that a UHPC product must
meet for a chosen application. The specifying agency must determine all the necessary
performance criteria, testing methods, and acceptance criteria. In addition, the agency should be
confident that the appropriate UHPC constituents and time needed to perform the tests will be
available such that the overall schedule of the project will not be affected. Some agencies
self-perform or hire independent material testing firms to perform parts or all of the required
material testing.

In a performance-based specification, specifying a strict set of mixture proportions would not be
appropriate. In addition, this specification is not recommended because most UHPC products
available in the United States at the time of this writing are proprietary. As such, the constituent
details of those mixes may not be known to the proposing entity. However, the definition of
proportion ranges may be helpful to prevent inappropriate products from being proposed to the
agency. Examples include limits on water-to-cementitious materials ratio; minimum cement
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contents; and steel fiber geometry, strength, and percentage by volume supplied in the UHPC
mixture.

Product-Based Specifications

Product-based specifications identify a list of preapproved, acceptable products by name.
Products are usually proprietary but do not have to be. They are submitted to the agency by
suppliers for a particular application. These products perform according to published literature
that is based on previously conducted test results. In many jurisdictions, a proprietary-based
product can be used only if it undergoes the agency’s acceptance-testing protocols and is placed
on a preapproved material/product list. Sometimes, an “approved equal” provision is included in
the contract plans to allow unidentified suppliers an opportunity to demonstrate whether their
product meets the criteria of the contract plans and specifications. Suppliers are typically
responsible for maintaining certifications as prescribed by the agency’s procurement criteria.
Because the United States has multiple UHPC suppliers, a material product specification can be
written with competitive bidding on the material as required by many public agencies. Lastly, a
product-based specification may have prescriptive language as it relates to material constituents,
such as fibers.

Material Testing

It is recommended that material performance tests and acceptance criteria be explicitly identified
within the specifications. These criteria provide a means to assess the properties of a particular
UHPC mix design and can validate the appropriateness of material characteristics to the intended
needs of a project. Manufacturer mix design certification based on prior laboratory testing is
appropriate, while material acceptance tests are performed during construction.

ASTM C1856/C1856M, Standard Practice for Fabricating and Testing Specimens of Ultra-High
Performance Concrete, is the recommended reference for testing most material properties
associated with UHPC (ASTM 2017a). Many of the UHPC material property tests described in
C1856 are well-established tests used for conventional concrete and include modifications or
exceptions needed to apply these tests to UHPC. Thus, ASTM C1856/C1856M references other
existing ASTM test procedures and then simply adds the required procedural modifications for
UHPC.

The following tests are common for assessing material performance and/or quality assurance
(QA/QC) in the field and are included in ASTM C1856/C1856M, unless noted otherwise (ASTM
2017a). Table 3 provides a summary and describes commonly recommended material tests, test
frequency, acceptance criteria, and the stage of project delivery when tests are often conducted.
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Table 3. Material tests commonly used for vetting and QA/QC of UHPC.

QA/QC
Material in the Field Testing
Property Test Method Vetting Field Frequency Acceptance Criteria
ASTM C1856 (C1437 Once per Flow range from 6 to 10
Static flow modified) (ASTM 2015b, | Yes Yes p [ oW rang
batch inches
2017a)
Dynamic flow |\ grnp 1437 (ASTM Once per
for UHPC 2015b) Yes Yes batch Project dependent
overlays
>14 ksi before
Compressive ASTM C1856 (€39 A;rlza'lSSt ((;? ((:)i eclgﬁlsltiitclggr? (f)r live
p modified) (ASTM 2017a, | Yes Yes per =y :
strength 2020a) once per loads
12-hour shift
>18 ksi after 28 days
Sier > 0.75 ksi
. . AASHTO T397
Direct tension Yes No N/A Srioe = fror
(AASHTO 2022) €110 > 0.0025
ASTM C1856 (C666
Frgeze-thaw modified) (ASTM 2015a, | Yes No N/A RDM > 90 percent after
resistance 300 cycles
2017a)
ASTM C1856
. t (C1202 modified) Yes No N/A i:og Coulombs by 28
prrg;;?t‘i’és (ASTM 2017a, 2019)¢ Y
AASHTO TP 119
(AASHTO 2021)¢ Yes No N/A >1,500 Q-m by 28 days

2 Dynamic flow is commonly used to evaluate the rheological properties of thixotropic UHPCs for bridge deck
overlays. The acceptable range of dynamic flow depends on the bridge deck geometry, grade, and cross-slope.
Based on these factors, the engineer of record should work with the material supplier to establish an acceptable

range of flow.

