ABSTRACT

AL-SAKAJI, KHALED MOHAMMAD SAID RAFIQ. Composite UltreHigh Performance
Concrete Decked Bearsgibjected to Heavy Podium Loadirfgnder the directioof Dr. Gregory
Lucier).

Ultra-high-performance concrete (UHPC) is a gaomanging material that enables the
development of structural systems with enhanced strength, greater durability, and longer service
life, offering a robust alternative to conventional concrete and stegios@uThis study extends
the application of UHPC to heavily loaded podium structures, proposing an innovativapkmg
deckedbeam system. The system utilizes a precast, prestressed UHPC beam made composite with
a precast conventional concrete deck stabugh a cast UHPC joint. The final decked beam is
shippedas a single unifrom the precast manufacturing facility featuring a flat surface that
accommodates the UHPC beam camber within the vasihigleness UHPC joint. This approach
enables efficiently carrying relatively high loads over relatively long spans without exdasanie
depths or high deflections. The UHPC beam can be heavily prestressed for flexure while offering
high shear capacity with a thin web. The system significantly reducesumimstrcomplexity at
the jobsite by replacing more than 100 traditional precast elements (columns, beams, and slabs)
with only 13 composite decked beams to cover the same podium area in an example design.

This thesis presents a complete study of the proposed system, including experimental tests
on a 70 ft. long specimen. First, development of the decked beam conceptsectiss, and
construction sequencediscussed, along with challenges encountered and solutions implemented.
Then, two decked beas were designed in accordance with PGHPC recommendations
(Precast/Prestressed Concrete Insti@20) for flexure, shear, and interface shear, and produced
at separateprecast concrete platAn extensivefull-scale experimental testing program was

conducted on one specimas part of this thesisncluding fourpoint and thregooint flexural



tests, vertical shear tests to failure at both ends, and consideration of large openings through the
web to accommodate utilities. In all tests, the beam demonstrated exceptional performance,

exceeding the expected nominal design capacities.
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1 Introduction

1.1 Background

Accelerated growth imany urban and suburban districts often incorporates a variety of
mid-rise structure thatare commonly thre& nine storiestall, or 30 to 75 ft. tall, assuming a
typical floorto-floor height ofaround10-12 ft. This type of structurean sometimes include
residentialuses on the upper floomsith some retail and offices spacas the street level
representingmulti-residential and mixedse applicationsCommon application®f mid-rise
structures are apartments, condominiums, senior housing, affordable housing, andisaixed
commercialresidential projectsf 75 ft. height or less. Projects framed with dimensional lumber
are usually limited to four or five storiesaximum, depending on specifics of the design (IBC,
2024).0Onefeaturecommonto manymid-rise structures is th&tructural concretpodium.

Incorporating astructural concretgpodium as the lower level or levels of a mide
structure can increaske height of théuilding. Critically, where wood framing is used for the
upper floors, the lower concrete podium levels can be configured to not count towards the
maximum allowed 4 or 5 stories of wood framing (5 stories requires extra fire protection). Thus,
whether the concte podium level(s) are below grade or above grade, they can stqpai five
stories of residential space abpwath additionalcommercial and/goarking areasonfined within
the podium structureCommonpodiums are created frosite-cast orprecast concretand must
support heavy loads from the structure above

An exampleresidentialbuilding constructed in this fashias considered witta width of
70ft. anda lengthof 170ft. As illustrated inFigurel-1, precast or cash-place (CIP) foundation
walls along the perimeter of the podiwupportthe precastoncreteframing systemWith

traditional precast elements, tf@ ft. width is divided into two B-foot spans by @olumn line
1



with inverted tee (IT) beantsinningthe full length of the structur®einforced beams (RBshd
hollow-core slabs (HCS3pan up to 35 ft. teupport loadsapplied between th@ beans and the
foundation wals. Thetotal depth of théraditional precast concrep@dium floor system iaround

39in., includinga 3in. castin-placecomposite topping.

170
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Figurel-1: Traditional Precast PodiurRlan View(above)andTwo CrossSectiors.

Ultra-high-performance concrete (UHPC) is an advanced class of cementitious material
distinguished by its exceptional mechanical and durability properties. It is typicéihelg-
packed fiber-reinforced concrete that incorporates small particle sizes, optimized aggregate

gradation, and very low watéo-cementitiougw/c) material ratios, often below 0.2&'c. UHPC



mixturescommonly include steel fibers at volumetric ratios of 2% or ntorgnprove tensile
strength(PCFUHPC, 2022)

Comparedwith conventional concrete, ulttagh-performance concrete (UHPC) offers
significantly greater compressive strength, enhancedqgoasking tensile capacity, and markedly
reduced permeability to liquidsd chloridesThese advanced properties contribute to exceptional
long-term durability, increased resistance to environmental degradation, and the potential to reduce
or even eliminate the need fild steelinternalreinforcementparticularly shear reinforcement
in many applications. UHPC'sperior mechanical behavior supports the design of thinner, lighter,
and more efficient structural elements, while also enabling higher levels of prest{&ssssget
al., 2024)

UHPC originated from research efforts in the 1960s aimed at enhancing the performance
characteristics of conventional concrdi#iPC has progressed from an emerging innovation to a
proven material with practical applications in the construction indwstdparticularly in precast
systems. The first major structin North Americato useUHPCwas apedestrian bridga 1997
in Quebec, Canada Blai€l999) and tedate, UHPC has beenmainly used for bridges,
infrastructure repairdridgeoverlays facadesand architectural elementglore recently, large
scale implementation of neproprietary UHPC mixturesvas successfully demonstrated in
multiple precast concrete plants through the-BEBPCResearchProject, showcasing its viability
for commercial us@PCIFTR-9-22, 2023. Effective nonproprietary mixtures and design methods
will make UHPGOmuch more competitive idemanding applications such as higde buildings
and longspan structures, where structural performaduaeability, and cosare critical.

The growing use of UHPC is supported by evolving design standards and guidelines. In

2022, the Precast/Prestressed Concrete Institute (PClI) released design guidelines for implementing

3



UHPC in longspan, precast, pitensioned elementspplicable to both building and bridge
structures. These recommendations have been detailedextensiveesearch report by Tadros
et al., led by e.Constryctwvith researctsponsored by PCI. Additionally, the Federal Highway
Administration (FHWA)developed th&ASHTO Guide Specifications for Structural Design with
Ultra-High-Performance Concretdarch 2024 a documentvhich will further support the safe

and efficient integration of UHPC in future inftescture.

1.2 Project Overview

The increasing need for miike structures presents both opportunities and challenges for
engineers to deliver high performance while maintaisiaigty andefficiency. By optimizing the
podiumstructuralsystem, we can enhance the overall building optimization and effici€mey.
of the main projects that drigghe idea of using ultrhigh-performance concrete (UHPC) in
commerciaktructuress the Steel District office development in Sioux Falls, South Dakota, which
is recognized as the first project of its kind in North America. In this project, Gage Brothers
Concrete Products, Inc., one of the supporteth®icurrent research, used UHPC beams as key
structural framing elements aninestory mixeduseprecast concreteuilding. Theutilization of
69-foot-long UHPCbox beams enabled the elimination of inte&rcolumns, thereby improving
spatial efficiency, enhancing open sightlines, increasing rentable area, and allowing for greater
flexibility in future adaptive reus€PCl Ascent 2023. Gate Precast Company, one of the
supporters of this researbls prior experience implementibdHPCin commercial structures by
producing UHPC facades.

The demonstrated efficiency and exceptional performance of UHPC in the Steel District
project in Sioux Falls hasemonstratechew possibilities for innovative structural systems.

Inspired by this success, concept was developed to replace the traditional podium structure
4



system with a simplified and highly efficient tvpart composite crossection. This new system
is designed to address and overcome common challenges associated with conyaetasal
podium construction.

The idea of developing a composite UHPC decked beam for podium structures was
selected for #recast/Prestressed Concrete Institute (P&tjel P. JennResearclrellowshipin
2023 The Fellowshipwas applied to the author of this thesis and his advisor to supesetarch
pr oj e c tComposite Witiatigth Peiiformance Concrete Decked Beams Subjected to Heavy
PodiumLoading ( hencef ort h rJerfngrojecdwhicht iodocrsentedhtieis P C |
thesis.The aim otthe researcprogramwas todevelop a UHPC decked beam system that satisfies
structural requirements and can be readily fabricatate delivering a flat finished floor without
topping introdudng a unique innovation for the podium structures.

This thesis discusses the desigvelopmentand final design of two decked beams of
different crosssection,using the latestvailable guidelines In addition, shop tickes and
production detailing fabrication and castingand structuraltesting are all presented. He
experimentafesultsare compared witthe desigrexpectations$o verify that the proposed system

and the guidelinessed to design igre both accurate and conservative

1.3 Conceptual Desigis

The conceptuabuilding considered as the basis of this rese@daresidentialstructure
consistingof onepodium levelthat supports threestorywood structurgas shown irFigure1-2.
The building is70ft. wide and 70 ft. long, aswasshown inFigurel1-1. Thebuildingassumed to
havedimensional lumbeframingon top of the precast concrete podium. & corridor at the

mid-width of thebuilding runs the length of the buildingstablishinga series of31 ft. wide



residential apartmeston each side of the buildingThe space below the podium is used for
parking.

Some taditionalpodium structures are maffem precast concrete elements that support
all the loadscoming from the above floor§or theassumedbuilding dimensionsmore than 100
precast elementsncluding inverted tee (IT) beams, holleeore slabs (HCS), reinforced
rectangular beams (RBsAnd precast columnsre requiredto establishsufficient system for
podium to carry the applied loadhe large number ofprecastelementsrequire different
formworks, tools, facilities, transportation and fabrication methadd wet castingf atopping
slabon site all of which increase the time of production, incredisecomplexityof the system,

limit the layout of parking spaceand reduce the flexibilitfor future floorplan reconfigurations

70'
i 31 8" i 31
ROOF ~ RQOF
RESIDENTIAL CORRIDOR RESIDENTIAL 3RO FLOOR
RESIDENTIAL CORRIDOR RESIDENTIAL 2ND FLOOR
APARTMENT BUILDING
(WOOD/STEEL STRUCTURE) CAST-IN-SITU CONCERT TOPPING
/
. RESIDENTIAL CORRIDOR / RESIDENTIAL 1STFLOCR
[ / \
PODIUM STRUCTURE HOLLOW-CORE SLAB (HCS)/ / RECTANGULAR BEAM (RB;
(CONCRETE STRUCTURE) / INVERTED TEE BEAM (IT
\ RECTANGULAR BEAM (RB] L/
FOUNDATION WALL “PRECAST COLUMN FOUNDATION WAL
PARKING PARKING FOUNDATION

Figurel-2: Building Elevationi Traditional System

Therefore if we couldreplace theentire podium structureith only onetype ofelement

the decked beanthat spansthe whole 70ft. width of the building a significant reduction in



construction time and complexity would be achievadtitionally, using long span decked beams
will eliminate a column line, thus freeing gpaceo optimizethe parking layout

When designing longpan structurewith reinforced concreteéhe conventional approach
often involves deep beams with substantial reinforcement. However, this solution can lead to
significant deflectiog, complex reinforcement detailing, and increased labor demands. To mitigate
deflectiors in particularlongitudinalprestressing is typically introduced, which helps reduce both
the depth of the beam and ttmtal amount ofrequiredreinforcement. However, smaller cress
sections subjected to higirestressig are traditionally vulnerable texcessive cambdupward
deflection due to prestressing) thean develop at early ages, posing serviceability and
construction challengedn general, prestressed beams can span long distances efficiently.

Prestressed concreteuble tee (DT) systems are a common solution for-Epan podium
structures due to their structural efficiency and wide availability. However, one of the major
drawbacks oheavily prestresseDTs is the camber that develoglier prestress relegsehich
curves the top surface of the beam arakes it difficult to achieve a flat floor once installed. To
address thisamber a castin-place concrete toppirglabis typically appliedn the fieldto level
the surfaceThis methodncreasesconstructioncomplexity, includingcastingconcretein a less
controlled environmentncreaseshe amount ofaborrequired andextendshe projectschedule

To address thiemitations associated with traditional podium systesdleveraging the
exceptional mechanical properties of ultigh-performance concrete (UHPCQ, PCl Jenny
Fellowship submitted by the author of this thesis and his advisors progogsabvative concept
to replace the traditional podium structure system with a simplified and highly efficiergaxto
composite crossection The section utilized prestressedtra-high-performance concrete

(UHPC)beamswith aconventional precast corate deck slahshown inFigurel-3. This system

7



eliminates the need for castplace topping by utilizing flat precast slalmade composite with
the beam after the prestressing has been released acaiber has developed. Thariable
thicknessconnection between the slab and lleamis engineeredtb allow the section to perform

in a composite manner while providiadlat finished surface.

T
PRECAST SLABH

O
L
(]

nnnnnnnnnn
nnnnnnnnnn
0000000000

Figurel-3: Proposed Composite UHPC Decked Beam.

To establish a robust composite action between the precast deck presthessetd HPC
beam pockes through the slab aboweach stem ohtub beamwere originally envisioned. With
the slab shimmed in a flat position, these pockets wmeifdled withUHPCin a secondary casting
operation, filling thegap created by the beam cambadforming a strong shear connectjas
shown inFigure1-4. All secondary casting is envisioned to be completed at the precast concrete
production facility, so the composite beam will be delivered as a single piece to the j@bsite.
originally proposed decked beahad a 12 ft. wide conventional concretprecast declplaced
connected tahe top ofa 30in. tub section using UHPC connectjonowever, many other

variations on this concept would be possible.
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Figurel-4: Originally EnvisionedPocket Connectia(crosssection, left; plan, right)

Theintegrationof slab and beamresults in a 7doot-long by 12-foot-wide decked beam
that can be installed esite as a single unif.o ensure a continuous and level surface across the
entire systentheprecast deck widthan be reduced tbl.5 ft. with transverse slateinforcement
extended in. from eachedge allowing a simple fieldcast UHPCconnection between adjacent

deck panelso complee afull andflat continuous floor systepas shown ifrigure 1-5.

Deck Connection

70ft \ :
Grouting at the Site

MAkI

q

'y

12 ft >

Figurel-5: Deck to Deck ConnectioDetail (Site-cast Pour Strip



The proposed decked beam system represents a fully precast structural solution capable of
supporting significant transfer loads acros®doot span, all while delivering a flat surface with
minimal onsite castingAs illustrated inFigure1-6, this deckedUHPC beamsystemcanreplace
over 100 traditiongbrecast elementsith just13largerunits reducingoverallweight, complexity,
variability, andresulting in an estimated 25% reduction in first costsome markets (according
to precast producers and professional engineers supporting the PCI Jenny FelldWwslapgtem
streamlines constructionminimizes orsite labor,reducesthe number of trucks required for
shipping enables afaster construction scheduland improves quality through controlled
fabrication Overall, it delivers a faster, more casfective, and columifree solution that
outperforms conventional podium systems.

