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Chapter 1: Introduction

1.1 Motivation

With the U.S. facing extensive bridge replacements in the near {&&&HTO 2008),
ultra-high performance concrete (UHPC) could be a new solution to reduce maintenance and
extend the life of future bridges. The American Association of State Highway and
Transportation Officials (AASHTO) hadentifiedthe number one problem in U.S. bridges to be
age and deterioratigld ASHTO 2008) The reason for this problem is that the majority of U.S.
bridges are over 40 years old, with an expected lifnbf 50 yeas. As transportation officials
movetowarda time of mass bridge replacement and extensive bridge repairs, they look to the
future for solutions that can provide longer lasting bridgessearcinas been considered an
important solution to improving thaurrent status of U.S. bridgeSASHTO 2008)

Specifically, research to provide longer lasting bridges has been identified as an essential
component to restoring the nationds bridges.
UHPC, this material codlbe the answer.

Ultra-high performance concreig arelativelynew and innovative concrete that exhibits
superior strength and durability properties as compared to conventional c¢Gcestieeal
2006a; Perry 2005)Because of these properties, UHPC has the potential to significantly reduce
maintenance costs throughout the life of a structure and ultimately extend the lifespan. The
durability properties of UHPC indicate that it can withstand harsh environments gnitakin
suitable for bridge applications. Because the initial cost of UHRGnisiderabljhigher than
conventional concret.i 2003), structural members must be optimized based ohitje
strength of the material in order to use the least amount of algiessible. Compared to the
potential for high initial costs, the overall benefit of using UHPC canubatifiedwhen the
entire life ofastructure is considered.

UHPC has been used in several countries including the United States for the constructio
of pedestrian bridges, roadway bridges, roof structures, and(badeege2013. The aesthetic
possibilities of UHPC are displayed by these unique desigosinstance, the Foaildge of
Peace in Korea has @/ in.thick deck made with UHPQ.afarge2013. A conventionally
reinforced concrete deck would contain rebaré&nforcing barsrequiring cover thicknesses

appropriate for the protection of this reinforcement. Based on these requirenteitigedeck



with such ahin sectionis seeminglympossible, but UHPC has shown that it can be possible to
achieverequired capacities with little material because of its high strength and lestfudfed
reinforcement.

Although UHPC has been successfully implemented in structures, designers and
produers continue to question the use of the material. One of the major challenges for the
acceptance of UHPC is the lack of design guidelines or codesifay this material in the
United StategPerry 2005) Moving towarddesign guidelines, research mushtnue to
advance the knowledge of UHPC material characteristics and structural behavior. Many of the
basic material properties of UHPC have been investigated; however, faitute ohultiaxial
stress states still an uncertain subject in need ofther clarification. Experimental testing is

also needed to validastructural behavior dHPC bridge decks for roadways.

1.2 Objectives
The purpose of this project is to evaluate UHPC as an alternative for bridge decks by
investigating the biaxial behaviof ultra-high performance concrete andetxperimentally test
and evaluatéhe structural péormance of a UHPC bridge deck. Individual objectives were
formed to specifically address the overarching purpose and to aid in determining the feasibility

of using UHPC in the construction of future highway bridges. The objectives of the project are:

1. To develop a method for testing biaxial strength of UHPC.
2. To propose a failure envelope to represkmixial tensiorcompression stress states
UHPC.
3. To evaluatepostcracking behavior of UHPC in biaxial stress states.
4. To design a UHPC bridge deck considering material properties and placement procedures.
5. To experinentally test a single unit UHPC bridge deck section.

1.3 Summary of Approach
To accomplish the aforementioned objectives, the research was carried out in four
phases: material property characterization, biaxial testing, bridge deck design and preliminary
testing, and experimental testing of fatlalesingle unitUHPC bridge deckections



Phase 1 was aimed at performing an abridged material property characterization on
Ductal®, the specific UHPC used in this study. Since several studies had already been
completed specifically on Ductal®, this abridged characterization wasndyiraigned at
verifying mixing procedures anithe obtained material properties for reteam treated UHPC.

In this study, the following properties were examined: compressive strength, tensile strength,
modul us of el asticity,Apgetimmry waxidl st wag éxanutned and s
for feasibility during this study, as well. The preliminary biaxial test used small panels to

investigate combined tension and compressive stress SRdésredtas t he Abending
testp this test waperformed by creating biaxial stresses through benditigegfanel.

Phase 2 was focused on establishing a more direct biaxial test method to better establish a
biaxial failure envelope. The second test used a modified briquéita pe knowmnal as t he
dogbone d t o staibgredicett bidxidl Bt@sseBecause the stresses were applied
directly to the memberinasingleeph e, t hi s test i s Itwdhen as t he
influence of curing method and fiber orientation were invastid. Photogrammetric methods
were utilized to evaluate strains during biaxial testing. -Bxastking behavior was analyzed to
determine the ability of UHPC to withstand increasing stresses beyond the point of crack
formation.

Phase 3 was focused orsaming an optimized UHPC bridge deck that would utilize the
unigue material properties of UHPC. Previous studies by Garcia (2007) and Toutleshahde
(2008) were used as a guide to begin the design process. Typical U.S. design codes were
referencedincluding those by ACCommittee 3182011) AASHTO (2012) andthe Virginia
Department of TransportatioRNlDOT) (2007) Recommendations and design guidelines from
other countriesncluding France(AFGC and Setra 2002\ustralia(Gowripalan and Gilbert
2000) and Japaflapan Society of Civil Engineers 2004ere also referenced for some parts of
design. Preliminary testing of the webs of the bridge deas sectiomas carried out using a
preliminary deck design. Preliminary testing was used tma»adesign assumptions and
potential construction challenges. Since UHPC requires specialized construction processes, an
investigation oplacementechniques was performed on the specimens. Finally, the UHPC

bridge deck was redesigned to consider #sellts obtained during the preliminary testing.



Phase 4 included the experimental testing ofdallle UHPC bridge deck sections. Two
full-scale bridge deck sections were placed usingdifferent placement techniquekach deck
section was experiméally tested under static conditions. Not only was the deck evaluated

based on strength parameters, but it was also evaluated based on the adaptanitint
industry practices.



Chapter 2: Review of Literature

Ultra-high performance concrete (UHPC)hasbbe cal | ed fit he next
c o n ¢ (CGeaybealand Tanesi 20Qecause of its superior strength and durability properties
Researchers have merely begun to explore the possibilities of this new matdyiaked in
major structures since 19971@ and Couture 1999)Thischapterexplores prior research and
applications of UHPC, highlighting the need for more knowledge of material properties and
behavior in bridge applicationsince Ductal®, a product of Lafargeasusedin this project,

an emphasis wasdaced on studies directly involved with this product.