b 14 ksi is the strength at which UHPC is mature enough to be fully loaded and at which the rebar development
length equations are applicable. In certain situations, this value has been reduced to accommodate certain

construction activities and traffic loads, such as overlay applications.
¢ Fiber should be excluded from the test samples.
N/A = not applicable; RDM = relative dynamic modulus of elasticity.

e Flow table testing: The flow table test specified in ASTM C1856 modifies ASTM C1437
and is used to determine the appropriate rheological properties for UHPC (ASTM 2015b,
2017a). Rheological properties describe the flowability or fluidity of a given UHPC mix
design. The static spread is commonly used to evaluate highly flowable, self-leveling
UHPCs and does not involve table drops. At the conclusion of this test, UHPC can also
be visually assessed for fiber distribution and matrix segregation. Thixotropic UHPCs
commonly used for bridge deck overlays can also be evaluated using flow table testing
but require table drops to assess the flowability under mechanical agitation. ASTM
C1856 does not have a standardized procedure for evaluating thixotropic UHPCs. See the
subsection Testing of Fresh Properties under Construction Consideration for more
information. Flow table testing is commonly conducted in the laboratory to establish the
acceptable spreads for a given project application. It is also commonly conducted in the
field immediately after mixing to assess the mix before placement, to address
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environmental changes that may influence the mix, and to ensure consistency among
batches.

Compressive strength: Compression testing is specified in ASTM C1856, modifying
ASTM C39, and is used to evaluate the compression response of UHPC (ASTM 2015b,
2017a). Compression testing of UHPC, per ASTM C1856, requires 3-inch-diameter by
6-inch-long cylinders. Reduced-size specimens are used primarily to enable the use of
lower capacity compression-testing equipment without any significant variation in results
compared with full-size cylinders. Compression testing is conducted at a given age to
determine strength. If laboratory testing is used to determine curing behavior of field-cast
UHPC:s, then the cylinders should be match cured similar to the anticipated field
conditions. Cylinders are typically tested for at least two different compression strength
criteria. The first criterion is minimum compressive strength for removal of formworks
and application of construction loads, and the second criterion is the mature compressive
strength, which is commonly measures at 14 or 28 days.

Direct tension strength: Direction tension testing should be conducted according to the
procedure described by AASHTO T397 (AASHTO 2022). This test is used to quantify
the tension behavior of UHPC-class materials by determining the effective first cracking
stress, stress-hardening behavior, and localization stress and strain. Tension testing is
conducted using prismatic specimens that measure 17 inches in length and have
cross-sectional dimensions of 2 inches by 2 inches. This testing can be completed in most
uniaxial load frames commonly found in academic or commercial testing labs. This test
does require the performing lab to be able to capture axial stress and strain over a
specified gauge length simultaneously. Direct tension testing is commonly using during
the material vetting or prequalification process and is not common for QC or QA testing.

Freeze-thaw resistance: The freeze-thaw resistance test specified in ASTM C1856
modifies ASTM C666 and is used to make empirical determinations regarding the
freeze-thaw durability of a given UHPC (ASTM 2015a, 2017a). ASTM C1856 specifies
the resistance to freezing and thawing should be testing using procedure A, except that
each specimen shall be subjected to at least 300 cycles or the number needed until its
relative dynamic modulus of elasticity, as defined in ASTM C666, reaches 90 percent,
whichever occurs first, unless other limits are specified. Freeze-thaw resistance testing is
commonly using during the material vetting or prequalification process and is not
common for QC or QA testing.

Transport properties: The transport properties describe how moisture and ions move
through the pore network of a cementitious material and can be directly related to a
material’s long-term durability. Numerous standard test methods are available to assess
transport properties of cementitious materials; some are applicable to UHPC-class
materials. Historically, the rapid chloride ion penetrability test, as outlined in ASTM
C1202/1202M, has been used (ASTM 2019). One test that is gaining traction for
describing the transport properties is a resistivity test, described by AASHTO (2021),
TP 119 Standard Method of Test for Electrical Resistivity of a Concrete Cylinder Tested
in a Uniaxial Resistance Test. A threshold of 1,500 -m has been identified as being
indicative of UHPC-class materials (Spragg and Graybeal 2022). Both of these tests are
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electrical based. When used to assess the transport properties of a UHPC, they should be
conducted using specimens with no steel fibers. Steel fibers, even at low volume
fractions, can lower the impact of the measured values in this test and are not indicative
of the microstructural quality. Because many of these tests were developed for
conventional concretes, modifications to the testing procedure, most commonly to the
testing time, are often needed to accurately characterize the dense microstructure typical
of UHPCs. Transport property testing is typically used during the material vetting or
prequalification process and is not common for QC or QA testing.