170ft

70ft

Y M
l‘}l% it

Figurel-6: UHPC Decked Beam Floor Framing Plan

The nitial proposafor this thesis assuméado options foithe precast slab and prestressed
UHPC beamillustratedin Figure1-7. A 5 in. thick solid slabwas envisioned along withzin.
thick UHPC slab supported byegular6 in. deepribs. Two versions of &0 in. deepUHPC tub
sectionwere envisioned that had different advantages and disadvantdgasiimg, as shown in

Figurel-8.
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~ Option1
— — 5 Solid Slab Concept - 50 in. total depth.

i - Option 2
—F ; slii el il Rlpbed_SIab_Concept - 8 in. total depth
= ‘ ] - 2 in. thick skin

-6in. ribs @ 24 in. o/c

Figurel-7: ConventionaPrecast Deck/Slab Options
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Figurel-8: Originally EnvisionedJHPC 30in. Tub Beam Options

After several meetings and discussi@ighe start of this project with the researchers,
engineers, and producers supporting the wodecdsion was mader the researcto fix the slab
as a solid precast concrete optibryin. thick for fire resisting purposesA similar decision was
made to set the depth of the prestressd®C beana?2 ft.i 10in., but to optimizeéhebeam cross
section to accommodate production constraints, such as the availability of certain shapes of
formwork. Two precast condeeproducers agreed to manufacture one large specimen each for

the researchefGage Brothersf Sioux Falls, SC preferreddeam optionswhile Gate Precastf
11



Jacksonville, FL preferred tub beamtions Early concepts for andeam and a tub beam that

factored in some practical production constraamesshown irFigure1-9.

4'-of"
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A 6 11" 6’
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Gate Precast Section
(Tub Section form using Foam)

Gage Brothers Section

(Modified Minnesota Beam)

Figure1-9: Early Options for a ProductiefRriendly FBeam (leftland Tub Beam (right)

Relevantproperties of these two preliminary cresection designs atistedin Tablel-1.

Tablel-1: Engineering Properties of Two Preliminary Cr&ection Options.

I-Beam Property Tub Beam
340 Total Depth 340
280 Total Width 48. 25
40 Web Width 60 to

4 2 6 0 |Cross-Sectional Area 5280
60,222 in* Moment of Inertia 71,413 in’
443 Ib./ft. Beam Weight 550 Ib./ft.
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Early preliminary research meetings with engineers and producers revealed that a large
full-depthweb openingwould be useful for running utilities. In the example building being
considered for the research, the most logical place for this opening was at the midspan between
the heavy point loads on either side of the central hallway, venera forces amminimal. The
strategic placement of this openjrstpown inFigure1-10, ensurel the moment capacity remaid
intactwhile providing flexibility for routing fire protectiorplumbing, electrical, andVAC ducts
without having to increasthe podium clear heightVeb openingsf 1 ft. tall by at least 5 ft. long
were considered inbbeam and tub beafmal designs.
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Figure1-10: UHPC Beam Side View

A final preliminary consideration for the research involved the envisid2ddot deck width
Experimentallytesting such avide beam was not practical in laboratory, particularly as the
available overhead cranes were limited to lifting an 80,000 Ibs. meirdaddress thigmitation,

a detailedanalysis was conducted to determareoptimal deck width that maintad similar
structuralper f or mance to t he 1fagticaltd thredle dne ¢ekt invihie i | e
laboratory As shown inTable 1-2 for the preliminary dbeam crossection reducing the deck

width to 6ft. resuledin a moment capacity reduction of less than 4%, while decreasing the total
weight of the decked beam by approximately 30%. This makes the system more manageable within
typical handling and transportation limits, significantly easing the logistical bundout

compromising performance.

13



Table1-2: Flexural Capacity and Weight of Composite Section by Width.

Ded((ﬂ\)Nidth wMn(k-ft) | Total Weight (kips] CrossSection Sketch
12 4,718 95
8 4,685 76
6 4,560 66
5 4,450 61
4 4,330 57
3 4,147 52

The process of taking the composite UHPC decked beam concept from these preliminary
stages to the final experimental designs is covered by this thesis, along with production of the
specimens, experiments, and results. The friilalm concept developed thys thesis \fith a
6ft. wide conventional concretieck for experimentation) ghown inFigurel-11. All aspects of

the design, fabrication, testing, and analysis of this esess8on are covered in this thesis.

(a) (b)

Figurel-11: Final UHPCDeckedl-Beam: (aMidspanSection;(b) Actual Sectionn the Lab
14



In addition, this thesis covers the design and fabrication of ddaln option. Experimental

testing of this beam will be covered elsewhere to limit the scope of this.thesis

Figurel-12: Final Tub Beam Design

1.4 Thesis Outline

This thesis presents a comprehensive investigation into the design, fabrication, and

structural testing of a lorgpancompositedecked UHPC beam subjected to heavy podium

loading. It encompasses all stages from conceptual design through fabrication, experimental

testing, and analysis of results. The structure and content of the thesis are organized as follows:

T
il

Chapter 2: Reviesthe relevant literature.

Chapter 3Developswo designs fbeam and tubfrom theconceptuastagepresented
in Chapter lincluding the engineering design and creation of drawings

Chapter 4:Implementsthe desige in two precastconcrete factories, including
documentation of thiabrication procestor each beam.

Chapter 5Comprehensigly testshel-beamin the laboratory

Chapter 6Presents and discusses the experimental findings

Chapter 7: Summaes the outcomes, highlights key conclusionand provids

recommendations.
15



2 Literature Review

2.1 Podium Structure

The growing demand for midse, mixeduse developments has driven the adoption of
innovative construction strategies that balance cost, speed, and structural performance. One widely
used approach is podium construction, a hybrid system where severas stblightframe
construction, commonly wood or cefdrmed steel, are built atop a robust podium structure made
of reinforced concrete or another rRoombustible material. This approach allows designers to
take advantage of the efficiency and economljgbit-frame systems for uppégvel uses such as
residential or office spaces, while benefiting from the strength, durability, and inherent fire
resistance of concrete ftre ground floors, which typically house retail, commercial, or parking
functions.

A key element of podium construction is the transfer slab, the horizontal assembly that
separates and connects the two distinct construction types. This slab serves a dual purpose: it
structurally transfers gravity and lateral loads from the superstruatwee to the podium
columns, walls, and foundation, while also acting as a criticatdsestant barrier. According to
Section 510.2 of the 2024 International Building Code (IBC), this "horizontal building separation
assembly” must provide a minimumekehour fireresistance rating, underscoring its importance
in both safety and structural performance.

Above the podium, buildings can accommodate multiple Group A occupancy uses, each
with fewer than 300 occupants, or occupancies classified as €Bou, R, or S. The podium
levels themselves, including horizontal assemblies and spaces below, must be constructed as Type
IA. This configuration permits the upper structure to rise up to five stories above the podium,

providing flexibility for mixeduseprogramming while maintaining safety and code compliance.
16



2.2 Material s Specifications

The UHPC materials used in this study comprise proprietary mixes developed by each
precast plangachcontaining 2% higtstrength steel fibers by volun®oth mixes were developed
in accordance with the methods in the REIPC project report (2022) using materials readily
available to each precasterThe mixes satisfy the flow requirements of the REIPC
Implementation Guide, in accordance with ASTM C1856 (ASTM International, 2017), which
standardizes UHPC material testing. Prestressing strands coof&&TiM A416/A416M, while

conventional reinforcement follows ASTM A615/A615M.

2.3 Decked Beam System

Traditional precast deckdxbamsystems are widely used in bridge construction but remain
uncommon in buildings, particularly when producing decked beams that are shipped as a single
unit from precast plants. These systems typically rely on shear connectors, such as rebars, threaded
rods, or studs, embedded in shear pockets and filled with grout or concrete. While effective, they
require strict embedment depths, making fabrication complex and demanding stringent quality
control.

Graybeal (2014) developed UHRfased decko-girder connections to simplify
production and accelerate construction, usinghdped shear keys with lapliced rebars and
welded shear studs, while fietchst UHPC ensured robust bonding without overlaysadant
with wide troughs and grouting holes accommodates shear studsaws Uminimizing installation
conflicts. Building on this, Haber et al. (2017) investigated UHPC as a grout with shear lugs or
vertical dowels in pusbff tests, demonstrating efféat force transfer, enhanced anchorage,

increased shear resistance, and ductile behavior.

17



Guo et al . (2022) and Sun et al . (2023)
performance in precast and composite systems. Guo et al. showed thaagpbosStHPC
connections improved bearing capacity (20%) and shear stiffness (16%) with proper stud
comf i gurati on, whil e Sun et al . demonstrated U
behavior in fullscale pibeams. XFEM simulations captured ultimate loads, though existing codes
underestimated shear strength.

Coll ectively, t hese studi es hi ghlight UHF
performance, providing practical design guidance for connectors and beams, while also
demonstrating its potential to deliver durable, efficient, and constructible consetttaaddress

limitations of conventional systems

2.4 Flexural Design

UHPC exhibits distinctive flexural behavior, with ultimate limit states governing member
capacity and service limit states controlling prestressed member design to prevent cracking. Unlike
conventional concrete, service stresses cannot be directly contpaheristandard modulus of
rupture from thregooint bending tests. Due to strdinar de ni n g, UHPCO6s wul ti me
exceeds 1.2 times the firstack moment, emphasizing the need to accurately determinerficit
stress during flexural testing, Gapalan and Gilbert (2000).

Strain compatibility and force equilibrium are widely accepted for determining UHPC
moment capacity, assuming plane sections r ema
tensile contribution is included, allowing some unreinforced sections to omiinom flexural
reinforcement. Most guidelines adopt linear or bilinear compression stress distributions rather than
Whitneyds r ect gMagookietral., 19651),iwighsas ultimdteoconkpressive strain of

0.003 at the extreme fibd¥lexural desig of prestressed concrete members considers two loading
18



levels: service limit states, using load factors of 1.0, and strength limit states, applying code
specified load factors and combinations.

Figure 2-1 illustrates the assumed stressain profiles for conventional concrete and
UHPC in a rectangular section, assuming elastic behavior in compression, as repaftet by
(2021) Graybeal (2008)and Sim et al. (2020)It is noted that for uncracked flexural members,
typical in prestressed concrete at service limit states, standarebasee design procedures

remain applicable to UHPC.

& fe = Ecgy fo = Ecp Where,
7 g = Top extreme fiber strain.

&, = Bottom extreme fiber strain.

g, = Ultimate tensile strain of UHPC.

E- = Concrete elastic modulus.

- fc = Peak concrete compressive stress.
(o) fy = Concrete tensile stress.
) & <
S8chon b Assumed Assumed

Assumed Section

Strain Profile Conventional UHPC Stress

Concrete Stress

Figure2-1: Strain and Stress Distribution of Rectangular RC Section in Bending (Atilla.2021)

Gowripalan and Gilbert (2000) proposed a trilinear ststissn model for UHPC in
compression and tension, with compressive str
strain of 0.0035, and tensile stress also trilinear but substantially loneema@tiulus of elasticity
is assumedo beequai n tension and compr essilioeartehsdie = 6, 5
constitutive modelas shown inFigure 2-2, they developed a flexural design procedure for
prestressed concrete sections, in which the tensile force in UHPC varies over a range of strains and

contributes different levels of flexural resistance depending on the applied moment.
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Stress En=Lr/1.2D<0.01
(MPa) €, =0.16 L,/ 1.2 D <0.004
(Fibre content = 2% by volume

(160 I\‘}l“lll()

= - >
0.0001 &Ep Enn Strain

Figure2-2: Design StresStrainRelationship in Tension (Gowripalan & Gilbert, 2000)

Graybeal (2008) investigated the flexural behavior of prestressed UgiPdis and proposed a
constitutive stresstrain relationship in tension and compression, shown in

Figure 2-3, derived from both experimental measurements and analyses. The model,
considered conservative relative to experimental flexural strengths, limits the ultimate
compressive stress and strain to 0.85 ebscNj and
and strain to 1.50 ksi and 0.007. Graybeal e
required to control crack widths and spacing, and noted that the calculated nhominal capacity using
this procedure yields only marginally higher flexural sitircompared to standard US cduhesed

designs.

/
0 0.002 0.004 0.006 0.008
Strain

-0.004 -0.002

-10 7(-69)

E .15 F(-103)
2
= 20 +(-138)
&
é -25 1(-172)
30 L (-207)

Figure2-3: Simplified Uniaxial StresStrain Behavior for-girder Design (Graybeg2008).
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International design codes for UHPC (fib 2011; AFGC 2013; KCI 2012; JSOE) 20
commonly adopt conservative bilinear streigin models with ultimate compressive strains of
0.003 0.004, incorporate strain hardening in tension, and include the resultant tensile force in
flexural resistance calculations. These codes regulatediimbrebar contributions, limit brittle
fiber pullout, and use strain compatibility to ensure sufficient curvatucdlity and flexural
capacity, with firstcracking and ultimateensile strains defined according to each standard.

Sim et al. (2020) provided comprehensive flexural design recommendations for UHPC
members, addressing both reinforced and unreinforced sections and emphasizing conservative
treatment of fiber contributions. Their service limit state procedure aligns pjticable U.S.
codes and is based on P@HPC materials, making it directly relevant to this research. The
proposed tensile constitutive modeigure2-4, was derived through inverse analysis of minimum

PCLUHPC properties, assuming an el astic modul u:

Stress
(ksi)

0.75 ¢

0.00012 0.005 Strain (in.\in.)

Figure2-4. Idealized Tensile Stres3train Diagram (PCUHPC 2022)
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The stresisstrain relationship used in this research follows the B@PC proposed curve
is shown inFigure2-5. For a PCIUHPCc omp | i ant concrete, the para
and Ec are replaced with 14.79 ksi, 0.75 ksi,

PCIUHPC recommended stresgain model.

Comp.
Stress (ksi)
085 fc' f--—-
Ec
1
0.005
Ten. ! 0.003 Comp.
Strain (in\in.) | Strain (in.\in.)
: ——] 03751,
Ten.
Stress (ksi)

Figure2-5: Proposed StresStrain Diagram for Construction of Continuous Moment

Curvature Relationship (P@IHPC version 2.1, 2022).

For the ultimate limit state, similar to Canadian guidelines, nominal flexural capacity can
be obtained either by developing the full mormemtvature diagram using the constitutive model
or by applying strain compatibility and force equilibrium with ataegular compression block
based on conservative cedased geometry. Sim et al. (2020) found that fiber contribution to
ultimate flexural strength in longpan prestressed members is negligible, corroborating Graybeal
(2008) , i ndi cat i ng higheh potentiatl @exypai tapacity) lHdhsed/ative
calculations produce nominal strengths comparable to conventional concrete.
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El-Helou et al. (2022) studied rational flexural design framework for UHPC beams,
accounting for their distinct behavior compared to conventional reinforced concrete. The
framework, validated through displacemenntrolled testing of an 18.9 m pretensiongHPC
bridge girder and supported by literature data, incorporates mdémehistressstrain properties
in both compression and tension, including cracking, localization, and ultimate strains. The
analysis shows that maximum moment capacity occursreititrack localization or compression
crushing, depending on the governing strain, and thatlpoaization behavior, dominated by a
single crack and potential reinforcement rupture, should not be used in desidglou et al.
(2022)also highlights that primary tensile reinforcement can enhance UHPC tensile strain capacity
and that actual compression strains in structural members may exceed uniaxial test limits.
Validation against 40 prestressed and-pogstressed beams demonstratecurate prediain of
flexural capacity, with predictetb-experimental moment ratios averaging 0.96 and a 19.6%
coefficient of variation, confirming the framework as a reliable tool for capaeisgd design of
UHPC flexural members.