2.1 Material Composition of UHPC
The unique composition and curing procedures of UldR®ide a logical explanation
for its advanced properties. In creating UHPC, researchers sought to make improt@ments
concretebased on known weaknesses, suca sk ofductility (Richardand Cheyrezy995)
The primary improvements include creating a denser and more homogenosnnture,
providing fibers forimprovedductility, and adapting a peset curing regime thatcceleratethe
pozzolanic reactio(Richardand Cheyrezy995) a reaction that influences the hardened

properties of concretgosmatkaet al.2002)

2.1.1 Dry Ingredients

Coarse aggregatescauint for approximately 30 to 50 percemthe volume in
conventional concretd&osmatkaet al.2002) However, in UHPC, coarse aggregate is
eliminated from the mix, and only fine aggregate, or sand, is used to achiensest dnd more
homogeneous microstructui@allaireet al.1998; Richarcand Cheyrezyt995) Toincrease
density, the particle size of each constituent olthi>C mix was taken into consideration
createan optimzed model Figure2-1) (Nishikawaand Morita2006; Richarcand Cheyrezy
1995). In this way, dry ingredients are packed together to form a denser. PAakiigh cement
and silica fume content increasks bindesto-sand ratio, allowing for sand and quawdill
voids between the bindaalso referred to as tlimmentitious materials, of the miXhe ground
quartz specifically acts as a filling material between silica fume and cement particlese(dang
2010). This optimized model creates an engineered material that is very dense, resulting in

increased strength and impermeability.

gen



Conventional Concrete UHPC

Figure 2-1: Optimized model of UHPC compared to conventionatoncrete (Nishikawaand
Morita 2006).

2.1.2 Wet Ingredients

Little water is added to UHPC, creating a low watebinder ratio typically below 0.2
(Graybeal 2008).This is below the minimum watéo-binder ratio for complete hydration of
0.40as defined by th Portland Cement AssociatiGlosmatkaet al.2002) indicating that
UHPC will have some unhydrated cemelrt.addition to water, superplasticizer and an optional
accelerator are used in UHPGuperplasticizer, an admixture used to improve the floweshf
concretg Kosmatkaet al.2002) is added t@ounteract the low water content and improve
workability. Therefore, superplasticizer makes it possible to rettheceraterto-binder ratio of
UHPC to increase strengfRichardand Cheyrezyt995) The ug of an acelerator is optional;
however, finaketting time can beeduced by approximatehalf the timewhen an accelerator is
used(Graybeal 2006a). Using an accelerator can be useful in precast applications, where a

higher turnover rate is necessary.

2.1.3 Fibers
Fibers of either high strength steel or plastic are used in UHPC to improve ductility
(Lafarge 2@.3; Richardand Cheyrezy995) and fracture toughness (Shaheen and Shrive.2007)
Fibers mprove ductility by providingpostcracking strength throinghe abilityto bridge
individual cracksftigure2-2). Once the concrete has cracked,dinessequired towviden the
crackis dependent on three factors: the concrete testsédss the tensilestressof fibers bridging



the crack, and thetresgequired to pull fibers out of the concretatrix (Mindesset al.2003;
Shaheen and Shrive 2007).

Fiber Fracture

Crack Width I

Fibers Bridge Crack

Figure 2-2: Fiber interaction at crack (Mindesset al. 2003)

Fibers used in Lafargeds commercially avai
a high carbon steek poly-vinyl alcohol (PVA) (Ldarge2013. Lafarge recommends tha
strength requirements, environmental exposure, rheology requirements, aesthetics, and exposure
to human contact should be considered when choosing a fiber type for UHPC. For example,
PVA fibers are typically used in applications where a large amouniro&n contact will occur,
because the sharp, neetile ends of steelitbers can pierce human skin faege2013.

Steel fibers are most common in structural applications. The typical steel fibers used are
approximately 0.008 in. in diameter by 0.5long, often covered with a brass coating do the
production process (farge2013 Richardand Cheyrezy 1995; Rowet al.1996). These fibers
are typically added at an amount of 1.5 to 3% by volume, with an optimal quantity being 2% by
volume (Richardand Cheyrezy995).

2.1.4  Effect of Steam Curing on Composition
A unique postset curing regime accelerates the pozzolanic reacdtioreases the degree
of hydration, and refines the microstructure of UHPC, thereby resulting in impnoeetianical
and durabity propertiefor UHPC(Cwirzen 2007; Richardnd Cheyrezy995). The
pozzolanic reaction leads to the formulation of calegilcatehydrate (ES-H), a compound
that causes bonding in concrete (Richardson 1999), and thegqb@siring regime not only

accelerates the formation of this compound, but it alsdtsaésdonger chains ohe GS-H
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compound (Zannet al.1996). Details of this postetcuring regime and the effects it has on

specificmaterialproperties of UHP@rediscussedn latersectiors.

2.15

Material Composition Summary

The basic material compitisn of UHPC wadormulatedbased on thefarementioned

parametersincreasing density and homogeneity with a unique packing model, improving

ductility with the addition of fibers, and accelerating the rate of the pozzolanic reaction with a

postset curirg regime The mix proportions of each constituent in UHPC may vary between

producersbut the overall composition is very similaFable2-1 indicates the relative

percentageby weightof a typical UHPCincluding an accelerat¢Graybeal 2006a)

Table 2-1: Typical UHPC material composition (Graybeal 2006a).

Material

Percent by Weight

Portland Cement
Fine Aggregate (Sand]
Silica Fume

Ground Quartz
SuperPlasticizer
Accelerator

Steel Fibers

Water

28.5
40.8
9.3
8.4
1.2
1.2
6.2
4.4

2.2 Mixing, Placing, and Curing of UHPC

221

Mixing UHPC

Mixing procedures for UHPC tend to be more complicated than a conventional concrete

because ingredients must be added in a specific order at various time intervals. The following

nstructions are specific to

L a mbéddiedglighilysto Duct a

conform to any UHPC. To begin, all materials should be weighed in advance, and half of the

high range water reducer, or super plasticizer, should be added to the water. The Ductal ®

premix bags containing all dry ingredients shdutdmixed dry for approximately two minutes.

Then, the water, containing half the super plasticizer, is added slowly to the mixture over a two



minute time frame. After waiting approximately one minute, the remaining superplasticizer is
added over a 30 sexad time frame. If an accelerator is to be used, this should be added
approximately a minute after the superplasticizer, pouring slowly into the mixture during one
minute. The UHPC is then mixed until it changes to a thick paste. The time for thissproite
depend on the speed of the mixer, the age of the material in the premix bags, and other minor
environmental factors, such as humidity; however, UHPC mixing time is generally longer than a
conventional concrete mix. Once the mixture has becomekagaste, fibers can be added

slowly over a two minute time frame. Once fibers are completely added, the mixer should
continue mixing for about one minute or until the fibers are well distributed into the UHPC
(Graybeal 2006a). The complicated mixinggedure is one reason why UHPC is typically used
in precast applications rather than dgasplace applications (Perry 2005).