CONSTRUCTION

In-field activities related to the storage, mixing, and placement of UHPC are often detailed in the
construction portion of UHPC specifications. Some specifications require contractors to
demonstrate competence with mixing and placing UHPC materials before the start of actual
work using a mock-up. Construction specifications may include trial mixing, specification of the
order and manner of constituent mixing, mixing equipment, placement, testing, adequacy of
formwork, bond surface preparation, and demonstration of appropriate staffing and equipment. If
a proprietary UHPC is chosen for a project, specifications typically require that a representative
of the supplier be onsite during UHPC mixing and placing operations. Construction
specifications may also prescribe curing methods, onsite material storage, and material-usage
time frames (such as expiration dates). The follow items are commonly included in the
construction specification:

¢ Qualifications related to contractor experience and capabilities.

e Requirements related to contractor prequalification by completion of construction
mock-ups.

e Determination of whether a prepour meeting is required, who must attend, and when.

e Requirements related to material storage location, humidity, and temperature.

e Specific requirements related to adequacy of surface preparation for bond and formwork.

e Specific requirements related to UHPC mixing, placing, finishing, and curing.

e Frequency of strength gain and material testing/sampling.

INSPECTION

Monitoring construction activities is a critical part of the deployment of field-cast UHPC. As
with any phase of a bridge construction project, this phase requires close attention to the process
and the generation of appropriate documentation. The construction engineering inspector must be
familiar with the overall construction process, as well as with specific differences associated with
the deployment of this technology compared with conventional grouts and concretes. Some
examples of specific items to consider are as follows:

Familiarity with specifications for UHPC and any other relevant special provisions.
Worker safety equipment and procedures.

Test placement involving batching, mixing, testing, and placing UHPC.

Lot numbers, dates, and storage of constituent materials.

Mixing process, including weighing, timing, and discharging.
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Formwork considerations.

Surface preparation.

Field test methods for assessing fresh properties.
UHPC placement.

Form closure requirements, including over pressure.
Curing requirements.

e Surface preparation of hardened UHPC.

These specific items have been discussed throughout this subsection. FHWA has published a
comprehensive example construction checklist for UHPC connections for prefabricated bridge
elements (Graybeal and Leonard 2018). Many of the items in the example checklist will apply to
UHPC bridge P&R applications, so owners may want to review this checklist when developing
their agency’s UHPC inspection procedures.

MEASUREMENT AND PAYMENT

The unit of measurement for the quantity of UHPC used on a project and the payment method
associated with the measurement are important factors to consider when developing a
specification. The measurement and payment method will associate risk with either the owner or
the contractor. Furthermore, the measurement and payment method should be commensurate
with the application and should consider factors that may result in financial risk to one party
versus another, namely the contractor or the owner. A few examples are listed as follows:

e Payment by volume: The contractor is paid for the volume of UHPC installed. In this
method, the contractor assumes less risk and is likely to produce a more accurate bid. In
this case, field measurements are critical, and the owner assumes more risk. This
methodology could be used for virtually any project.

e Payment by length or surface area: The contractor is paid per linear length or per unit of
surface area of UHPC installed. In this method, the contractor assumes more risk and is
likely to produce a more conservative (costly) bid. In this case, field measurements of
material usage are not as critical, and the owner assumes less risk. This methodology
would be most appropriate for projects where the geometry of the UHPC element to be
created is well defined, such as link slabs, headers, or overlay.

e Payment by unit: The contractor is paid per UHPC element installed. In this case, the size
and number of UHPC elements to be created must be well defined. Here, field
measurements of material usage are not as critical. This methodology would be most
appropriate for projects where numerous UHPC elements of similar size are to be created,
such as steel beam end repairs.
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CHAPTER 6. CONCLUDING REMARKS

UHPC provides new opportunities and solutions for bridge P&R. This report provides an
overview of different UHPC-based bridge P&R solutions and includes design and construction
recommendations for a select set of these technologies that has been proven based on research
findings and field pilot projects. These projects include UHPC for bridge deck overlays, UHPC
link slabs, and UHPC beam end repairs. This document is expected to facilitate wider
deployment of UHPC P&R applications by providing owners, designers, and contractors the

information necessary to develop agency specifications and adopt UHPC-based solutions for
P&R of bridges.
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