Fang et al. (2023) validated design approach for prestresseehighrperformance
concrete (UHPC) beams, integrating both fiber contributions and size effects. A moment
curvature analytical model was developed and confirmed througfsciilk testing ofa
pretensioned UHPC girder, revealing that failure is governed by a single localized crack followed
by prestressing steel rupture, with significant reduction in flexural resistance once fiber bridging
is lost. Parametric analyses showed that peak momerus ivear steel yielding, fiber contribution
is substantial in lightly reinforced beams but decreases with higher reinforcement, and a clear size
effect reduces flexural strength in deeper beams, which can be mitigated by increasing

reinforcement. The prased design method accurately predicts flexural capacities across 20
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experimental cases, with a mean experimeigtgiredicted ratio of 1.05 and 8% standard
deviation, providing a reliable framework for the safe and efficient design of prestressed UHPC
members.

Recently Tian et al. (2025) investigated the failure modes and ductility of prestressed
UHPC beams and developed a design methodology to encourage ductile behavior through gradual
strain hardening. Using a validated thtBmensional finiteelement model, the auirs simulated
seven experimental beams and performed 27 parametric analyses to assess the influence of factors
such as the steel reb@rprestressing strand ratio, steel pgigid hardening, pretensioned strand
stress, UHPC tensile behavior, andb-to-flange geometry. Two primary failure modes were
observed: rapid failure following crack localization, characterized by limited ductility and minimal
warning, and ductile failure following gradual strain hardening, culminating in UHPC crushing.
The study found that ductility can be enhanced by increasing longitudinal mild steel, reducing
UHPC tensile strength, improving steel pgild hardening, and optimizing section geometry. A
reinforcement design criterion based on the ratio of steelypalst capacity to fibetbridging
capacity () was proposed, with ¥ O 1 ensuri
predicted flexural strength, with a mean predidi®dumerical ratio of 0.97 and a standard
deviation of 0.10, providing a robust framank for designing prestressed UHPC members with

improved safety and ductility.

2.5 Vertical Shear Design

Vertical shearesistances a key design consideration for UHPC flexural members, such
as beams, due t o t heandtansiletrengds 26osteehfibey dontentpamgp r e s s
fiber-enabledductility. These factors combine to offembstantial shear capagitften without

the need for conventionalild steelstirrups enablingmore efficient precast, prestressed concrete
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productionby reducing laborsimplifying quality-control, andallowing for a reducedeb width.
Extensive studies on UHPC members with and witlibsitrete mild steeshear reinforcement
have produced multiple design procedures, along with maggrealific observations and detailing
recommendations.

Graybeal (2006) investigated the shear performance ofsdale AASHTO Type I

prestressed UHPCdirders without mild steel shear reinforcement, using material with average

compressive andfirst r acki ng tensil e strengdemswithodrying 8 Kk si
shear spato-d e pt h rati os (a/ d) were tested, wi th a
practice. Speci men 24S (ald = 2.5) failed at

tension shear, while specimen 14S, with nopsupoverhang, experienced a combination of

di agonal tension shear and strand slip at 2.3
premature failure. Notabl vy, the 0.5 in. pres:H
length of onlyabout3 7 i n. |, roughly half that required f

UHPCG6s superior bond performance.

Baby et al. (2010) performed nine shear tests on 3 m (9.8 ft) long UHbe&nis with
varying reinforcement configurations, including prestressed strands, mild longitudinal bars,
vertical stirrups, and specimens without shear reinforcement. The beamsbleacbopressive
strengths of 2830 ksi and fiber contents of 2.5% by volume. The AFGC (2002) design model,
which evaluates shear resistance from concrete, steel, and fibers separately, was examined. The
study confirmed that stirrups do not obstruct fiaetion when properly detailed; instead, they act
concurrently with fibers, enhancing pgstak ductility and limiting serviekevel cracking. All

specimens achieved ultimate shear stresses above 3 ksi, with some exceeding 4 ksi.
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Crane (2010) carried out feticale testing of threeshaped UHPC girders to investigate
composite action between UHPC and conventional concrete decks, evaluate fiber contribution to
shear resistance, and assess design methods for predicting ultimateaglaeity. The girders
were 32 in. deep with a 3.9 in. web, constructed using a proprietary UHPC mix with compressive
strength of about 28 ksi and tensile strength betweéril T.Xsi. A total of six shear tests-{4,

1-2, 21, 22, 31, 3-2) were perfaned under varying interface and reinforcement conditions.

Test results showed that four specimen$q121, 31, 3-2) failed in flexural compression
due to web crushing;igure 2-6 (a) showsshear test -3 failure. While two (%2, 2-2) failed in
diagonal tension sheashown inFigure 2-6 (b). All failures occurred at shear stresses exceeding
3 ksi, with Test 11a reaching 4.53 ksi. Interface preparation was critical: beams with smooth deck
to-girder interfaces experienced premature slippage and reduced stiffness compared to those with
fluted interfaces. Stirrups provided only limited benefit in preventing slip, emphasizing the

importance of reliable composite action between deck and girder

(a) (b)

Figure2-6: Crane(2010 Shear TesFailures(a) Flexural Compression Failure @faneTest3-1

(b) DiagonalTensionShearFailure ofCrane Est 12.
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To evaluate theoretical prediction methods, Crane applied the AASHTO (2010) Simplified
Modified Compression Field Theory 48CFT), incorporating a fiber contribution term (Vf),
equation 617 in Crane (2010Q)as shown irFigure2-7. This addition was adapted from AFGC
(2002) recommendations, with fiber tensile resistance (frr) taken as 1 ksi based on Graybeal
(2005). The modified expression, equatief3®in Crane (2010), accounted for shear carried by
concrete (Vc), shear reinforoent (Vs), prestressing (Vp), and fibers (Vf), with effective shear
depth assumed as 0.8h. Crane argued that the minimum reinforcement conditiMdBT Svas

met by the 2% fiber volume, even in the absence of discrete stirrups.

V,=V.+V. +V, +V, (6-13)
V,=bd,f, cotl. (6-17)

Figure2-7: Equations Reproduced fro@rane (2010)

Comparison of theoretical and experimental results showed that the modNM&#F$ provided
conservative predictions, yet closely captured observed behavior, particularly crack Eagkes

6-5 in Crane (2010is alsorepresented ithe Kurt(2021) thesiand ispresentedelowin Table

2-1. The findings confirmed that UHPC fibers can provide effective shear reinforcement, though
interface detailing remains critical to ensur
potential and the limitations of applying conventional sheamgdesiodels to UHPC members,

stressing the need for refined provisions in codes to address web crushing and interface slip.
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Table2-1: Shear Capacities usingMBCFT with UPHC Modification (Crane 2010, Atilla 2021).

Predicted Failure
Test | Failure o | Ve | Vo | Vs Shear Shear | o Vexp
Mode (kip) | (kip) | (kip) | Force, Va Force, er oy,
(kip) Vexp (kip)
11a |  Flexural foccl a0 | a6 | 186 376 452 34 | >1.20
Compression
1-2 Shear 274 107 | 0 | 180 287 431 26 | 1.50
gp | Flexural oo o 1o | s 293 466 23 | >1.59
Compression
22 Shear 275 104 | 46 | 179 330 480 28 | 145
3-1 Flexural 15 01 107 | 0 | 180 287 422 25 | >1.47
Compression
32 | Flexural o0 00 | o2 | 179 372 444 34 | >120
Compression

Foster et al. (204) proposed a rational shear strength model for Steel Fiber Reinforced
Concrete (SFRC) beams by extending the Modified Compression Field Theory (MCFT) and the
Simplified MCFT (Vecchio and Collins 1986; Bentz et al. 2006) to account for fiber contribution.
A key innovation was the use of an inverse analysis to relateusting residual tensile strength
to crack width from standard prism bending tests (ASTM C1609). Unlike earlier approaches where
residual tensile strength was treated as a constant, thiel roaptures its variation with crack
opening, providing a more realistic representation of fiber reinforcement in shear transfer. The
framework was validated against 184 SFRC specimens with and without stirrups, confirming its
robustness and eliminatinge need for direct tension testing, which is rarely used in design
practice. Building on this work, Fostet al (2017) further refined the model through evaluation
of 81 shear tests (52 SFRC and 29 UHPC beams). They introduced a fiber contributioitherm w
a reduction factor of 0.8 to account for orientation and dispersion variability and proposed updated
equations for residual tensile strength, fdepth longitudinal strain, and crack angle.

Collectively, these studies demonstrated the excellent shear performance of UHPC

members with fibers, typically achieving average shear stresseisAoks? without requiring
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stirrups. Although stirrups may enhance capacity, they were found unnecessary and could
complicate fabrication. The proposed design approach integrates seamlessly with existing
AASHTO procedures: longitudinal strain and crack angle are first determitieshedd by crack

width estimation, from which the fiber residual tensile strength is derived. The nominal shear

resistance is then calculated, capturing the true contribution of fibers under varying crack widths
and providing a rational framework for UHP8esr design.

In this research, the PCIHPC model for vertical shear design was adopted. The primary
design check for UHPC members is the shear strength limit state under factored loads, using the
AASHTO General Procedure adapted for UHPC. This approach, based on oitiGed
Compression Field Theory (MCFT), is widely recognized in international codes and was
extensively validated through project testing. Conservative parameters were selected to ensure
both safety and alignment with established practice, providingiableslframework consistent
with global provisions.

A central aspect dPCFUHPC recommendations is accounting for fiber contribution to
shear strength, similar to the methodology in the French Recommendations (AFNOR, 2016). A
residual tensile strength @i = 0.75 ksi is proposed, supported by testing, international guidance,
and inverse analysis of POHPC compliant concrete. For members without stirrups, shear
resistance is primarily provided by the pateer matrix, with possible contributions from pled
or draped prestressing. Although stirr@pe generally discouraged due to potential disruption of
fiber flow, their localized use may be permitted at member ends with exceptionally high shear
demands. These recommendations apply specifically to steelrébdorced UHPC mixtures
meeting or exoeding the minimum material and fiber requirements outlined iIRURRPC 2022

report, enabling rapid adoption in practice while ensuring optimized structural performance.
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In 2023, the Federal Highway Administration (FHWA) published FHWRT-23-077:
Structural Design with Ultrddigh Performance Concrete, adopting a shear model based on the
Modified Compression Field Theory (MCFT) with modifications for UHPC behavior. Thiemo
initially developed by EHelo and Graybea{2022) was later incorporated into the AASHTO
Guide Specifications for Structural Design with Ulkiagh Performance Concrete (2024). The
FHWA defines UHPC as a stralrardening material in tension with nmmum compressive and
cracking strengths of 17.4 ksi and 0.75 ksi, respectively. A key property, the localization tensile
strength (ft,loc), represents the tensile stress at which stress decreases continuously with increasing
strain and must meet or excettte cracking strength, with the associated localization strain
(Ut , 1l oc).

Table 11 in the FHWA Workshop Manual presents the provisions for the shear strength
limit state for both conventional concrete and UHPC sections, providing a clear comparative
reference between the two materials. By highlighting differences in desigreraguits, this table
assists bridge owners and designers in applying appropriate safety and performance measures.
Together, the FHWA workshop manual and the AASHTO Guide Specifications standardize
UHPC design practices, supporting safe and effective usgBIC in new bridge construction,
replacements, and preservation projects, while aligning with current engineering standards and
international best practices.

Tarawneh et al. (2028 developed a simplified and reliable shear strength model for
ultrahighperformance concrete (UHPC) beams based on statistical correlations from a database
of 198 specimens covering diverse cresstions, prestressing levels, shear reinforcement ratios,
and material properties. The study identified localization tensile strength and prestressing stress as

the most influential factors on shear capacity, with beam height shaatrgnger correlation
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than effective depth. A reliabilitg al i br at ed model ( B+ Vs, withd3( ft, | c
0.8h) and a prediction equation for ft,loc were proposed, yielding an average expertmental
predicted ratio of 1.29 and a coefficient of variation of 25.8%, indicating consistent and balanced
conservatismTarawneh (202%) proposedocalizationtensile strength; k. equationas follows:

ft10c=0.279+0 . 0 3+B.4VvH(I&df)

Comparisons with existing models, including FHWRCFUHPC, CSA, and AFGC
procedures, demonstrated that the proposed model achieved performance comparable to FHWA
but with greater simplicity, outperforming other methods in accuracy, reliability, and practicality
for UHPC shear desigmilso, the resultsconfirm that PCHUHPC showed a high conservatism
where (Vexp/Vpred.) of more than 2r© 30 specimendue to fixing the UHPC tensile stress at
5.2 MPa (0.75 ksi).

In a separatarticle, Tarawneh et al. (2029 evaluated the performance of five ultigh-
performance concrete (UHPC) shear design modedt®VA-HRT-23-077 (2023PCFUHPC
report (2021), French Standard {RFL8-710 (2016), Canadian Standards A2343(2004) CSA,
and Modified Eurocode2/GermaBAfStb (2023), using a database of 198 beams with varied
prestressing, shear reinforcement, fiber content, and geometrical and material properties. The study
highlighted differences in how models account for stdxdrfcontributions, shear reinforcement,
and the angle of the diagonal compression strut, with the FHWA method incorporating
experimentally determined | ocalization strenc
demonstrated that the FHWA proceeprovided the most accurate and consistent predictions
across variable ranges, with an average experimenpkdicted shear strength ratio of 1vii¢h
low scatter, while th® CFUHPC method exhibited the highest conservatism (average ratio 1.58)

dueto limiting residual UHPC tensile strength. Other models (AFGC, CSA, DAfStb) showed
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varying degrees of conservatism and lower accuracy, particularly at high transverse reinforcement

ratios, indicating that FHWA provides a reliable and practical approach for UHPC shear design.

2.6 Connection between Deck and Beam (Horizontal Shedinterface) Design)

The shear interface in composite concrete members refers to the contact plane between two
layers of concrete, either cast at different times (e.g., precast element witinaptase topping)
or of different material types (e.g., normal strength conemeted JHPC). Interface shear resistance
is the maximum shear stress that can be transferred across this plane without causing relative slip
or separation between the laydrs.design practice, the interface shear resistance is critical for
ensuring compot action between the layers, allowing the two concretes to behave as a single
structural unit. This is especially important for diegikder systemswhich require embedding
shearbent rebar or rods into discrete or continuous shear pockets in the precast concrete deck
panels. To ensure the full connection, these pockets are filled with grout or concrete.