The type of mixer used for UHPC can have an effect on the mix time and the consistency
of mixes. High shear/energy mixers, sashpan mixers, are preferred for UHPC because they
produce consistent results in properly mixing UHPC (Hale and Tackett 2010). Pan mixers have
rotating blades in a pan holding the concrete. These mixers typically have a blade that scrapes
the bottom othe pan, as well as others used to mix the concrete. Low shear mixers, such as
rotating drum mixers, are not preferred for UHPC due to inconsistent mix quality. Rotating
drum mixers have blades fixed to the interior, and the drum is rotated while lafted pn an
incline. Inconsistencies in mix quality can result in clumps of unmixed dry materials in the
mixture. These inconsistencies can be remedied by using more specialized mixing procedures,
such as the half batch method used by Hale and TacRéfd).2In this procedure, half the mix is
batched and mixed completely, not including fibers, before the other half of the mix is added and
mixed. Fibers are added once the entire mix is workable. A commonmeadruck is not
preferred for UHPC, eithigbecause it can also result in clumps of unmixed dry materials (Hale
and Tackett 2010). Despite these inconsistencies,raadiyucks have been shown to produce
UHPC with adequate strength (Graybeal 2009a).

2.2.2 Placing UHPC
Because UHPC does not bebhalie same as a conventional concrete in the plastic state,
special considerations should be taken duplagemento produce optimal results. In the
plastic state, UHPC is more viscous than generic concrete, resembling the consistency of putty.

Fiberscomplicate a concrete mixture by providing added frictional effects to workability and
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flow (Khayatand Rousse2000) Workability is also affected by particle sizes. Since UHPC
typically lacks coarse aggrega(@allaireet al.1998; Richardand Cheyreg 1995) the overall
size of aggregates is reduced resulting in improved workaflitgyatand Rousse2000)
Despite these seemingly counteractive effects, UHPC is considered to-tenselfidating
(Sorelliet al.2006).

Since UHPC is considered be a seHconsolidating mixture (Sorelét al.2006), forms
must be made with precision to prevent leakage through cracks and crevices. Silicone caulk has
been used by some researchers to ensure all formwork edges are sealed (Graybeal 2009a).
Special onsiderations are also made to determine how to place UHPC in a form to facilitate
proper fiber orientation and to prevent the material from flowing into itself (Japan Society of
Civil Engineers 2004; Nachuk 2008). For instance, flexural members arallypiecedto
allow UHPC to flow from one end of a form to the other (Graybeal 2009a; Graybeal 2009b). By
doing this, fibers will primarily align along the flow path and the principal axis for tensile
stressealongthe bottom fibers ofhe beam This nethod enables fibers to be in proper

alignment to better bridge flexure cracksgure2-3).

1 1

Flexure Cracks
Fibers
<« _—

Direction of
Principal Tension Stresses

Figure 2-3: Proper fiber alignment in flexural members is affected byplacement
procedures.

Researchers have also found that UHPC doesamstolidate well if it flows horizontally
into itself duringplacemen{Japan Society of Civil Engineers 2004; Nachuk 2088)ure2-4).
This can negatively affethe fiber alignment by creating a discontinuity in a member at the
intersection of the flow paths. Despite problems with mixing across a direct horizontal flow
path, no problems have been noted for casting UHPC vertically. Due to teerssifidating
nature of UHPC, it can h@acedvertically without any negative effects (Nachuk 2008).
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Figure 2-4: UHPC does not mix well if it flows into itself.

TheAssoc ati on Fran-aise de G®nie Civil (AFGC)
routes et autoroute (Set@FGC andSetra 20023uggesthat UHPC should not be dropped
from a height greater than 1.64 ft (0.50 m) to prevent fibers from segregating fromdeednd
clustering. The AFG@nd Setra (2002Isosuggesthat UHPC be poured continuously to
prevent exposed surfaces from drying and creating a skin, or a thin dry layer, within UHPC. By
preventing this dry layer from forming, there will be no interruptiofldar or binder continuity
throughout the structar During the construction of UHPC girders, water misting and agitation
were used when a fresh batch of UHPC was poured on top of older UHPC to better facilitate
mixing of the two separate layeiGraybeal 200¢ Despite the selfonsolidating nature of
UHPC, some agitation through external vibration is recommended to ensure smooth surfaces and
continuity.

Because complications can result from not carefully planninglé#eemenprocess of
UHPC, special attentiowasgiven toplacementmethods throughd the entirety of this project
to best accomplish proper fiberientationand to prevent discontinuities. In particular, materials
werecarefully chosen to prevent moisture absorption and to ensure forms are sealed properly.
Additionally, adaptation tthe precast industmyereconsidered, so as to developlacement

method that could be easily adopted in precast plants.

2.2.3  Curing UHPC
After UHPC specimens apaced they are typically covered with an impermeable
cover, often made of plastic, to prevemisture loss by evaporatig@raybeal 2004). An initial
set may not occur until after 24 hours even when using an accelerator (Graybgal20®4o
the long initial setting time, UHPC specimens and structures are not typically removed from
molds andormwork as quickly as some conventional concretes. Depending on desired strength

gain, form removal time of UHPC structures may vary.
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As mentionegreviously, UHP(oroperties are influenced by a unique pseitcuring
regime. Ductal ®is cured at 95%elative humidity (RH) at a temperature of 194°F for 48 hours
following the final set of the materiéraybeal 2006a)This involves two hours of increasing
temperature and steam, 44 hours at constant temperature and RH, and two hours of decreasing
tempeature and steaiffrigure2-5). Following the steam curing, specimens are stored in a lab or
outside until they are placed in the field or tested for research pargasieanced propertiege
achieved without steaituring; however, optimal results aehievedy using the standard

steamtreatment described abo{@raybeal 2006a)

Temperature,°F

194°F

95% RH

Cure in Lab

0 5 Time, hrs 46 48

Figure 2-5: Typical steam curingregime for UHPC.

Modifications of this standard curing regime have been researched, including a delayed
steam treatment, reduced temperature steam treatment, and untreated curing method. However,
best results have been achieved using the standardtséediment (Graybeal 2006a). Steam

treatment was used for some specimens of the current project.

2.3 Material Properties of UHPC
Comparé to conventional concrete, UHR@s enhanced mechanical and durability
properties.These properties, influenced by #t@mposition described previously, give reason

for designers and owners to use UHPC to achieve stronger andlastyay structures. This
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section describes relevant material properties of UHPC, highlighting the differences between

UHPC and conventionabacrete.

2.3.1 Compressive Strength

One of the most recognized characteristics of UHPC is its high compressive strength. A
typical concrete used for applications such as sidewalks, footings, and foundations has a
compressive strength ranging between 3 and.6A#$igh strength concrete (HSC), typically
used in structural applications, is classified agiiig a compressive strength ranging frbdrto
18 ksi(Kosmatkaet al.2002) UHPC, however, can achieve compressive sthsnginging
between 20 and 116ik&Graybeal 2006a; Lafarg®13 Richardand Cheyrezy1995; Shaheen
and Shrive 2007). Strengths beyond 30 ksi are achieved through pressurization, a process of
applying pressure during initial setting (Roux et al. 1996). This process aids in removing
entrapped air and excess moisture, as well as reducing porosity present due to chemical
shrinkage (Richardnd Cheyrezy995).

The compressive strength can also be dependent on the type of specimen used in a test,
shown byTable2-2. For instance, a standa3g6 in. cylinder, typically used in industry for
quality control, will provide a slightly lower compressive strength thatira @ube specimen
(Graybeal 2006a).