Considering the scope of this research, which encompasses all casesnodnudithic
UHPC connections, the literature review on shear interface behavior of UHPC is organized into
seven categories: (1) theory and hypotheses, (2) code provisions, (3)tmoddHPC, (4)
interface shear resistance between hardened UHPC and fresh conventional concret€@QYHPC
(5) interface shear resistance between hardened conventional concrete and fresh UHPC (CC

UHPC),and(6) interface shear resistance between hardergétesh UHPC (UHPAJHPC).

2.6.1Theoryand Hypothesis
|l nterface shear design has traditionally
Birkeland and Birkeland (1966), which assumes that shear resistance depends on friction

mobilized along the interface, whose topography, such as a cold joint hetareionolithic
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materials or a crack in a monolithic material, generates friction under applied shear stress.
Mobilization requires the joint or crack to open, straining the steel crossing the interface and
creating a nor ma |lFiguie@-Bba onpia extgrnabloag@dggsira 2-8a) owhile
roughened surfaces are idealized as inclined
force multiplied by the friction coefficient

cohesion between concrete layers.

P P
Y .V —> V(P
-~ A - MW
—— HP Tuem)
(a)
CR’E!NFORCEMENTJ'_ T_.v Lw”“w

™m_ %$,m } ST BT B
X
T T
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Figure2-8: Shear Friction Hypothesis (Birkeland and Birkeland 1966)

In 1972, Mattock and Hawkins extended the shear transfer model by introducing the effect
of cohesion for initially cracked specimens. From paffltests on concretes up to 4.0 ksi, they
proposed the horizontal shear strength equation, as shown belowavetheters ¢ = 0.20 ksi and
e = 0.8, and I imited the interface shear stre
up to 6.0 ksi justified increasing this | imit
Voi = CAcy + W(Avsfy + P) < 03fAgy
Achieving composite action in de¢&-girder systems, traditionally complex due to the

need for precise shear connector embedment, is increasingly simplified by the exceptional
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properties of UHPC; however, its higher tensile and compressive strengths, along with differences
in the roughness of cracks formed within UHPC, necessitate reassessing the friction factor,
intercept value, and limits of clamping pressure for such intesfac

Since 1972, numerous studies have refined the values of the cohesion coefficient (c) and
friction coefficient (&) for various surface
adopted the basic form of the shédtion equation, which remaswidely used due to its
simplicity. The American Concrete Institute (ACI 311®) and AASHTO LRFD Bridge Design
Specifications, 9th Edition (hereafter AASHTO LRFD BDS) are the primary provisions for
structural design of concrete members in the United Stateviding design recommendations for
interface shear capacity of conventional concrete members.

According to ACI 31819, the interface shear capacity (Vn) is calculated by multiplying

the clamping force, determined as the area of reinforcement (Asv) times its yield stress (fy), by a

friction factor (&), as slBlooebm i n equation 22.

Vi = nAyfy (22.9.4.2)

The friction coefficient varies depending on the scenario, and upper limits based on
interface area, concrete compressive strength, and reinforcement yield strength are provided to
avoid unsafe designs. However, these limits can be overly conservatlVelREE in monolithic
scenarios due to its pestacking tensile resistance and high tensile strength, which contribute

additional clamping pressure.
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2.6.2Code Provision
AASHTO LRFD BDS provides a similar design equation but includes an additional
cohesion coefficient (c) to represent nonfrictimased resistance at the interfaae illustrated in

equation 5.7.4-3 in AASHTO 9" Edition below

Vi = cAev + 1t (i fy+ Po) (5.7.4.3-3)

Here, the cohesion coefficient is multiplied by the interface area (Acv) to calculate
supplemental resistance, whilea accounts for permanent clamping forces. The values of ¢ and
e vary depending on interface geometry and cor
predictions of interface shear capacity.

The codes and standards that address UHPC interface shear include the French standard
NF-P-18-710-UHPC, which allows Eurocode 2 concrete interface equations to preditilIRC
shear resistance, the AASHTO LRFD Guide Specifications for Structural DesigrJwiPC
(LRFDUHP-1), which treats UHPGCC interface shear the same as conventional concrete layers,
and the PGUHPC implementation report, which adopts AASHTO LRFD provisions for
interfaces involving CC layers.

New AASHTO guidelines for UHPC design, Guide Specifications for Structural Design
with UHPC 1% Edition (LRFDUHP-1), implementthe most recent researches and REIPC
recommendation including the fluted surface geometry proposed BWREC as shown in

Figure2-9.
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Figure2-9: Proposed UHPC Top Faténimum Fluted Surface Dimensions (RGHPC 2022).

According to the ¥ edition of AASHTO UHPC guideline, the provided nominal shear
resistance of monolithically cast UHPC interfaces, equation-1.4t®wn below, is based on the
model developed by Muzenski, Haber, and Graybeal (2022), which extends the traditional shear

friction equation by incorporating an additional clamping force from the tensile resistance of

UHPC.

V = CA”. + “((1] L ': + P‘ ) (‘| B Avﬂ/,; (‘2 - AC\'YJ; loc

nt

While the nominal shear resistance for other cases is the same as the previous AASHTO
equation. It is noticeable that the cohesion and friction fattavebeenupdated to nine cases

according to the curretiterature,as shown ifmmable2-2.
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Table2-2: Summary of All Cases Cohesion and Friction Factors (AASHIKIPC F' Edition)

contact with UHPC is clean and free of

paint

Cohesion | Friction Upper
Case factor, c | Factor, | Bound, K| Research Source
(ksi) € (ksi)
1- For UHPC placed monolithically Muzenskiet al.
14 1.0 4.5 (2022 & 2023) &
Crane (2010)

2- ForUHPC placed against a clebiiPC
surface, free of laitance, with surface c; 05 10 18 PCIFUHPC 2021
to have 0.50n.-amplitude keygUHPC ’ ' ' & Crane (2010)
UHPC)

3- For UHPC placed against a clean UHP
surface, free of laitance, with surface c;
to have 0.25n.-deep by 0.28n.-wide 0.24 1.0 1.2 Crane (2010)
formed flutefUHPCGUHPC)

4- For UHPC placed against a clean UHP Crane (2010) &
surface, free of laitance, but not casttg  0.025 0.6 0.8 Muzenski et al.
have flutes or keys (2023)

5- For UHPC placed against a clean Abo ElKhier and
conventional concrete substrate surfac Morcous (2021) &

X . . . 0.24 1.0 1.8 .
free of laitance, with surface intentional Muzenski et al.
roughened to an amplitude of 0.25 in. (2023)

6- For UHPC placed against a clean Abo ElKhier and
conventional concrete substrate surfac 0.075 06 08 Morcous (20199)
free of laitance, but not intentionally ’ ' ' & Muzenski et al.
roughened (2023)

7- For conventional concrete placed agair
a clean UHPC substrate surface, free ¢
laitance, with surface cast to have 0.25 0.24 1.0 18 Crane (2010)
in.-deep by 0.25n.-wide formed flutes

8- For conventional concrete placed agair
a clean UHPC substrate suprface, frge q Crane (2910) &

. 0.025 0.6 0.8 Muzenski et al.
laitance, but not cast to have keys or
(2023)
formed flutes

9- For UHPC anchored to aslled
structural steel by headed studs or by
reinforcing bars, where all steel in 0.025 0.7 0.8 Wang et al. (2019
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2.6.3Monolithic UHPC

Limited research has investigated the monolithic behavior of UHPC. Crane (2010) was
among the first to study interface shear behavior with reinforcement ratios up to 0.005, while
Maroliya (2012) tested inverteddhaped UHPC specimens under direct loadimghe interface
plane between the flange and web. Jang et al. (2017) and Feng et al. (2022) examined interface
shear resistance using ptdfitests without reinforcement, and Abchier and Morcous (2019
a) tested singleand doubleshear pustoff spedmens with varying reinforcement levels. All
studies consistently reported cohesion and friction factors substantially higher than those specified
in current code provisions, confirming that the interface shear strength of UHPC far exceeds that
of conventonal concrete.

Muzenskiet al.(2023) study monolithic UHPC, and the results confirmed that the tensile
resistance of UHPC withi2% steel microfibers can be added to the clamping pressure, and the
previously proposed model by Muzenski et @022) reliably predicts shear capacityheir
experimental work (2022, 2023) showed that transverse interface reinforcement may not always
yield at peak shear. Yielding depends on the relative strains: if the UHPC localization strain is
greater than or equal to the reinforcement yield strdia, @inforcement can yield before
localization; however, if the localization strain is lower, localization occurs first and the clamping

contribution of reinforcement is limited.

2.6.4Wet CC onHardened UHPQUHPC-CC)

Limited research has investigated the interface shear behavior of conventional concrete
cast on existing UHPC. Banta (2005) studied lightweight concrete using-sihrege pusioff tests
with four surface preparations: deformed, chipped, fluted, and smadile Crane (2010)
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performed similar tests with conventional concrete on btndaghened, fluted, and smooth
surfaces. Smooth surfaces were tested with varying reinforcement ratios to provide clamping
stressesofi . 26 ksi i n ®ammMthadks it e oreadhg eomekan@nd fricgient s ,
factors of 0.14 ksi and 1.05, respectively. Crane (2010) also reported that surface preparation
significantly affects interface shear strength: burlap roughening increased cold joint strength by
127% without reinforcement,uting increased it by 228%, and applying 0.30 ksi clamping stress
further enhanced the fluted joint by 1209%PCFUHPCfigure 8.33, which is presented kFigure

2-10, shows the test results from Banta (2005) and Crane (2010).
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Figure2-10: Relation between Interface Shear Stress and Clamping Stress of a Smooth Surface

UHPG-CC (PCFUHPC figure 8.33)

Composite beam testing, designed to replicate a UHPC girder with a concrete deck, has
also been used to evaluate interface shear behavior. However, calculating shear stress demand at
the interface, especially for UHPC, remains debated, making comparigbmpaishoff tests more
challenging.While limited research has evaluated the interface shear betweacdldl UHPC

beams and ca#t-place conventional concrete (CC) toppings, Crane (2010) testeebeiris
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topped with CC. The beams, 32.40 deep with va

with smooth interfaces (clamping strdlgesles of
interfaces (same clamping stresses), provided by transverseaemémt spaced at 12 or 24 in.
Relative displacement between the beam top and deck was monitored during flexural tests, and
interface shear strength was determined from changes in either the initial slope -o€stiear
displacement or the loadkflecton curve. No composite action occurred for smooth interfaces
without reinforcement. Using equation 5.7-8.81 AASHTO 9" Edition with a clamping stress of
0.062 ksi, cohesion factor of 0.075 ksi, and friction factor of 0.6 overestimated the shear strength
of smoothinterface beams but underestimated the strength of fintedace beams, with or
without reinforcement,duet t he hi gh resi stance provided by
These results confirm that providing a fluted surface igiatufor superior interface shear
resistance.

Feng et al. (2022) conducted singlde shear tests to investigate UHRCT interface
shear resistance with varying interface surface textures and CC compressive strengths. Specimens
either failed at the interface plane or within the CC itself, and reshdised that interface surface

roughness has a significant effect on shear resistance.

2.6.5WetUHPC onHardened CGCC-UHPC)

Most research has focused on UHPC cast on hardened CC, usingshieglgustoff
tests and, in some cases, dowdllear pustoff tests generally showing that existing code
provisions for C&o-CC interfaces are adequate or conservative.

Slant shear testing (ASTM C882/C882M) has been widely used to evaluat¢HPC
interfaces (Harrig2011), Rangarajy2013, Tayeh(2012, Carbonell(2012, andAaleti (2017),
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with interface planes inclinediround 60°. Various interface textures, including-Gast,
sandblasted, brushed, grooved, exposed aggregate, anéteywdsurfaces, were tested, showing

that interface shear resistance increases with roughness and concrete strength. Compressive
strengths rangk from 35.956.8 MPa for CC and 80.€70.3 MPa for UHPC, with most
specimens failing in the weaker concrete rather than the interface or UHPC.

L-shaped singlshear pustoff tests by Jang (2017) and Abo-lhier et al. (201%) on
300 x 640 x 150 mm specimens with five CC surface treatments, smooth, water jet, and 10, 20,
and 30 mm grooves, demonstrated that shear resistance improves withrigcgeasve depth
and surface roughness, while interface reinforcement further enhances capacity, though
nonlinearly due to cohesion effects. Overall, prior research confirms tHdKRC interface
shear resistance is governed primarily by surface textwdestrate and UHPC compressive
strengths, and reinforcement, with roughening or deep grooving identified as essential for
maximizing performance.

Recently, Abo EKhier (2023) conducted experimental and analytical studies to develop
friction and cohesion factors for shear friction theory in UHPC cast on hardened CC. Fifteen L
shaped pusbff tests with varying reinforcement ratios and surface tegtualong with slant shear
tests, were performed and supplemented with results from previous studies. A friction factor of 1.0
(as in current codes) and a cohesion factor of 3.45 MPa (0.5 ksi) for roughened CC surfaces were
proposed, the latter being sigoantly higher than existing CC code values. Predictions using
these factors were compared with provisions from ACFBA8AASHTO LRFD (2020), Eurocode
2 (2004), CSA A23.34, and NFP-18-710UHPC (2016). Results confirmed that increasing
interface reinbrcement ratio substantially enhanced shear resistance and ductility, while UHPC

compressive strength and fiber presence had little influence. Overall, the findings support the

41



applicability of the shear friction model for COHPC interfaces, while highlighting that current

code provisions remain overly conservative.

2.6.6Wet UHPC on hardened UHPC (UHRZHPC)

Jang et al. (2017) evaluated interface shear resistance between UHPC cast on hardened
UHPC and on conventional concrete, testing five surface preparations, water jet roughened, 0.4
in., 0.8in., 1.2in. fluted, and smooth, without reinforcement; surfageute significantly affected
shear strength, with differences between water jet and smooth surfaces attributed to improved
cohesion and the very high resistance of ther.8nd 1.2in. fluted samples resulting from forced
shearing of individual teethadg et al. (2017), Li et al. (2019), and Crane (2010) tested BHiPC
UHPC interfaces using singihear pustoff tests with minimal or no interface reinforcement,
showing that current code provisions may be applicable to UtdROHPC interfaces.

Muzenskiet al. (2023) evaluated interface shear behavior of-mamolithic UHPCto-

UHPC specimensyith test resultsshowingthat friction factors can remain the same as those
specified for conventional concrete in AASHTO LRFD, regardless of intentional surface
roughening. Howeveliterature and experimental observati@tow thatcohesion coefficients
align with values for smooth conventional concrete surfaces, as UHPC sunidustber
roughened or nptend to behave like smooth conditions due to thegro-textureafter using

form-liners.Muzenski (2023) proposal is summarized able2-3.
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Table 8

Summary interface shear design equation parameters.

Case Source Material * Cohesion Friction Upper Clamping pressure Clamping
(substrate / fresh) Factor Factor Bound from reinforcement pressure from
c P K® C; ¢ UHPC
(MPa) (MPa) (MPa) Ca
(MPa)

Monolithic Proposed UHPC 9.8 1.0 31 Ay fs d At fytoe ©
ACI 318-19 Concrete 0 1.4 11.0 Ay fy 0
AASHTO LRFD Concrete 2.76 1.4 10.3 Ay fy 0
Non-monolithic, Substrate Proposed UHPC/UHPC 0.52 1.0 12.4 Ay fy 0
roughened to an amplitude of Proposed Concrete/UHPC 1.93 1.0 12.4 Ay fy 0
at least 6.3 mm Proposed UHPC/concrete 0.52 1.0 12.4 Ay fy 0
ACI 318-19 Concrete/concrete 0 1.0 11.0 Ay fy 0
AASHTO LRFD Concrete/concrete 1.93 1.0 12.4 Ay fy 0
Eurocode 2 Concrete/concrete 0.4fpq ® 0.7 na Ay fy 0
Non-monolithic, Substrate Proposed UHPC/UHPC 0.52 0.6 5.5 Ay fy 0
roughness amplitude less than Proposed Concrete/UHPC 0.52 0.6 55 Ay fy 0
6.3 mm Proposed UHPC/concrete 0.52 0.6 5.5 Ay fy 0
ACI 318-19 Concrete/concrete 0 0.6 5.5 Ay fy 0
AASHTO LRFD Concrete/concrete 0.52 0.6 5.5 Ay fy 0
Eurocode 2 Concrete/concrete 0.2f0q #" 068 na Ay fy 0

Table2-3: Summary interface shear design equation paraméterzeqskj 2023)
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3  Designand Detailing of Two Beams

3.1 Applied Loads

The hypothetical structure considered by this researeh a threestory woodframed
building supported by concrete podiumas shown irFigure3-1. Thepodiumsupportshe loads
coming frombearingwalls oneach side of the corridowhichareconsidereasline loadsrunning
the full length of the buildingThe podium alssupportsthe area loads creatdy residential
occupancyon the 1% floor, considered adistributed load. This building layoutassume wood
framing arranged with three primarypansof 31 ft., 8 ft., and 3., as shown inFigure 3-2.
Bearing walls inside the apartments could complicate the actual loading in reality, but would only

act to reduce demand on the podium beams, so the most severe case for podium design was

considered.
70"
31 -8 i 31"
ROOF RQOF
RESIDENTIAL CORRIDOR RESIDENTIAL 3RO FLOOR
RESIDENTIAL CORRIDOR RESIDENTIAL 2ND FLOOR
APARTMENT BUILDING
(WOOD/STEEL STRUCTURE)
RESIDENTIAL CORRIDOR RESIDENTIAL 18T FLOOR
——
PODIUM STRUCTURE
(CONCRETE STRUCTURE)
PARKING FOUNDATION

Figure3-1: Building Elevationi Proposed System
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The applied loadwereconsideredsthree types: Dead Load, Live Load, and Snow Load.
All loadswerec al cul ated foll owing al/l requi rements a
Design Loads and Associated Criteria for Bui

Society of Civil Engineering, known as ASCE/SE2Z.

STUD WALL*\ GIRDER
\
\
RESIDENTIAL st
= CORRIPOR = g 70
JOIST FLOOR——__|
— RESIDENTIAL
31
y
/
STUD WALL—f GIRDER

Figure3-2: AssumedVNood Framing System

Deadloadsconsised of the ownweight of the structure combidevith all superimposed
deadloads,such as flooffinishes, ceilings, mechaniecalectricalplumbing (MEP) services and
ducts, partitions, et®ead load can be calculated usingdbtialitemweights or can be assumed
usingChapter3 andChapterC3in ASCE/SEI 722 to getagood approximatiofor all expected
deadloads The dead loatireakdown for the wood structure is:

1. Woodstructureself-weight(SW) = 15psf
2. Superimposed dead load (partitions, finishes, & servi¢8§)L) = 20 psf

C Total DeadAreaload (DL) = 15 + 20 = 3psf
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Live loads dependon the occupancgnd usag®f eachfloor. The proposed buildingas

four types ofoccupancyresidential, corridor, parking, and roof. The values of these loads can be

found inTable4.3-1 ASCE/SEI 722. Snow load calculated for the roof accordin@tmapter7 in

ASCE/SEI 722. Eachload'sdetailed calculatioiis shown inTable3-1.

Table3-1: Corridor Stud Wall Load Calculation.

Tributary Width
Area : No of | Line Load| Total Line
Loads | Description | Load | Left | Right Total Stori d Loads (kif
(psf) | Span| Span | Width ories|  (klf) oads (kif)
(ft) (ft) (ft2/ft)
Total Members
Dead . 35 8 31 19.5 3 2.0475 2.0
Ownweight
Load
Residential 40 - 31 15.5 2 1.24
Live Corridor 100 8 ; 4 2 0.8 2.4
Load
Roof 20 8 31 19.5 1 0.39
Snow Roof 30 8 31 19.5 1 0.585 0.6
Load

Therefore, the loading configuration for the 70 ft.

without including the seliveight of the beam.

SID = 20 psf
LL = 40 psf

DL = 2.0 kif
LL=2.4kIf
SL = 0.6 kif

SID = 20 psf
LL = 100 psf
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DL = 2.0 kIf
LL = 2.4 kIf
SL = 0.6 kif

decked beam is preserkigiia3-3

SID = 20 psf
LL = 40 psf

[T T T TT]
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Figure3-3: ExpectedPodiumLoadingalong thewidth of theBuilding (excluding seHweight).
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Based on the initially designed section for the-sadight calculation, the ultimate shear
and moment were determined as 178.6 kips and 4,236, kaspectively, after reviewing all
strength design load combinations in Section 2.3.1 of ASCE/SE). The controlling load
combination was 1.2DL + 1.6LL + 0.3SL (combination '2a’). The beam and loading conditions

were then analyzed using SAP2000, as shoviigare 3-4.

E Diagrams for Frame Object 12ft Deck Width (Decked I-Beam - 12ft Section) X
End Length Offset Display Options
Case |U2)12D+16L+0.35L v (Location) ., O Scroll for Values
ftems  Major (V2 and M3) + Single valued SETL ?0 ﬁﬂ) @ Show Max
it 2
J-End: . 1t
(70. f)

Equivalent Loads - Free Body Diagram (Concentrated Forces in Kip, Concentrated Moments in Kip-ft)
Dist Load (2-dir)

T ey

at31. ft

178.58 178 58 Positive in -2 direction

RESULaNnL Sneal

Shear V2

Resultant Moment
Moment M3
4236.5615 Kip-ft

Deflections
Deflection (2-dir)
0.196717 ft

i at35. ft
\———’—'/ Positive in -2 direction
(O Absolute () Relative to Beam Minimum (® Relative to Beam Ends
Reset to Initial Units Units Kip, ft, F v

Figure3-4: SAP2000 Analysisf Maximum Ultimate Load Combination.
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3.2 Details ofthe Cross Sections

The concept behind tharecast decked beagystem is to delivelarge beams witlilat
surface to the site,increasing options for configuring spaces and reducingothsite effort
required to erect a podium. In the precast plant, a prestrgsfié@ beam is produceahd then
detensioned as usual. The beam is then set on a flat surfadts éottom flangeshimmed so
that it will not deflect downward under the weight of the deck. A precast deck is then placed on
shims sitting on the top flange of the cambered beam, or a deck is formeeteaasdt on top of
the beanto have a level surface. In the case pfecast deckthe connection between the deck
and the beam is filled with UHPI@ a secondary casting proce€o®nsequently, the decked beam
consists of two or thre@rimary components: the concrete deck (wast or precast), the
prestresseHPC beam, and the UHPC connectibat linksthe precast deck to the beam. A

detailed description of each element is provided in this section.

3.2.1Determinatiorof Section Geometry

To achieve the primary purpose of the podium structurectneposite UHPC decked
beamsystem needed to be both structurally rojarsti capable ciccommodating a deck wiflat
top surface, and light enough to handle and transpetermining the optimal shape and geometry
of an kshaped beam section and a-sliaped sectiomequired several iterations, ultimately

resulting in a flat deck supported byighly prestressed girder.

3.2.2UHPC Beam
The UHPC beam geometry was controlled by load demands, fabrication practices,
availability of formwork at the precast concrete produceesght limits, and handling constraints.

To facilitateproduction of test specimensne precast producer proposed modifying a staridard
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shapedsectionto have a thinner wehwhile another suggested a fodéonmed tub sectionThe

overall specimenweight was limited to 75 kips, approximately 85% of the combined capacity of
the two 26ton cranes at the Constructed Facilities L& addition, specimens of 75 kips or less
could be transported more economically than heavier options. Transportation from producers in
South Dakota and Florida to the laboratory in North Carolina represented a significant constraint
givencosts and shipping restrictian&fter several iterationfoth sectiors werefinalized at 2 fi

10 in. dep, havinga wide bottom flangevith thirty fully stressed).6-in. strands. Each precast
providerworked with the research team to ensure the proposegsectionswere compatible

with their plantequipment and productiacapabilities. The crossections and main dimensions

for the UHPC beams are presenteéFigure3-5.

Figure3-5: UHPC Beam Designed and Casted Sections: (a) Gage Brothers (b) Gate Precast.
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Bothfinal sections were configured withirty strands in the bottom flange and four in the
top flange. The strandssedare lowrelaxation strands that have an ultimate tensile strength (F
of 270 ksi and a nominal diameter of 0.6 Time pull force of 43.9 kips applied to each strand

achieve 75% Fyu. The strandlistribution on each section is showrFigure3-6.

o ©

Gage Brother$-BeamSection Gate Precaskub Section

Figure3-6: Strand Distributionen Both Sections

3.2.3Conventional Concrete Deck

Due to fire performancesquirements for the podium structusmnventional reinforced
concrete was useir the deckinstead of UHPC Prestressingn the deckwas avoidedn this
researchto minimize productioncost andreducedesign complexityin prototype specimens
Determining the conventional deck geometry required specifying the concrete strength, type (wet
cast or precast), slab configuration (solid or ribbed), and the intended podiurRousthis
research, a solid reinforcedrmal weightoncrete slab was selected watthicknes®f 5.5 infor
fire-resistance requirementKeeping the deck to a minimum viable thicknastped to keep
specimen weighainder controfor handling and transportatiorin addition, testing the minimum
thickness was conservative from the perspective of validating fabrication methods and structural

performance. According to IBC 2024section510.2, podiums must be considered separate
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buildings with a structureabove, necessitatirthe deck to provide a minimumiur fire rating.
Table 722.2.2.1 of IBC 2024 afidhble LofP CI De s i g n e r &% spaétityta mibimuonk DN
slab thickness of approximately 5.7 in. for fmesistance rating for conventional carbonate
concrete.

The deck width is intended to be up tefLt@ide in a real structureThetesteddeck width
was selected to balance flexural capacity sgmecimenwveight. A comparative study of different
widths,as shown ifTable3-2, showed that a-& wide deck provided sufficiemtiominalflexural
capacity over theequiredultimate moment while minimizingpecimemweight, making it the most
efficient choice for the initial designwhile the actual deck is 70 ft long, 12 ft wide, and 5.5 in.
thick, the tested specimen maintained the same dimensions except for width, which was reduced

to 6 ft. to meet weight and handling limits without compromising section capacity.

Width (ft) «Mn (k-ft) Total Weight for Geometry
12 4,605 95
8 4,548 76
6 4,392 66
5 4,306 62
4 4,182 57
3 4,098 52

Table3-2: Flexural Capacity and Weight of Composite Section by Width
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3.2.4As DesignedJHPC DeckedBeamSection

After defining the UHPC beam section for each precaster, the most effective conventional
deck configuration was determined to be a precast slab 5.5 inches in thickness and 6 feet in width,
placed on top of the UHPC beam with the connection cast using UHf(inal crosssection

for each design specimen is showrrigure3-7.

7 7

(@)

(b)

Figure3-7. UHPCDeckedBeam Designed Sections: (a) Gage Brothers (b) Gate Precast.
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3.3 Deck Design
The ktbeam section produced by Gage Brotherployed a precast deck for the decked
beam, wherea$e tub girder section produced by Gate Premaistd for a wetast deck on top of

the UHPC beam. The properties of each deck are summariZetles-3.

Table3-3: Deck Material Properties Summary.

Propert Gage Brothers Precast De{ Gate Precast W&tastDeck
FTORety for I-shaped Section for Tub Section
Unit Wei ght 150
Rel ease Stre 4,500 N/A
Concrete Str ¢ 10,000 8,500
Modulus of Elasticity, Ec (psi 5,000 4,688

The proposed decked beam system consists of Witiitdecks connected on site with a 1
ft. pour strip, which may be filled with UHPC or conventional concratefinalized byfuture
studies. For analysia this programthe 5.5 inthick deckwas treated as a continuous 12 ft. span
in its transverse directiotunder this assumption, tteystem has been designed and verified for
flexure, shear, and deflectiah the deckassuming a conservative concretenpressivestrength
of f &6c = 7 thk strength dcluewesl by thethahspecimens.

The flexural capacity was calculated for the typreaidentiabreas, excluding the corridor
zone, which required special consideration. Design followed the conventional Whitney rectangular
stress block method, followinthe PCI 8th EditionHandbook &ction 5.2.1 and ACI 3189
Section 22.3, assuming a maximum concrete compression strain of 0.003, strain compatibility for

a plane sectioremainingplane and an assumgeeakc oncr et e stress of 0. 85

53



Considering the applied loads, the ultimatnsversdending moment Min the decks
appr oxi mantTe fegisttBisioment #6 bars spaced 2 ft. apar
precast declblockouts(holes for engaging with the secondary UHPC daeeam connection).

The transverse reinforcement was provided in two mats abphand bottom of the deck. Using
a strength reduction factor of 0.9 for tensmmntrolled sections, the nominal flexural capacity is
a b o u tin, ®Bfirmikng adequacy of éreinforcement.