Table 2-2: Specimen geometry can affect compressive strength (Graybeal 2006a).

. Average Compressive Strength| Standard Deviation
Test Specimen . .
(ksi) (ksi)
2-inch Cube 31.0 11.7
4-inch Cube 291 12.1
2x4inch Cylinder 294 6.9
3x6 inch Cylinder 294 4.2
4x8 inch Cylinder 29.3 6.3

All values above based on using the standard steam treatment.
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2.3.2  Static Modulus of Elasticity

The static modulus of elasticity is also high in comparison to conventionatete. The
elastic modulus has shown to be as high as 7650 ksiddy&8for steantreated UHPC and
6200 ksi fo untreated UHPC (Graybeal 2Q07afarge provides a value of approximately 8500
ksi for standard steatneated Ductal ® (Lafarg2013.

According to the ACI 3181 building code for structural concrete design, a relationship
is commonly used to relate the compressive strength to the elastic modulus of normal weight
concrete (ACICommittee 318011; Pauw 1960). Although the relationsmgEquation(2-1) is
a reasonably accurate estimation for conventional concrete, UHPC is not accurately represented

through this relationship.

E, =57,000/f, (psi) (2-1)

Where,

f ¢G&= specified compressive strength of concrete (psi)

According to a reearch study by Graybeal (200#theACI 363R92 (ACI Committee
363 1992) andla etal. (2004) equations, shown in Equatid@s?) and(2-3) respectively, are
fairly accurate predictors for the elastic modulus of Ductal® basedropressive strength
Because the ACI 3181 (ACI Committee 318 20119quation was shown to be inaccurate for
concrete with compressive strengths above 6,000 psi, the ACIEB&guation was generated
based on a collection of data from various researemetspecified for use for concrete with
compressive strengths between 3,000 psi and 12,000 psi (AClI Committee 363 1992). Using a
large quantity of datadm the study by Graybeal (200 Equationg2-2) and(2-3) were shown
to be 95.7 and 88.1 % accurate to test data for Ductal®, respectively. Although these equations
were a reamable fit for most UHPCs, they were not accurate for lower strengths of UHPC. In
order to improve this relationship between compressive strength and the elastic modulus,
Graybeal2007)developed an additional equation (Equaii@4)) that more accurately
represents the behavior of UHPC to approximately 96.7 %. This simple equation was based on
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modifying the coefficient of Equatiof2-1) for conventional, normal weight concrete, to satisfy

the relationship between compressive strength and modulus of elasticity (Graybeal 2007).

Eyec = 40000, f, +1,000000 (psi) (2-2)
_ fo o o

Eunec —525000§/1:0 (psi) (2-3)

Eyurc = 46200/, (psi) (2-4)

2.3.3 Tensile Strength

The tensile strength of UHPC is considerably higher than conventional concrete, with
values above 1.45 ksi (Chanvillaadd Rigaud003). As with compression testing, tensile
strength is also dependent on the testing method. A report by Graybea) (Bd@ttes that the
28-day cracking tensile strength varies by nearly 24 percent among a variety of testing methods
(Table2-3). Also, the ultimate tensile strengthcisnsiderably higher than the cracking tensile
strengths, as indicated with the splitting tensile strengthialite2-3. In this study, the tensile
strength from #xural testing of prisms was corrected based on research to account for an
overestimation of this testing method (Graybeal 2006a). With thistéingiie strength
influenced bythe ability offibersto bridge cracks and provide pastacking strengthUHPC is
often corsidered to carry sonygostcrackingtensile strength in flexure, whereas conventional
concrete is considered to carry zero tension timeeoncrete has crack¢@arcia 2007;

Graybeal 2006a)Further details on flexure behavior are discussete following section.
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Table 2-3: Reported tensile strengths of UHPC vary depending on testing method
(Graybeal 2006a).

Test Method Tensile Strength, ksi
Splitting Tension of Cylinders, Ultimate 3.51
Splitting Tension of Cylinders, First Crack 1.58
Flexural testing of Prisms, First Crackorrected 1.43
Direct Tension of Notched Cylinders 1.60
Direct Tension of Umotched Cylinders 1.43
Uniaxial Tension of Briquettes 1.22
2.3.1 Durability Properties

Enhanced durability properties of UHPC make it advantageous for use in harsh
environmentsincludingthose encountered by bridges. UHR£3100% freezehaw resistance
(Graybeal 2006a)neaning that it does not exhibit any negative respondesazing and
thawing cycles. This is especially important on bridge decks, which are known to freeze before
roads. UHPC is also known to be resistant to akkiliia reaction, a destructive reacticeused
by the interaction ofiydroxides and aggreget ontaining silica or carbonateasnd chloride
penetration, a common problem in concrete leading to the corrosion diGtagbeal 2006a;
Kosmatkaet al.2002; Roux et al. 1996).

One of the primary factors in achieving this advanced durability in@I4Rhe low
porosity, achieved through a low waterbinder ratio (Roux et al. 1996). Tests have shown that
UHPC has no capillary porosity and low air permeability, making it less penetrable to aggressive
agents as compared to conventional concretesaugse of these advanced durability properties,
the lifetime of a UHPC structure is predicted to be longer than that of a conventional concrete
structure. For this reason, UHPC is considered to be a good material for increasing the life of

structures anchinimizing costs associated with repairs and rehabilitation.

2.3.2  Multi-axial Behavior
Because structures are rarstipjectedo pure tension or compression, understanding
multi-axial stress states is imperative to implement gena for structural useA failure
criterion istypically established, defining the failure points of a material subjected to-axiii

stresses. Behaviof conventionabnd high strengthoncrete in multaxial stess states is well
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documentedincluding work byKupfer et al.(1969), Rosenthal and Glucklich (197Q)iu et al.

(1972), Ottosen (1977), Tasuiji et al. (1978), Gerstle (1981), Gtrhiaet al. (1987), Su and Hsu
(1988), Yin et al. (1989), Belarbi and Hsu (1995), Hussein and Marzouk (2000), Tao and Phillips
(2005),and Lu et al. (2007) One of the most complex aspects of generating these models is in

the testing method, since a variety of methods have been used to gather data for biaxial behavior
of concrete. Many of these methods were complicated and requirespegific equipment to

perform the experiments. This section discusses several models and methods used to determine
biaxial behavior of conventional and fibexinforced concretes. Current information on biaxial

behavior of UHPGs also discussed, demoreting the need for more information.

2.3.2.1 KupferHillsdorf-Rusch Model for Conventional Concrete

Kupfer, Hillsdorf, and Rusch (1969) used brushed bearing platens to test small concrete
plate specimens in biaxial stress states. The brushed bearing platemstreduced to prevent
the effects of end restraints in the members at the loading points often exhibited by solid bearing
plates. Kupfer et al. (1969) showed that solid bearing plates exhibited apparent higher biaxial
compressiorcompression results duo the restraint of the membé&iqure2-6). The concrete
specimens measured 7.9x7.9x2 in. Three different concretes were tested with three different
uniaxial conpressive strengths: 2700 psi, 4450 psi, and 8350 psi. The stresses in each direction

were normalized according to the unconfined uniaxial compressive strbpgihthe prism.
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Note: graph simplified to show basic failure envelof eul/ bp

1.5 1.0

{1, / B,

«— No restraint

Compression Compression

/. 1.0

U E—- 15

Tested with untreated

bearing platens

Figure 2-6: Kupfer et al. (1969) provel that loading platen restraint inherently increases
the perceived biaxial strength of plain concrete.