Shearin the deckwas also checked for the residential arassuming the samk 2 f t .
continuoudransverss pan, resulting in a maximum ul ti mat
vertical shear capacitf the deckwas verified following PCI 8th Editionlandbook $ction 5.3.1
andits equation 522 shown below:

®  _ Qom0

Usingthes hear reduction factor, w = 0.75, t he
capacity, W Mme vatue d@ft. Vin /K2i p=s 2. 35 ki ps i ssotheor e th
selectedcombination ofdeck thicknesand concrete strength adequate (adding discrete shear
reinforcement within the deck thickness would be impractical)

In the tub girder specimen, the wet cast deck was fabricated at the same overall width as
the top of the tub girder. Thus, the deck in the test specimen is fully supported and not subjected
to anyshear force or bending momeinsits transverse direction. In a real structure, a wet cast
deck would project beyond the edges of the tub girder in a fashion similar to the precast deck of
the Fsection, and the design for transverse moment and shear would be similar to that shown
above. For the test specimamly minimumreinforcementequired for shrinkage and temperature

was considered in the transverse diregtfollowing the PCI 8" Edition Handbookrequirement
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Section 5.2.1.5 and ACI 3189 Section 7.6.1.1. The minimurareaof flexural reinforcement
equation is as follows:
0 j 81 1T POYiQ
Usingab.5 in.thick by onefoot wide unitstrip will resultin:
0 i TN Y Cud T p Y@TQ0
The reinforcemen thus selected &8 barsspacedat 6 in. on center, prowviayg:
0 T Fp QEPQE ™ <@ TQO0 0 j
According to ACI 31819 Table 7.3.1.1, the minimum thickness for a solid-p@stressed
oneway slab with a 12 ft. span and both ends continuous is WBA&h is about 5.2 in
Additionally, for a cantilevezdoneway slab with a 3 ft. span, consistent with lfieamspecimen
before the flange edges are connectkd limit is L/10,which isapproximately 3.6 inln both
cases, the adopted 5.5 in. deck thickness satisfies the criteria, so no further deflectionfchecks

the deck in the transverse directare required.
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3.4 DeckedBeam Flexural Design

The deckeebeam system has bedesignedor flexural capacity usinthe PCFUHPC

reportAppendix E The UHPC beam material propertiaadassumptionsised inthis designare

shown inTable3-4.

Table3-4: UHPC Mixture Material Properties

Compressive streng 10
at Transfer . S—
. Concrete tensile stress limit, fti, ksi 0.75
(Initial)
Modulus of elasticity of concrete, Eci, ksi 5,000
Compressive streng 17.4
Firstpeak (first crack) flexural strength, ffc, ksi 1.5
Peak (ultimate) flexural strength, fp, ksi 2
at Service (Final] Ratio of Peak (ultimate) flexural strength, fp, to Firg 133
peak (first crack) flexural strength, ffc '
Concrete tensile stress limit, ft, ksi 0.75
Modulus of elasticity of concrete, Ec, ksi 6,500
Unit Weight, o2c, kcf 0.156
Maxi mum Tensil e Stra 0.005

3.4.1Service Limit State

While the main concern of tHexuredesign is the ultimate flexural capacityress limits

were evaluated fahe UHPC beam at transféo ensurehe UHPC will not crack after releasing

the strandsbeforelongterm creep and shrinkage effettave time to develop. The transfer

stresses were checked at critical sectanbthébeam ends using the UHPRCI report equations,

as shown below:

_Ppi  Ppieti , Mg .
=B PLE 4 0 <075 ksi -
fe= T T T s Eq.4.8.2.1.1-1
Ppi | Ppi€ti M /
fo=-RLy B9 <065f, Eq 4.8.2.1.1-1

Agi Stti Stti
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The top strands were provided to reduce tensile stresses and control cambet-Beartne
specimenthe maximum top stress welsse tazero ksi, well within the allowable tension limit of
0.75 ksi Themaximum bottom compressiatressvas 5. 7 ksi , bel ow t he |
ksi. Thus, both stress limits satisfied the critefiae declked beam design for thtab beam was

designed in a similar way to thdeam, and will not be studied in this thesis in detail

3.4.2Strength Limit State
Thedecked beans designed for flexuwasonecomposite elemenassuming the deck and
beam remain rigidly connected under loadiftexural strength of large precast prestressed
members is primarily governed bywer strands in tension and the top flange in compressiion
our case, theonventional declcts as the top flange after the section is made compdditbe
same timelJHPCfiber tensile capacity below the neutral axis is typically neglesteehcode
minimum prestressing presentThe flexural capacity has been verified usitigge PCFUHPC
report design guidelinethat wereverified throughhand calculationlayeredsectional analysis
using arExcel Sheet, andy a commerciak o f t war e AEri ksson Beamo.
In each case {beam and tub girder), theHPC beam was analyzed usiagstrain
compatibility approach, based on the idealized stetssin relationshipshownin Figure 4.6.34
of the PCIUHPC report, aseproduced belown Figure3-8. The PCHUHPC tensile stregstrain
response is modeled as bilinear, wigiape(modulus of elasticityof 6,500 ksi. The curve reaches
a peak tensile stress of 0.75 ksi, which is sustained up to a strain of 0.005, after which the stress is
assumed to drop to zero. In compression, the $s&am relationship is taken as linear up to 0.85
f Njc, c ogto14.39ks at alstrain of 0.0023 with the satapeof 6,500 ksi. At the ultimate
compressive strain of 0.003, the stress distribution may alternatively be represented by the
conventional Whitney equivalent rectangulérdik used in standard concrete design.
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The strength reduct i was appliecwithotr = O(fdti9ensipre r ACI
controlled sections. Fiber contributions were neglected in all analyses except in the layered
sectional analysis, where the actual sirsgain curve was usedncluding tension effects
Additionally, top strandswere neglected in the hand calculat®ffor simplicity. For the
conventional concrete deck, compatibility was enforced using the Whitney stress block model,
under the fundamental assumption that the ptangors remainsplane This assumption requires

no slip between the deck and the beam, as will be discussed later.

Comp.
Stress (ksi)

0.85 f' |-

Ec

0.005

Ten. | 0.003  Comp.
Strain (in.\in.) | Strain (in.\in.)
' 0.375 £,

Ten.
Stress (ksi)

Figure3-8: UHPC StressStrain Diagram.

To calculate the average stress in the prestressing tegbwer formula shown in Eq.
4.6.24 and Eq. 6.11 of thePCIFUHPC document were used, as reprodubetbw,as well asan

upper limit on the strand strain of 3.5% per ASTM A416

1-Q
fs=Eses|Q + ————=| < fou

()

x|
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The maximum bending moment capacity of the section is obtained by establishing
equilibrium between strand tension and compression in the concrete dedk, saomde casepart
of theUHPC hauncliconnection The compression strain at the extreme fiber (top of the deck) is
l imited to 0.003, with the concrete fWhispresen

assumption puts all of the UHPC section under tension at the nominal flexural section capacity.

£c=0.003 a 0.85fc
‘ ] & :—:-L_[ ‘

dp3=34}
dp2=36}

ldm—ﬂg

The layered sectional analysis followed the same assumptions as the hand calculations,

3 T3
£p2 -
£p1 ——=-T

with the key difference being that the creestion was discretized into 0.25 in. thick rectangular
layers, each assigned the average section width at its locatide,aldu incorporating the effect
of thetop strandsThe exact shape of the divided section, considering all layers used in the layered

sectional analysis, is shownHigure3-9.

-40 -30 -20 -10 0 10 20 30 40

-10

-15

-20

-25

-30

Section Depth (in.)

-35

-40

-45
Section Width (in.)

Figure3-9: Exact Layers used in Layered Section Analysis.
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Additionally, Eriksson Beam, a commercial software commonly used for the design and
analysis of precast concrete elements, was utilized to analyze the composite section. For this study,
the software was adapted to model UHPC beams in place of convemtmtaéteby simply
scaling up the traditional i nputs f.or UHPC (f

The flexural capacity was evaluated for tHeeam specimeat the midspan, where a large
central opening exists and arR thick UHPC connectiowas pr ovi ded bet ween |
flange and the bottom of the deck, resulting in a total section depth ofdlbmidspanThe
analysis considered afé deck width and’ ksideck concrete strengths, as summarizetainle
3-5. The strength reduction factd¥ (was taken as 0.90 in accordance with theBBPC Report
(Table 4.6.31) for prestressed concrete sections with fibers and tensimnolled behavior,
consistent with ACI 3189 requirements for building desigietailed results from hand

calculations, layered sectional analysis, and Eriksson Beam are providigpendix D

Table3-5: I-shaped Section Decked Be&texural Capacity

ReducedN o mi n a | FIl exur adt) Capacity]
Hand Calculation Layered Section Eriksson Beam
4,591.4 4,660 4,686

All analyses confirmed that the decked beam section exhibits a texmitolled failure
mode, with concrete crushing after large deflections and bottom fiber strains reaching
approximately 0.02, about 10 times the tensiontrol limit. In every case, #reducedhominal
moment capacity exceeded the applied ultimate moment of Kij23t by at least 8%, evemhen
consideringa 7 ksi deckand neglecting contributions diber in the UHPC beanor the
contributions othetop strang. The haunch thicknesg midsparusedin designcalculatiors was

consideredas2 in. only, which is the minimum selected for initial prototype specimens.

60



The same calculations were applied tottite girderspecimerto design the final section
and then to check the capacity of that section after casting using -theaasred material
properties (which exceeded the design valuBsg originaltub girderdesign provided seduced

nominal flexural capacity of 4,920 kip.
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3.5 Vertical Shear Design

In UHPC flexural members, vertical shear capacity is a key design consideration. The
mat erial 6s dense matrix, high c¢ompgstrengtlssteele st r
fibers provide both tensile resistance and ductility, resulting in higlarsstrengthThe high
performance material combingdth prestressingfteneliminates the need fonild steelstirrups,
which simplifiesfabrication, reduesquality control demands, and allewarrower webs for more
efficient precast, prestressed segt.

Both UHPC beara were designet conform to the PEUHPC designationimplementing
the recommendati@in the PCFUHPCreportAppendix Efor vertical shegrfollowing B-Region
design These guidelines allow the elimination of traditional shear reinforcement, diswete
mild steelbars have been shown in some UHPC tests to obstruct fibercfieaing weak planes.
Eliminating stirrups not only simplifies fabricatiobut also enablea reduced web thickness
(cover over bars not whilastilliachievihg adéquate lshear bapacity. d o n
For example, thé-beam sectiomsed a 4n. thick web, while theub beansection requiredwo
3-in. thick webs.

Modified Compression Field TheorfMCFT) remainsa recognizednethod worldwide for
analyzing and designing oteay shear irprestressedoncrete membersThismechanicshased
approachaccounts fothe effecs of prestressing on the shear capacBhear strength design for
the UHPC membersn shear followsPCFUHPC recommendati@to adaptthe methodsof the
AASHTO Bridge Design Specifications (AASHTO). The general AASHTO procedure, based on
MCFT, has gained broad acceptance and is recommended for UHIP@&addition of a fiber

contribution term. This term follows the same format asctassicstirrup contributiorterm, but
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replacesiAv-fy o with fbv-dv-frro, wherefifrro is taken as 0.75 ksi for UHPC that metbisPCH-
UHPC material classificatiomequirements.

The vertical shear capacity of the tested specimens was evaluated using both-the PCI
UHPC approach and tlseparaté-ederal Highway AdministratioStructural Design with UHPC
guide documentFHWA-HRT-23-077). In UHPC members, shear resistance is primarily provided
by the steel fibers, with additional contribution in some cases from the vertical component of
prestressing strand#s strands were not harped in the members considered by this research, there
was no vertical component of prestressing in thensedesigned for this thesis.

According to PCIUHPC, the nominal shear capacity is determined using Equa8dh 7.
1. In contrast, FHWA specifies that the capacity be taken as the lesser of Equationsllai®.3
1.7.3.32. The second equation (1.7.2Bensures that crushing of the web concrete does not occur
before yielding of stirrups. This check is omittedPi@-UHPC since stirrups are niypically used

in UHPC shear design.

PCFUHPC:
Vo= Ve +V, +V, Eq.7.3.2-1
FHWA:
Vo= Vurpc+ Ve + ¥, (1.7.3.3-1)
Va=0.25f2bvdv+ Vp (1.7.3.39)

As noted earlier, the primary distinction between the standard AASHTO prodedure
shear desigand UHPCspecific methods lies in the additional shear contribution provided by

the fibers. This modification accounts for the enhanced tensile capacity anddapkg
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behavios inherent to th&HPC material Fiber contribution is incorporated explicitly in the
relevantshear design equations, as summarized below for each design approach:

PCILUHPC:

Ver = febydy,cot (6) Eq.7.3.2-2
FHWA:
Vurpe = Yufsioe by dy cot 0 (1.7.3.3-3)

One of the key differences between the two approaches lies in how the effective shear depth
(dv) is defined for composite sectioflseams with fielecast decks)in the PCIUHPC method,
the effective depth is taken as the distance between the resultant compression and tension forces
that generate flexural equilibrium. In contrast, the FHWA approach defines the effective depth as
the distance from the top of theHPC section to the centroid of the prestressing strands, as

illustrated inFigure3-10.

P : — - _lg T ¢ T Conventional Concrete lc C
Neutral
axis

d, d d,

() (b)

Figure3-10: Definition of Effective Depthfor Shear Calculation&) PCHUHPC (b) FHWA.

Additional differences between the two methods include the treatment of the fiber
contribution term, the diagonal compression s
as localized tensile strengthif). In some caseshe FHWA method requires an iterative solution
to converge on accur at evheweBableA221 fiomr AHHHEHRWA N f i
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07 7 olabeB1.21 i n AAASHTO Guide SpecificatHigaons f o

Performance Concrete I Edi t i on, March 20240 c,simplifieé used

approacksto avoid detailedterations In contrastPCFUHPC uses conservative assumptions that
enable a direct, neiterative calculation. For this study, ROHPC was adopted as the reference
method for shear capacity checks, with FH\8&culationresults used fdiurtherverification.
Prestressing affects vertical shear capacity in two whnes main is the clamping force
(Apfpo) and the second is the contribution in resisting the shear by the inclination of the
prestressing strands {V These effects arshown clearly in the following equations when
calculating the longitudinal straingf andthe crack angled) that affect the fiber contribution ¢y

in the previous equation.

0=29+3500¢, Eq.E.7.3.3-1
My
S 40.5Ny + |V —Vp |-Apsh

€s - ( v P Tl i) = 0.0 and not to be taken > 0.006 Eq.E.7.3.3-2

EgAg+EpAps

Myl 0.5n +|Vu—Vp |-Apsf

e =L@ Ml o) o6 ond ot to be taken <-0.0004  Eq.E733-3

EsAs+EpAps+EcAct

The tensiortie resistance model, shown kigure 3-11, is applied near the supports. It
accounts for strand transfer and development lengths and uses the appropriate strand stress values.
The governing equations are giviarthe next page

PCLUHPC:

IMy| . 0.5Ny Vi
AS y Apsf;)s —_— dv f , (l v | 0-5 S | p |) COt 9 Eq- E- -3- 1
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Ny

Ve
VuT_ 0.5 dycot® N 0.5 dycot®
|

Figure3-11. Freebody Diagram for the Resistance Model for Conventional Concrete

(AASHTO LRFD 2020, Figure C5.7.35)

Using the PGIUHPC procedures, the vertical shear capacity of theamspecimen was
evaluated at two locations. The first critical section is located at a distance equal to the shear
effective depth #Advo from the suppooftoad The
application. It is noted that no stirrups were provided at any location along the dyazapt for
one #7 bar on each side of the opening and one #7 bar at each end for.Burstagplied ultimate
shear force, ultimate bending moment, and corresponding shear capacity at each section are

summarized irmable3-6.