The brushes on the platens were created using multiglefisdenents approximately
0.12x0.20 in. in crossestion (Kupferet al.1969). The length of the filaments varied, depending
on the expected stress on the filaments. In general, as concrete strengths increased, the filament
lengths were decreased to prevent buckling. For each testing case, the filaments were spaced at
0.00® in. and soldered together to create a single support for loading. The platens were glued to
the specimen using an epoxy resin to provide support during tensile loading.

Five hydraulic jacks were used to perform the experiment, and two individuaidoadi
frames were constructed to control the two directions of the tagisr€2-7) (Kupferet al.
1969). A load distributing frame was built to maintain a constaiot odstresses. One
hydraulic jack is applied to a beam that spans two other hydraulic jacks. As the first jack is
moved al ong t he:togsathanged. fite two @mdks underdhle beam are used

to translate this ratio of stresses tottle jacks controlling the biaxial test.
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Figure 2-7: Testing apparatus used by Kupfer et al. (1969) to maintain a constant stress
ratio in biaxial cases.

For the Kupfer et al. (1969) modéligure2-8), the elastic limit and failure stresses under
biaxial conditions are given as a ratio of streds,tohe unconfined uniaxial compressive
strength of the prisms. Tléaxial tension stress state showed no significant increase in stress as
compared to the uniaxial tensile strength of the concrete. In the combined tension and
compression stress state, the compresgremgthof a specimen decreases as increasing &nsil
stress is applied. In the biaxial compressive stress state, the concrete failure stresses increased up
to 27percentabove the uniaxial compressive strength of the concrete. At equal compressive
stresses, the failure stresses were approximatghgd®nthigher than the uniaxial compressive

strength of the concrete.
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Figure 2-8: Kupfer et al. (1969) biaxialfailure model for plain concrete.

The testing apparatus used in this method was reasonable for testing conventional normal
strength concrete. However, in the case of ditghn performance concrete, it may be difficult to
implement a glued connection with specimens that are able toamithsigher tensile stress.
Additionally, this method requires multiple jacks to control the experiment. Since one of the
objectives of the study is ttevelop aesting method to perform biaxial testing using typical
laboratory equipment and minimal lofkdme fabrication, this testing method may require more

equipment than intended.

2.3.2.2 Ottosen Model for Conventional Concrete
Ottosen (1977) generated a failure criterion for concrete in triaxial stress states subjected
to steady, unsustained loadings. |gsmathematical modeling, the new model was generated to
better relate experimental data collected from a variety of researchers, including Kupfer et al.
(1969). The failure criterion is defined by t#edlowing relationship

J (2-5)
f(ll,Jz,cosSq):A%+/ \/_2+BL- 1=0

C Cc SC
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Values A and B are constant parameters with values greater thar zeo,af unct i on of ¢
that is greater than zero, aiis theuniaxialcompressive strengtHy is the sum of principal
stressesi, Up, andls( Chen 1982) . The angle d is defined
identify the location of a stress point P in the deviatoric plaigife2-9), where the deviatoric

plane is positioned orthogonal to a point (1,1,1) on the principal stress plane (Ottosen]1977).

can be calculated using the principal stresses, as shownfall tiveing relationship (Chen

1982)

(2-6)

Figure 2-9: Ottosen failure surface in the deviatoric plane (Ottosen 1977).

Usingresults from other researchers, Ottosen verified that this model was appropriate for
concrete in both biaxial and triaxial stress states (Ottosen 1977). This model has smooth,
convex, curved surfaces in the deviatoric pldfguyre2-9). In the case of triaxial compression,
the threedimensional shape of the failure surface is nearly triangular at small stress values, but
widens to a more circular shape at largesstes (Ottosen 1977). This creates a narrowing

conical shape, similar to an iceeam cone, with three flattened edges at lower stress values.

21



2.3.2.3 DemekeTegos Model for FibeReinforced Concrete

Information is also avaible to define failure criteriofor fiber-reinforced concretes, a
conventional concrete witthiscretefiber reinforcement A study by Demeke and Teg(k994),
showed thathe addition of discrete fiber reinforcement increasesitiexialtensile strength of
concrete, as well as the stremgf concrete subjected to biaxial tensmympression stress states
(Figure2-10). It was also noticed that increasing the fiber volume had very little effect on the
uniaxial compressive strength. The same relationship between biaxial teasipression
stress states exhibited by conventional concrete is shown torefiizer reinforced concretéhe

addition of tensile stress decreases the compressive stresgycapa

® Concrete ;= 1.5% fi/f,
A Concrete V;=1.0% N
Bl Concrete V,; = 0.5%
Y Concrete W= 0% V; = fiber volume -+ 075
-+ 0.50
B
f,lf. | T 0.25
< [ ‘ .
1.00 0.50 v

Note: graph simplified to show trend of fibeginforced
concrete in biaxial tensiecompression stress states.

Figure 2-10: Fibers improve biaxial tensioncompression capacity (Demeke and Tegos
1994).

The testing method for this study was different from all others mentioned previously.
Since only combinetension and compression stress states were considered, the specimens were
created with this consideration. Specimens were shaped as prisms, measuring 4x4x11.8 in.
(Demeke and Tegos 1994). Each prism was cast with reinforcing bars in the 4x4 in. ends to b
loaded in tensionHigure2-11). These reinforcing bars were also cast into larger reinforced
concrete blocks to be used as anchors to load the specimen in.téBst@use the reinforcing
bars were not extended throughout the entire specimen, there was a small area of unreinforced

concrete in the middle intended to experience the biaxial comprdssision stresses.
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Figure 2-11: Biaxial tension-compression test using reinforcing to transfer tensile loads
(Demeke and Tegos 1994).

The specimen was loaded in compression perpendicular to the tensigDdateke and
Tegos 1994) A special layering system using Taf| plastic, and petroleum jelly was applied to
the compression face to prevent shear stress effects on the contact Sugiae{12). The
authors tested thisyaring method against the use of steel ball bearings, proving that the
layering method was more effectii@emeke and Tegos 1994)

Loading Platel

e Teflon
- Plastic

Concrete Specimen 3

2 layers of Teflon (0.26 mm thick)
3 layers of plastic (minimal thickness)
Petroleum jelly in between each layer

Figure 2-12. Multiple layers of Teflon, plastic, and petroleum jelly wereused to eliminate
friction between loading platen and concrete specimen (Demeke and Tegos 1994).