Table3-6: Vertical Shear Demamsénd Capaciés for the Decked-Beam Section

Loading Condition Near Ends | Near Point Loads
Factored Shear, Vu (kips) 175 94
Factored Moment, Mu () 520 4,100
Nomi nal Shear Capa 195 140
Demand to Capacity R 0.90 0.67
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The calculationsindicate that the section capacity exceeds the applied shear force by at
least 10%. Since thebeam and tub girder UHPC sectiosisare the same full section depth,
number and location of prestressing strands, and UHPC maspeaifications the shear
verification performed for theshapedeam can be extended to té girder As the tub girder
has a larger total web thickness (6 in.) compared to the 4 inhwegbessof thel-shaped sectign
both beams were designed for the same loading condiamaspoth beams have similar self
weights we can confidently assume the shear capacity of the tub section is adegetiéed D
vertical shear analysigas completed, but i#ot presented for the tub girder ths tub beam girder

specimemwill not beexperimentallytested as part of this thesis

3.6 Shear Interface Design

The shear interfadeetween beam and deck is a critical aspect of the decked beam system.
This interfacevas designed in accordance with the recommendations outlined in Section E.7.4 of
the PCHUHPC report Appendix D Flutesin the top flanges of the UHPC beams were selected
because the mechanical interlock they prowaéveen the UHPC beam and the cast UHPC
connectionis more significant than the cohesion developédhe same interfac&uidelines
recommend a minimum flute depth of %2 in. and a minimum flute length of 1.5 times the depth.
For both specimens, flutes with a depth, h, of %2 in. and a minimum length of 5 in. were used. The
PCFUHPC report also recommends that the maximum flute length be the lesser of 10 times the
depth, h, or 6 in., and that the flute edge mam&constant projection of h/2.

In practice, thd-beamspecimen used a maximum flute length of 6.5 in. (equivalent to 13
times the depth), while titab beanspecimen used a maximum flute length of 6 in. (12 times the
depth). In both cases, the projection was takdim@sather tharfih/20. These deviations from the

PCIFUHPC recommendations, which are consistent with French guidelines, were made
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intentionally for research purposes. The flute dimensions for both specimens are skayunen

3-12
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Figure3-12: Flutes Dimension (dybeam Specimeand(b) Tub Girder Specimen

The shear interface capacity equatwas originally developed for connections between
conventional concrete (CC) and normal concri¢tis. also applicable to connections between CC
and UHPC, since the interface strength is gov
equation(5.7.4.33), which is thesame equatiothat wagresented in the P@IHPC report as Eq.
E.7.4.33,is considered conservative and has been widely used and accepted by designers for many
years.The PCIUHPC equation belowccouns for the contribution of the weaker concrete, the
size of the connection, the amount of shear interface reinforcement, and any compression force

acting perpendicular to the shear plane. The governing design equation is as follows:

Where W shall be limited to the following:
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Vi <Ky f'c Aey Eq.E.7.4.3-4

Vi < Ky Aey Eq.E.7.4.3-5

For thel-shaped specimerthe top width of the UHPC section.ilbis 28 in., andhe
specimen haa minimum effective depth of 34.75 in. According to Table Bd the PCIUHPC
report, for UHPC placed against a UHPC fluted surface, the cohesion factor (c) is 0.5 and the
friction f act ehmaped stifrupsiwere drovided in €astodedd ldotkspaced at
24 in. on center.

Based on these parameters, the calculated nominal shear interface capdgcisy 420
kips/ft (168kips/ftfrom cohesion and Sdps/ft from reinforcement)while the maximum ultimate
applied shear demand, accounting for the effective depth and strength reduction {aatois V
82 kips/ft. Therefore, the available interface shear capacity exceeds the demand by more than a
factor of three, satisfying P@JHPC recommendations.

For thetub girderspecimenthe deck of the tub beam was designed in a similar way to the
I-beam, but using smaller pocketShis design will not be presented in detail in this thesis as the
tub girder will not be tested as part of tthesis

The deck blockouts the Fbeamwere designed with inclined bearing surfaces to form a
tight, interlocking key that ensures full composite connection under loading conditions, as
illustrated inFigure 3-13. The design approachssumedull composite action for the decked
beam specimenTo enhance confinement, the slab edges surrounding the blockouts were
reinforced in both directions. The maximum applied ultimate shear forcesvées78.6kips.
Considering an average blockout perimeter of 7 ft and a deck concrete compressive strength of 10

ksi, the average nominal bearing strengtthout considering any reinforcemengs calculated
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as %ow€227kips. This value was obtained in accordance with Section 5.5.1 of the PCI Design

Handbook, 8th Edition, using the following equation:

¢V,= $C.(0.85 11‘4)\/%@.1@'4 (Eq. 5-61)
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CAST IN THE PRECAST PLANT CONCRETE PRECAST SLAB
\
S W R
U -
L
N m
=
=
O
T
=
=
UHPC BEAM . bl
— o @
- <
| =
o~

Figure3-13: Interface Shear Deck Bearing Surface.
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3.7 Detailing Design
Details of the decked beam specimens, such as lifting, handling, and end region bursting

are covered in the following sections.

3.7.1Lifting and Handling of the Deck

One of the main concerns with usingprecast conventionallyeinforced concrete deck
instead of a prestresspdecasdeckor wet cast declwas handling the 7@-long slender precast
slabduring assembly. Concerns were magnified bylahgeblockoutopenings distributed along
the slablength. Several optiorfer handlingwere evaluated, and the selected scheme underwent
detailed analysis to confirthe rigging plans wereontrollable and feasible. The adopted method

uses two spreader beams withsliultaneoudifting points, as shown ifigure3-14.

ETT IEXXXEX] - IXXEXT! EXT)
¥ llfa‘_f.- *\%,_ 58 -_;;If 5-_05\\ e lﬂ ==t
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5'=0" 9'=10" l 43 9'=10" 12'=2" 9'-10" { 4-3 l 9'-10" 50"

Figure3-14: Lifting the Precast Concrete Deck
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The key concepodf the deck rigging plawas to maintaitifting cablesas equal in length
as possible to minimize tensile stresses in the deck. An equivalent static multiplier was applied to
the lifting forces toaccount for stripping and dynamic effects, as specifiethePCl Design
Handbook, 8th Edition, Table 8.3.1. A factor of 1.4 was @iselifting calculations corresponding
to the condition ofa flat deck with false joints or reveals, cast on a smooth formanighease
agent.

The precastdeck was analyzetbr handlingin SAP2000 using both frame and shell
element models fahe 6-ft-wide sectiorplanned A concrete strength of 7 ksi was assumed for
thelifting analysis. All critical locations along the deck, particulatythe edges of thepenings,
were evaluated and confirmed to remain within allowable stress limits.

Flexural tensile stresses were limited to the modulus of rupfuhe concretelivided by
a safety factor of 1.5, in accordance with Ed. & the PCI Design Handbook, 8th Edition. Using
this criterion, the allowable stress was approximately 350 psi, while the maximum calculated
stress, occurring near an openingombination with thé..4 dynamic load multiplier, was about
280 psi As such, handling stresses remainetl below the allowabléensile stresBmit.

Shealoadsbetween openings and along the deekeevaluated in accordance with ACI
31814, Section 22.5.5.1. The analysis indicatedducedch o mi n a | shear capacit)
kips, compared to a maximum applied shear force (Vu) of 2.7, kigtuding the dynamic
multiplier. This result provides a safe margiagainst shear failuref more than five times,
confirming that no shear reinforcemevesrequired at any locatioin the deck

The above calculations represent the results fol-tiamspecimen The deck lifting

design was also checked ftub girder in a similar fashion. In addition, the tub girder was
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ultimately produced with aet-cast decldue to production constraintsliminating the need for

deck liftingandhandlingfor this specimen.

3.7.2UHPCBeam Lifting

The lifting design of the beam conservatively implementednventional concrete
recommendations in the PCI Precast and Prestressed Concrete Handbook (8th Edition, section
8.3.5.2). Triple 0.5 indiameter strantifting loops, standard for bridge girders, were usepairs
at each end adach specimen. Each decked beam wezigipproximately 70 kipsvhen assembled
with its deck. Each lifter haa rated capacity of 10 kips per loath a multiplier of 2.2 for triple
loops giving each pair of lifters 4Kips of capacity (one pair at each end of each be&topks
and shacklewere usedo attach to the strand lifters in the plant and in the laboraamglifting
loopswere kept free of contaminardadrust.

Since UHPC is selfonsolidating, the pulbut capacity of vertically insertedet-setloops
can bereduced by air bubbles around the strand. To account for this, two triple loops were placed
at each endf the form prior to castingvith a total capacity of 88 kips, about 25% above the beam
weight.

The minimumrequiredembedment length petrandloop leg is 24 in., but the UHPC
beamsdncludedover 30 inembeddegdincluding at least 24 in. in the beam plus 5.5nnhe deck
connection. This conservative design mettts PCl 8th Edition recommendations without
countingon the portion of the lifter embedded withire connection thickness.

Initial desigrs positioned lifting loops at least 10 ft. froeach end of the beans avoid
influencing futureshear test zones. For thbeam specimetgpops were moved closer to the edges
due to handling constrainta the plant (large forklifts lifting from the ends had limited fork

lengths) Thus, thefirst loop locationat a given end¢hangedo 2 ft. from the end of beam, with
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the second loop at each end locateftl from each beam end. For thab girderspecimen, each
end has ongiple strand loogper stemall loopslocated 10 ft. from the beam ends.

Lifting calculationdor both beams, including inclined cable scenamgesedesigned and
veri fied usi ng t he AGirder Stability Anal y.
Precast/Prestressed Concrete Institute, which evaluates stability for typical transport and erection
conditions of bridge girder&igure3-15 shows a safe lifting design for lifting using vertical and

inclined cables.

Lifting with Vertical Cables

fc - F-’eff ycg!s.mid ei:ttxtal caf“ber a IM Fscr ES' fb.e? ft.et-|
ksi | kips in in in ft % ksi ksi
Lifting from Bed 9.00 | 1332 | 7.29 | 1.20 | 2.60 |{11.00| 0% |1765 1765 5383 0.282

Lifting in Field 9.00 | 1332 | 7.29 | 1.20 | 2.60 [11.00| 0% |17.65 17.65| 5.382 0.282

Stage

Lifting with Inclined Cables

fc . P-eﬁ ycgfs.mid ei:total cat"ber a IM Fscr FS' fb.et] ft.et-q
ksi | kips in in in ft % ksi ksi
Lifting from Bed 9.00 | 1332 | 7.29 | 1.20 | 2.60 | 11.00 0% |18.32 18.32| 5.371 0.328

Lifting in Field 9.00 | 1332 | 7.29 | 1.20 | 2.60 | 11.00| 0% |18.32| 18.32| 5.370 0.328

Figure3-15: UHPC Beam Lifting with Vertical and Inclined Cables Using Bpteadsheet

3.7.3UHPC BeanEtnd Region Design

1) Bursting Reinforcemen(Splitting Resistance)

End region cracking in theeb is a common concern in highly pretensioned concrete
members with large bottom flanges, high prestressing, and thin Weis, bursting forces were
a consideration for the test specimens, and they keersted following PCUHPC Appendix D
Section E.9.3.3.1by placing vertical reinforcement near the beam ends. In precast UHPC
members, steel fibers contribute significantly to resisting end crackmagnay be supplemented
with the vertical bars. PAUHPC recommends a maximum bursting reinforcement stress of 20

ksi, presumably to limit potential crack widthEhis stress is assumed uniformly distributed over
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a length of h/4rom the beam endrlhe burstingforce, R, is calculated using the PCIHPC

prescribed equatiod.9.3.3.11:

0.021h
t

P. = the lesser of E_Ppo and 0.04 P,, Eq.E.9.3.3.1-1

|
|
|
|
!
i h
i
|
|
|
I

- h/4 -

B D (bw) ~Jm

-~ h/8
fs= 20 ksi :

Figure3-16: Concrete and Steel Stresses Assumed to Resist Bursting.Forces

In PCFUHPC, the strand transfer lengihb is taken as 20 strand diameters. The bursting
force must be resisted jointly by the vertical reinforcement and the steel fibers, as illustrated in
Figure3-16. This interaction is represented by the following equation:

P. < f,As + 0.125f,..hb, Eq.E.9.3.3.1-2

For the specimenghe bursting forcavas limited to 4% of the initial prestress force
immediatelyafter release, g2 given P = 59.2 kips The required steel arda resist this force
corresponds to 4 #7 bafGrade 60) providing a bursting resistance of 60.75 kips. For research
purposes, however, a single #7 bar was used, assuming an allowable steel stress of 60 ksi instead

of 20 ksi and a proportional reduction of the Bgdimit.
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For theUHPC Fbeam, a single #7 bar was used at eacivwnilé for thetub beamtwo #7
bars were used at eaehd (one peweb) within the end diaphragm to accommodate the larger
section width and the distance between webs. This configunaisrjudged suitable to control
bursting forces adequatelgspeciallyfor research purposes.

2) ConfinemenReinforcement

Although the fibers in PGQUHPC enhance tensile strength and ductility, allowing for
potential elimination of confinement reinforcement, the current AASHTO provisions remain
reasonable and cestfective. Therefore, these provisions are recommended fofUPIRIC
products. Specifically, within 16, wher e Ado i s the distance fro
to the prestressing strands centroithm the beam ends, confinement reinforcement for
prestressing steel in the bottom flange should consist of Nars3spaced no more than 6 in. and
enclosing the strands.

For the UHPC Fbeam, the effective depth "d" is 30 in., requiritige confinement
reinforcement in the bottom flange to extend abouti® fin. from each beam en&or research
purposes, thigengthwas limited to "d", which is 2 fit6 in. In thetub girder "d" is 31 in., and
confinement reinforcement was extended approximately 3 iih. at each end, falling between
"d" and 1.5"d", since four strands in the third lajiem the bottomwere not enclosed by the

confinement reinforcement.
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3.8 The ProposedUHPC I-Beamvs. a Conventional Precast Section

The adopted UHPCd-beam section wasntentionally designed with conservative
parameters to validate theystem'sfeasibility throughout the design, fabrication, and testing
stages. This approach ensured reliable performance and constructability during initial evaluation.
However, significant potential exists for further optimization by developing less conservative
UHPC crosssections in future iterationdlonetheless, direct comparison between the UHPC
section and aonventional concrete sectios essenal to demonstrate the advantages of the
proposed UHPC systerf\s such, a conventional prestressed concrete section was designed, only
for the sake of comparison.

Developing a conventiong@lrestressedoncretesectionthat closelymatches theapacity
of the proposedJHPC section requideseveral major modification® thegeometryto achieve
comparable loadarrying capacity. First, the web thicknessthe conventional section was
increased from 4 in. to 6 in. to accommodatetransverse reinforcement (stirrups) necessary for
shear strength. Second, the conventional concrete bemmassumed tatilize highstrength
conventional concretavith a 28day compressive strength of 8.5 ksi and a release strength of 6
ksi, representing practicapperlimitsfor high quality conventionatoncrete.

Starting with the strand pattern used in the UHR€kdtion, and @ satisfy stress
requirementsdue to flexureat transfer service,and ultimate four prestressing strandd the
bottom of the section had to be shiftedhe top, increasing thrmimber otop strandfrom 4 to 8
in the conventional sectiorAdditionally, four more strandsin the bottom flange had to be
debondedat each endver a 15 ft lengthto control tensionstressin the top flange of the

conventional concretgsectionat release Theseadjustments produce a conventional concrete
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sectionof similar geometrybut with a wider webdhat operates near its service and ultimate limit
states.

In contrast, theselectedJHPCI-beamsection can be further optimized to a configuration
6 in. shallower than theonservativelyselecteddesign by asimplemodificationto strand pattern
T removingtwo strands from the top layer. Tlikange would resuiih a total of 32 strands the
optimized sectioniistead of 34n the tested sectionyhile maintaining adequate strength under
both service and factored load conditions.

The commercial analysis software Eriksson Beam was utilized to perform a rapid
comparison betweemn optimizecconventional concrete section and the optimized UHPC section
(both of which weredesigned to carry the assumed podium loads in the example building
considered in this researciyoth modelsconsiderfull 12 ft. width decksto accurately evaluate
the behavior of the complete structural systemtandentify the most efficient configuration. The
finalized geometries of the two sections are present&dgure 3-17, while a summary of their

key structural properties is providedTiable3-7.
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Table3-7: Comparison of an Optimized Conventional Section vs. an Optimized UHPC Section.

Optimized Conventional

Optimized Ultra High -

Parameter Concrete Section Performance Section
(RO (UHPC)
Web Thickness 60 4 0
Opening Depth 120 100 (Max. du
CrossSectional Area 1277 in2 1068 in2
Total Weight 90 kips 78 kips
BeamOnly Moment of Inertia 69,183 irt 40,586 irt
With DeckMoment of Inertia 234,745 i 146,536 ifi
Top: 8 @ 0. 6 Top: 2 @
@ 0.60 (4 de Bottom: 30
24"
T e
Strands S _
Il ni tial Concr 6 ksi 10 ksi
Initial Modulus, Eci 4,463ksi 5,000 ksi
Concrete S 8.5ksi 17.4ksi
Modulus of Elasticity, Ec 5,312ksi 6,500 ksi
Web Stirrups 1#5 |l eg @ None Used
Bursting Reinforcement 2#7 1#7

The desigrcapacitieof the decked beasralong with thepredictedcamber, deflection and stress
resultsareshown inTable3-8. The results show that a conventional prestressed concrete beam
could be used with the composite decked beam system, but that beam will be deeper and heavier

than a comparable UHPC section.
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Table3-8: Analysis & Design ResultsConventional Section vs. UHPC Section.

Design Stage OptimizedRC OptimizedUHPC
Flexure Reduced 4,531 kit 4.198 kit
Moment Cap:
Factored Stirrups 1#5 |l eg @ Not used
Stage Shear Interface #5 Fully embedded closed 2#5 legs Short
(for roughened surface stirrups @ embed me‘ nt
@ 120 o
Bursting Reinforcemen; 2#7 legs 1#7 leg
Initial Stresses 3.58 (C) 5.32 (C)
Service Final Stresses 1.06 ksi (T) 1.365 ksi (T)
Stage Deflection 3.230 4. 320
Camber (before deck) 1.010 2.640
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4 Fabrication of Two Beams

4.1 Overview

The primary objective of theomposite UHPQlecked beamsystemis to create aobust
precast structuraystem that can be installed long spans with flat surfacesjnimal labor and
limited castin-place work. Tayain acceptance of the composiezked bearaystemit is essential
to outlineand documenthe precastabrication procesthat was developefbr these long, heavy
specimens. Eadbf the two beam sectionsljeam and tubf)as unique requirements that must be
addressed, considering the precast produceros
resources.

The kshaped beams were produced®gge Brothersn Sioux Falls, SQising a three
stage precasting proces&/ith this approachthe UHPC beam and the precast deeke cast
separately, then joined compositely by placingptexasteck on top of therecast UHPMeam
and casting a UHPC connectiombake the pieces composite while encapsuldhiegamber and
allowinga flatdeck In contrast, théub girder beam produced BatePrecast of Jacksonville, FL
ended up followinga two-stage processThe preast deck originally designed for the tub girder
was changed during production to a wet cast deck due to production condiesttshe UHPC
tub beam is caststripped and placed on a flat surface with blocking along the span to prevent
downward deflectionThen, deck formwork is placedoundthe previously cast UHPC beasg
that awet cast conventional concrateck may be cast directly on to the top flange. The thickness
of this deck is variable (thicker at the ends than the middlaf¢commodad the beamcamber
while producing a flat top surfac&lutes were formedtthe top

The two specimes useal different type of formwork to castthe UHPC beams and

conventional deckas will be shown in detail in the following sectioRerthel-shapedeam, the
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UHPC beanwascast by modifying the web thickness of an existing MinneB@a I-beamsteel
form. Rigidinsulationand plywood were applied to the inner surfaces of the formwork to reduce
the web thickness of the available formwork, creating a shape that matched the desired UHPC |
beam. The steel form was part of an outdoor stressing sgstentemperatureontrolled steel
casting bed. Therecasttonventionakoncretedeckused with the-beam was constructed from
formwork consigng of asteel bed wittwooden edge formand rigid foam blockouts.

The UHPC tub girder formwork was creatéom large blocks of rigid polystyrenfieam
that were cut to shape byGomputer Numerical Control (CNC) machitecreate the sides and
tub of the desired section. The blocks of foam were fixed in place and hvabddmberand
steel against steel side forms. Wooden bulkheads closed the ends of the Shsterdinary
concretaleckended up beinget-castdirectly onthetopflangeof the UHPC beam, with plywood

forming the edges and ends

4.2 Fabrication of the |-shapedDecked Beam

The Fshaped decked beam was produced in early 2025 in Sioux Falls, SD at the production
facility of Gage Brothers Precasthe UHPC beam was cast on January 29, 2DR8.to plant
schedulingthe deck was cast nearly one month later on February 26, 2025. One day after deck
casting, the precast deck was lifted and positioned on top of the beam in preparatiobfti? e

connection pour, which was completed on February 28, 2025.

4.2.1Details of UHPO-Beam Formwork
After extensive meetings, coordination, and design verification, the final detailed drawings
of the decked beam were completas provided in Appendix A The final decked beam

configuration is illustrated ifigure4-1, with the beandesignedo utilize modified Minnesota-I
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beamformwork. The precasleck consists of a 5.5 ithick precast normalveight concrete slab
incorporatingo pe ni ngs d o wucket® tithat weresubgegulently fified with UHPC to
establish a composite connectiogtween thébeamand the deck. Flutes in the top surface of the

UHPC beam facilitate interface shear with the poured UHPC connection

=
e
==
b

Figure4-1: Gage Brothers Decked Bednfrinal Design.

The Minnesota {beamformwork was modified by reducinthe beam web and top flange
thickness, both adjusted to 4 in. instead of the original ,6aimd thinning the web to 4 ias
illustrated inFigure4-2 (a) and observed in the site conditions showFRigure4-2 (b). Shop

ticketsfor the beam and deck are providedAppendix A
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MINNESOTA I-BEAM

MODIFIED MINNESOTA |-BEAM

(@) (b)

Figure4-2: I-Beam Formwork Sectio(a) As designedb) on Site.

4.2.2Fabrication of th&JHPCI-BeamSection

Preparation of théeam formworkbeganon the 28 of January 2025, one day before
casting.Prior tothat, a detailed bill of materials has been shared with the production team to
prepare the required items and the UHPC mix volume, including all testing specimens and all

expected losses. The bill of materials is found in detajppendix C

4.2.3Beam Formwork Preparation

Each component of the beam was carefully inspected, measured, and documented. The
prestressedJHPC beam incorporates several embedded reinforcement elements, including
prestressing strands, vertical reinforcement bars, confinement stirrups, ferrules, interface stirrups,
and lifting loops.

The first step in fabrication involved thoroughly preparing and cleaning the casting bed,

followed by the application of a foam release agent to both the casting bed and the steel form.
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Wooden bulkheads, accurately representing the beam section and dimensions, were then installed
at each beam end above the casting bed. Subsequently, all prestressing strands were positioned
according to the designated locations, ensuring proper alignnitarihe/section and strand layout

as specified in the shop drawings. The designed section and the correspoading the

production bedre illustrated ifFigure4-3 (a) and (b)respectively.

*
*
*
x

T R
(a) (b)

Figure4-3: UHPC I Beam Section with Strands (@) the Shop Ticket (bpn the Site.

The bottom flange confinement reinforcememasinstalled around the prestressing strands
at each endas shown ifrigure4-4. Closed stirrups were used in place of the twghdped stirrups
originally proposed in the shop tickets. This modification does not affect the structural
performance, and the use of closed stirrups is considered preferable. A total of six closed stirrups
were placed at each end of the beam, spaced 6 in. apart and starting 3 in. from the beam ends. After
tensioning, the bottom flange stirrups were secured to the strands at the specified locations along

the casting bed.

86



CONFINEMENT REINFORCEMENT

SCALE: 1/2" = 1'-0"

(a) (b)
Figure4-4: UHPC FBeamBottom Flange Confinement Reinforcement (a) Propos&ihépe in

the Shop Tickets (b) Closed Stirrugsedon Site.

The thirty bottom strands and four top strands of the beam were positioned and anchored
to steel abutments at eaehdof the casting bed, with one end designated as the live end and the

other as the dead end, as illustrateHigure4-5.
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() (c)

Figure4-5: UHPC FBeamPrestressing Bed (a) Dead End (b) Live End Top Strands (c) Live End

Bottom Strands.

The bed length exceeds 200 ft. with abutments positioned at each end. The beam was
formed and cast near the dead end, as shoWwigure4-6. Due to the considerable length of both
the stressing bed and the beany sagging of the strarmbuld potentially affect the precise
positioning of the strands, particularly the bottom strands, which serve as the primary prestressing
elements. To address this, chairs were employed to support the strands in their designated

positions, as illustrateah Figure4-7.
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The bursting reinforcement consiststafo #7 bars, with one placed at each @fdhe
beam. In addition, a single #7 bar was place@ach side of thenidspanopening. These bars
were prepared and positioned as showrigure 4-8. The primary function of the bursting
reinforcement is to resist the localized tensile stresses that develop in the end zones of prestressed
members due to anchorage forcésdgeof-opening reinforcement was not strictly required by
design, but was included to reinforce against any tendency for the opening to trigger longitudinal

or inclined cracking in the web.

#7
10"

p—

(a) (b) (©)
Figure4-8: UHPC FBeamBurstingand WebReinforcement (adn Shop Ticket (bat Site

before Installing (cht Site after Installing.

The shear interface reinforcement comprises a total of 68 stprajesting out of the top
flange of the beam. Of thes@8 stirrupshad an overalheight of 9 in. and 40 stirrugsad an
overallheight of 8 in.with all fabricated from #5 bars and spaced at 12incenterThe variation
in height was specified to accommodate é¢hxpectedeffects of beam cambemwith the UHPC
connection between beam and deck being thicker at the ends by the amount of camber. Longer

interface bars near the ends and samat shorter near the midspan ensa@eluate covesver
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the bar endat midsparwhile ensuring bars adequatesnbedeédwithin the deck blockouts near
the beam ends. These interface shear stirrups, illustrateédure 4-9, were provided to ensure
shear transfer across the interface between the UHPC beam and the precast deck, thereby ensuring
composite action. Bars were entirely embedded in UHPC (hooks in the beam, legs in the
connection), so development lengths were very short compared to those typical for standard
concrete.

During the early stages of productiahwas observedh the plantthat theplacement of
lifting loops specified in the drawings might be insufficient, particularly whensidering the
typical length ofbent metal conduit used over the strands by the.plandddress this, the lifting
loops were raised by 2 in., increasing their height from 18 in. to 2fvér.the top of the beam,
with this relatively tall height included to accommodate the future thickness of the deck and UHPC
connection. Thughe woerall distance from the bottom of the beam to the top of the lifting loop
increased from 52 in. to 54 in., as illustratefFigure4-10. Care was taken to ensure that the total
embedment length of the lifting loops exceeded 24 in. for the UHPC beam, thereby satisfying the
minimum PCI requirements for normal concrete using triple ¥ in. lifting lobps.noted that
casting the UHPC connectidarther embeds the lifting loop in UHPC, but this additional length

was not counted towards the minimum requzddn. embedment
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Figure4-9: UHPC FBeamShear Interface Stirrups (a)time Shop Ticket (bhat theSite.
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Figure4-10: UHPC FBeamlLifting Loops Dimensiorabovethe Top of Beam (A) 18 in.
Specified(B) 20 in.Installed

In addition, the lifting loops were modified the plantfrom a straight configuration to a
90-degree hookasshown inFigure4-11. This modificationhelped to keeghetails of the hooks
away fromregionsof the weblikely to develop diagonal cracks the planned end region shear
tests. While avoiding unintended welbeinforcementin the shear test was a secondary
consideration compareglith safe handling, the adjustmentlifting hook tailsensured that both

requirements were adequately satisfied.
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TRIPLE 1/2" DIA STRAND
W/ PIPE SLEEVE

(©)

Figure4-11: UHPC FBeamlLifting Loops (a) in Shop Ticket (lin Site Before Installing (cdpn

Site After Installing.

The web opening at thenidspan was prefabricated frongid foam, with dimensions
verified, as shown ifrigure4-12. It was then moved to the casting bed, positioned in the correct

location, and securely tied down, as illustrate8igure4-13.
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Figure4-12: UHPC FBeamMidspan Blockout Preparation and Dimension Check.
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Figure4-13: UHPC IBeaminstalled Midspan Blockout.

Sideform placement began with the first piece of the steel nleédplacement ofvhich
was carefully checked multiple timegainsta wellestablished base point to ensure accuracy
before proceedintp installthe remaining piecesf side formalong the beam length, as shown in

Figure4-14.

Figure4-14. UHPC FBeamSteelSideForns.
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During installation of the steel mold, the midsmgeeningblockout was tightlysqueezed
into placebetween the side formpreventing movemeyand thereby resisting any potential lateral
or uplift forces during casting. Themrangemenénsured that the exact location of the opening

was maintained, as illustratedfigure4-15.

Figure4-15. UHPC FBeamMidspan Blockout After Installing Ste8ideForms.

To further secure the assembly, e forms weréightened into position using both top
and bottom ties, while theintsbetween the steel casting bed and the stdelforms wersealed.
All voids and gaps were filled with silicone, and small polystyrene inserts were placed behind the
strands at the bulkheads. These sealing techniques, shdwgune4-16, were implemented to

prevent leakage or displacement during casting ofiémse highly flowable UHPC mix.
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