This method may have been reasonable for conventional concrete, but complications may
arise when using UHPC. Using reinforcing bars to transmit tensile forces to the specimen
creates added complications due to the interaction of these bars. Since UtH#Pkidteer
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tensile strength than conventional concrete, increased reinforcement would be needed to transmit
the tensile force. Despite possible complications with applying a tensile force, the layering

method to prevent shear stresses could be appligHRL specimens.

2.3.2.4  Multi-axial Behavior of UHPC

With the advanced composition of UHR@Gd the addition of discrete fiber
reinforcementit is expected thahe multi-axial failure envelopeavould expand beyonthe
failure surface o€onventionafiber-reinforced concretes; however, few studies have
investigated multaxial gress states of UHP(Research has shown that a type of UHPC known
as Compresit exhibits ultimate failure behavior similar to that describadnwygified Coulomb
modelbased on triaxiatompression tes{®ielsen 1995Jensen 1999). In a study by Fehling et
al. (2008) behavior of UHPGvas comparetb normal strength concrete (NSC) by testing
reinforced panels ibiaxial compressiofiension stress state3 his testing was executed in a
sequential manner where the tensile load was applied first. As the tensile load was maintained,
the panel was loaded in compression until failure.

Fehling et al. (2008) showed tlatckspacing and crack widths decreased and
compressive strengths inasedoy including fibers at 1 % by volume in UHPGriinberg et al.
(2010) developed models for biaxial and triaxial compression behavior of UHPC with 2.5 %
fibers by volume.Typically, UHPC, including Duct&®, contains fibers added at 2 % by volume
(Graybeal 20063g)therefore, it is important to understand hineadditional fibers affect the
biaxial behavior.By understanding biaxial behavior of UHPC, failure of structural components
in multi-axial stress states can be predicted more accurately theongiuter modeling

techniques, such as finite element modeling.

2.3.3  Material Property Summary
UHPC exhibits superior strength and durability as compared to conventional concrete.
By implementing a posdet curing regime of combined heat and steam, these pespean be
enhanced all the more. Many of the material properties have been characterized; however,
comprehensive studies of mudtkial behavior have been neglected. Because little is known of
combined stress states, this research will focus on dgfanimew test to examine the biaxial
compressivéaensile strength of plain UHPC. The plain UHPC will only contain discrete steel

fiber reinforcement with no additional reinforcement.
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By taking advantage of high strength and excellent durabpilaperties, UHPChas the
potential to baised in a variety of structural applications. In particular, the use of UHPC in
bridge applications is of intesebecause bridges are subgacharshenvironmental conditions.
Bridges are often subjectedtteermal changs including freezéhaw cycling, degrading
concrete and leading to frequent repairs or replacements throughout the lifetime of a bridge. In
this study, durability is a primary concern for bridge decks. Additionally, strength of the section
will be of utmost importance to ensure that the sections are adequate to resist loadings. For this
reason, UHPC will also be explored as a potential solution to extend the life of future bridge

decks.

2.4 Structural Properties of UHPC

2.4.1  StressStrain Behavior

Conventionablesign codes in the United States use the Whitney stress block as an
approximation for the compressive stress distribution for ultimate limit state analysis and design
of concrete structures. Since studies have shown that UHPC behaves differently from
conventional concrete, several relationships have been proposed to relate stress and strain for
flexure of UHPC structures. This section discusses models for conventionatecarw
UHPC, including the ACRASHTO Stress Block Model (ACI Committee 318 20ASHTO
2012), the AFGQetraModel for UHPC(AFGC and Setra 2002ihe Australian model for
UHPC (Gowripalan and Gilbert 2000and U.S. FHWA Models proposed for UHRGarcia
2007, Graybeal 2008)

2.4.1.1 ACI/AASHTO Stress Block Model
Conventional U.S. desigtodes for concrete, such as the American Concrete Institute
(ACI) (ACI Committee 318 20J)Jand the American Association of State Highway
Transportation Officials (AASHTO)AASHTO 2012) utilize a stresstrain model known as the
Whitney stress block fanalysis of conventional concrete at an ultimate limit state. The stress
block model Figure2-13) is equivalent to the actual parabolic stress distribution extibite

concrete in compression.

25



Cross Section Strain Parabolic Stress  Whitney Stress Block

< P s.= 0.003 .0 O-85F 0
T c S A==
o
77:_?_._ _‘_i, Voo ,,__|_.T- ..... ﬁ_?.., o
|ss>>*5y fS:fy fszfy

Figure 2-13: The equivalent rectangular(Whitney) stress block typically used by ACI
Committee 318(2011)and AASHTO (2012)design codes at the ultimate stress state of
concrete in bending.

The variables in the above diagraRigure2-13) are defined as:
h = height of concrete member
b = width of concrete member; width of rectangdtaess block
d = depth of reinforcing steel
¢ = depth of neutral axis
a = depth of rectangular stress block
8. = ultimate concrete strain; 0.003
s = strain in reinforcing steel
8y = yield strain of reinforcing steel
fs = stress in reinforcing steel
fy = yield stress of reinforcing steel
fG = specified compressive stress of concrete
C = compressive force contributing to moment resistance of beam

T = tension force contributing to moment resistance of beam

The compession block has a depthafa width ofb, and astressof 0.85:0 . The dept
a, is determined using Equatio(s7) and(2-8). In this model, concrete strength in tension is
neglected, assuming that the concrete is cracked from the extreme tension face to the neutral
axis. This assumption is validated by the negligible amount of tension resisted by conventional
concrete. Thealues for the compressive and tensile forces in the beam are given by Equations

(2-9) and(2-10) respectively. All values are determined using English customary units.
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(2-7)

a=bc
0.85¢ b, =1.05- 22 ¢ 065 (2-8)
00
C=0.85f.ba (2-9)
T=Af CAT, (2-10)

Where,
b, = factor reducing the depth of the neutral axis to the depth of the equivalent

rectangular stress block basedfei

Although this method is reasonable for predicting the behavior of conventional concrete,
a different model is needed for analyzing UHRGléxure. A study by Graybeal (2008)
explored the flexural capacity of UHP&irders. Using the Whitney stress block, the moment
capacity of a UHPC-gjirder was predicted to be only 73 % of the apparent experimental moment
capacity (Graybeal 2008), shimg that conventional design methods using the Whitney stress
block are not suitable for UHPC because they provide very conservative results compared to the
actual behavior. For this reason, a different model should be used to better represent the higher

compressive and tensile strength of UHPC.

2.4.1.2 French Model developed by AFGC and Setra
The Association Fran-aise de G®nie Civil
routes et autoroutes (SetrdHGC andSetra2002) proposed a two part stresggin relationship
(Figure2-14, Figure2-15, and Equation§2-11) through(2-17)) for UHPC in theUltra High
Performance FibreReinforced Concretdsterim Recommendations hese modelwere
developed using Imgling test specimens, assuming plane sections remain plane and stresses and
strains are proportional to stresses in uncracked concrete. The nfod@lugated formetric

units.
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Figure 2-14: Strain hardening law of AFGC and Setra (2002) for UHPC at the
serviceability limit state.
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Figure 2-15: Strain softening law of AFGC and Setra (2002) for UHPC at the serviceability
limit state.
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Where,
e = tensile strain elastic limit
893 = compressive strain; 0.003
¥o03 = crack width of 0.3 mm

h = depth for a rectangular cressction (mm)

le

fy

characteristic length; typically twihirds of h (mm)

(MPa)

Ej = modulus of elasticity (MPa)
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(2-11)

(2-12)

(2-13)

(2-14)

(2-19)

(2-16)

(2-17)

tensile stress during construction, in areas subsequently under tension in service



H = height of the bending test specimen (mm)

Ouis = ultimae strain at a crack width of 0.01*H

¥19% = crack width of 0.01*H (mm)

im = limiting tensile strain

Ir = length of a fiber (mm)

Upc = Stress in compression (MPa)

fc;j = compressive stress at an age of j days (MPa)

K = orientation coeftiient or coefficient for local effects; use 1.25 for all loading other
than local effects; use 1.75 for local effects; use 1.0 for thin plates

0 (0¥ = corresponding stress at a crack width of 0.3 mm (MPa)

(1%) = corresponding stress at a cragéith of 0.01H (MPa)

Co

The strain hardening law is used when proper fiber orientation is utilized in order to
achieve strain hardening behavior (Soreflal.2007). The strain softening law is intended to be
used when fiber orientation is not utilizeaperly, resulting in a reduced tensile strength. In
both of these models, the concrete has a significant amount of tensile strength, leading designers
to utilize this enhanced behavior; however, AFGC and Setra (2002) do mention that designers

may neglectensile strength of the UHPC for prestressed designs.

2.4.1.3 Australian Model for Stress and Strain
According to theDesign Guidelines fobuctal® Prestressed Concrete Beapreduced
in Australia (Gowripalarmand Gilbert2000), an idealized stressrain relatioship for design was
generated for beamBigure2-16). In this model, compression is a positive value and tensile
strain valuesttp andsy, are represented by Eations(2-18) and(2-19). Thefiber content is
assumed to be greater than or equal to 2 % by voluméd;G@aadhespecified compressive

strength of the concrete in MPa.
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Figure 2-16. ldealized stressstrain relationship according to Australian design guidelines
(Gowripalan and Gilbert 2000).

L (2-18)
et’u - KZD ¢ 0-01

_0.16L (2-19)
8, = % op ¢ 0.004

Where,
L+ = length of fiber (mm)

D = total depth of member (mm)

For determining the strength of a beamilexure, two different relationships are given
for sections with bonded reinforcement and sections containing no bonded reinforcement
(Gowripalanand Gilbert2000). The stresstrain relationship at an ultimate limit state of a
Ductal® section not cdaining bonded reinforcement is provided beléwg(re2-17). In this
diagram gp,uis the ultimate tensile strain at bending, and this value is equivaléptedefined

previously in Equation-2.3.
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Figure 2-17: Australian stress-strain relationship for pure Ductal® sections in bending
(Gowripalan and Gilbert 2000).

2.4.1.4 U.S. FHWA Models for Stress and Strain

Two models for UHPC stresstrain behavior in flexure have been developed by the U.S.
Federal Highway Administration (FHWA). The first model was developed by Garcia (2007) and
the second by Graybeal (2008). The first model by Garcia (2007) was developeplify s
experimental results by researchers at FHWA. In the simplified mBideir€2-18), a
triangular stress distribution was utilized for the compression sattftitve crosssection, and a
uniform stress distribution was assumed for all UHPC in tension. For this model, the value of
28-day compressive strength;0is assumed to be 28 ksi, and the value of tensile strenggh,
assumed to be 1.5 ksThis simple model was utilized in the design and analysis of waffle slab

deck panels, to be discussed in more detdékittion2.5.2.1.
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Figure 2-18: Garcia (2007) model for stressstrain behavior of UHPC.

Another conservative design method was proposed for UH§@drs through analysis

and testing results by the U.S. Federal Highway Association (Graybeal 2008)iamgelar
compressive stress distribution was shown to more accurately represent the commercial UHPC
Ductal®. UHPC was also assumed to carry a portion of tensile stress, due to its high tensile
strength in comparison to conventional concrete. By apphgsglts from testing and a
conservative design approach, a stssain relationship was developed to be used for flexure of
UHPC Lgirders Figure2-19).

" (ksi)

24 | ‘

0.007 0.000197| / E.=7600ksi 5

0.00316

/115

Figure 2-19: Graybeal (2008) stressstrain model developed for Ductal® tgirders in flexure
(Graybeal 2008).
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In the Graybeal (2008) met the maximum compressive stress is estimated to be 85%
of the 28day compressive strength, and thaximum tensile stress is 50% of the uniaxial tensile
stress as determined from girder tes{i@gaybeal 2008). The maximum tensile strain is
considered0% of the maximum tensile strain before failure in the girder testing, and the
modulus of elasticity used in this model is 7600 ksi (Graybeal 2008). This model does not
assume a completely uniform stress distribution for UHPC in tension, as seen fyanithes
Garcia model. Rather, this modified model extends the elastic behavior in tension to the ultimate
tensile stress before applying a uniform stress distribution with increasing strain. This extension
is typical to formerly mentioned models, indlng both the FrencfAFGC and Setra 2002nd
Australian(Gowripalan and Gilbert 2000y odels.

2.4.1.5 Comparison of StresStrain Models

A reliability study by Steinberg (2010) was carried out to compare models used to
represent stresstrain behavior of UHP@r flexure members. In this study, Steinberg used
Monte Carlo simulations to compare the AASHTO model utilizing the Whitney stress block, the
FHWA model by GarciaKigure2-18), and a modified AFG&Getra model developed by
Steinberg Figure2-20). The modified AFGESetra model was developed to provide a more
simplified version 6the detailed stresstrain model of AFGESetra. The new model maintains
linear segments without oversimplifying the tensile stress to one constant value. In comparison
to the strain hardening model (Sagure2-14) previously discussed, this model provides a
constant stress betweemn.zand®y10, Whereas the original model has the tensile stress linearly
decreasi ng ut(Steimberg200ess of 0
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Figure 2-20: Modified AFGC -Setra stressstrain model by Steinberg (2010).

The Monte Carlo analysis method evaluates a variety of parameters to determine when a
designed member may be considered unsafeed on a list of specified parameters (Steinberg
2010). In this study, three shapes were analyzed: a box beam, a modified bulb tee as used in the
Wapello County Bridge in lowa (Secti@5.1.3), and the second generationdfider (Section
2.5.1.4). The primary parameter evaluated in this study was nominal momenitgapgeca
result, the Garcia model was shown to produce higher predicted moment capacities, as compared
to the other models. Following the Garcia model, the modified ABEtta model produced the
next highest moment capacities, and the AASHTO model tj@viewest values (Steinberg
2010). The conservative values using the Whitney stress block are consistent with results
previously discussed in Secti@m.1.1by Graybeal (2008) from testing UHP&jirders.

According to Steinberg (2010), the variability in results from each model was attributed
to the type of failure associated with each model. The Garcia model resulted in failures due to
tensile strain, causing lag in compressive stress development. Therefore, the higher moment
capacity is likely due to a larger moment arm or a larger temsite taused by using the Garcia
model. Variations in neutral axis location also resulted in some discrepancyngftéeti
nominal moment capacities. With little data available, Steinberg (2010) suggests that additional
research should be performed to better analyze the performance of these models. In order for
this to occur, more fulscale testing should be perfordnt® add to the database of knowledge for

flexure of UHPC members.
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2.4.2 UHPC in Flexure

Reported flexure strength of concrete members is often misconstrued and misrepresented.
The equation for flexural strength is often that shown in EquéZ@e); however, the use of
this equation is only valid up to the first crack of concrete. Once the concrete has drecked,
cross section resisting the load has changed, and stresses arbuéstistnroughout the new
cross section. Therefore, the results from this method are inaccurate for reporting actual flexural
strength. Despite the invalidity of this equation, it continues to be used to report flexural strength
of concrete members sindeete is no accurate way of determining the actual depth of the cross
section resisting maximum stresses. It must be noted that this value is not & resdiisti but

can only be used for comparison

fooo= @ (2-20)

flexure

Where,
fiexure= flexural stress; flexural strength at maximum moment (ksi)
M = maximum moment ¢kn.)
y = depth to centroid (in.)

| = moment of inertia (irf)

Flexure strength of UHPC is higher than conventional concrete members due to the high
compressive and tensile properties. Flexural strength of UHPC can range between 2.9 and 20.5
ksi, with the highest values achieved through pressurization and a higitdaattreatment
(Richardand Cheyrezy995). More common values for UHPC flexure strength range between
4 and 8 ksi (Lafarg2013 Shaheen and Shrive 2007). The various relationships in S@dcfidn
are used to design UHPC structures for flexure and to better represent the behavior of UHPC in
bending.

Graybeal (2008) studied the flexural behavior of UHRfIrders by experimentally
testing AASHTO Type Il girders made with UHPC to failure. In this study, the UHPC had a 28
day compressive strength of 28 ksi and a modulus of elasticity of 8100 ksi.irdéreveas

prestressed with twentix 0.5in. diameter, lowelaxation prestressing strands and contained
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no mild reinforcement typically used for shear. The strands were stressed to 55 % of their
ultimate stress, or 148.5 ksi. The girder shape wasptimbiaed to best utilize the properties of
UHPC; however, this provided a direct comparison to a familiar and standard conventional
concrete girder. The beam was 80 ft long, and it was loaded in a four point bending
configuration on a 78.5 ft span usingimple support system. The two point loads were located
3 ft from midspan.

Results from testing, showed that the moment capacity of the UHPC girder was 3,225
kip-ft (Graybeal 2008). Compared to the analysis of a similar concrete girder witiay 28
compressive strength of 8 ksi and a moment capacity of 176f, kipp UHPC girder moment
capacity is approximately 90 % higher. This confirms that UHPC exhibits superior moment
capacity over conventional high strength concrete.

Using the modified stesstrain relationship developed by Graybeal (2008) (Section
2.4.1.4, Figure2-19), the flexural capacity for the testegitder was predicted to be 24446tk
or 76 % of the experimental value (Graybeal 2008). Although this was not a vast improvement
compared to values using the Whitney stress block (Sez#oh.1, Figure2-13), the new
model was developed to better represent UHPC with a caisernapproach (Graybeal 2008).
This conservative approach was considered a reasonable option until more testing has been
performed to better understand the complete behavior of UHPC and to gain confidence of
designers in using UHPCgirders.

For thissame test, cracking was not visible when loaded below 160 kips. However, at a
loading of 78 kips, sounds indicated that the concrete was experiencing tensile cracking. Tensile
cracking in UHPC members was shown to be different from conventional comzreteers.

For UHPC, very closely spaced cracks occurred with relatively small crack widths. Graybeal
(2008) poduced an equation with a coefficient of variatiof, & 0.952to illustrate the

relationship between tensile strains and crack spacingZEy)).

e= 450+ 299, 40 (2-21)
Scr SCf
where, & = microstrain (in./(18in.))

Sr = crackspacing(in.)
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A study by Barnett et al. (2010) showed that the discrete fibers and their orientation
affected the flexure strength of small panels, ranging from 1 to 2 in. thick. In fiber reinforced
concrete, discrete fibers produce a tension stiffening effemiiding the concrete an ability to
carry additional load past the initial cracking point (Bischoff 2003). This same behavior was
observed in the UHPC panels, contributing to increased flexure capacity (Barnett et al. 2010).
Increased flexural capacity cafso result from specific fiber orientation. If fibers are aligned
parallel to tensile stresses, fibers can bridge tensile cracks directly. For beams, aligning fibers
along the length of the beam is best accomplished by placing UHPC into one endeaiithe b

mold, allowing it to flow toward the opposite end.

2.4.3 UHPC in Shear

Shear strength of UHPC has been proven significantly higher than plain conventional
concrete. With the added strength of the fibers, UHPC has the capability of resisting shear
crackingwithout the need for additional reinforcement in the transverse direction (Magureanu et
al. 2010). Discrete fiber reinforcement results in the formation of numerous, tightly spaced
cracks prior to shear failure (Graybeal 2006b; Voo et al. 2010). The ainghear cracking has
also been shown to be reduced in UHPC beams, showing values below the 45 degree angle
commonly exhibited in conventional reinforced concrete (Graybeal 2006b).

Thelnterim Recommendatiorsr Ultra High Performance FibrdReinfored Concretes
by the AFGCand Setrg2002) provides one of the first recommendations for analyzing and
designing UHPC structures subjected to shear stresses. Other recommendations can be found in
the Design Guidelines for Ductal® Prestressed Concrete Bdan@owripalan and Gilbert
(2000), and th&®ecommendations for Design and Construction of Ultra High Strength Fiber
Reinforced Concrete Structures (Drdft) the Japanese Society of Civil Engineers (2004).
Graybeal (2006b) also recommends a design procedure for prestressed-girtieGslin a

Federal Highway Administration Report.

2.4.3.1 ShearDesignAccording to the AFG@nd Setra
The AFGCand Setrg2002) desdbes the ultimate shear strength of UHPC sections to
contain three different components contributing to the shear strength: concrete, fibers, and
reinforcement. Both service and ultimate limit state conditions are considered with the criteria

when using pestressed UHPC; however, serviceability checks are primarily concerned with
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maintaining appropriate stress values. The shear capacgydetermined using three
components: a contribution from the UHP&4), a contribution from the fiber reinforcement
(Vs), and a contribution from the steel reinforceméfy}.( The following equations outline how
to determine shear strength according to the ARGL Setranterim recommendations.

w0 0 W (2-22)

Where,
V, = total shear resistance of UHPC sec{in
Vrb= shear resistance contribution by UHPC; determined by Equ&ti®8) for
prestressed concrete or Equati@24) for reinforced concretéN)
Va = shear resistance contribution by steel reinforcement; determined by Eq@&2iQn
or (2-28) (N)
= shear resistance contribution by fibers; determined by Equ&ti?9) (N)

—i%krbd (2-23
9 %
(for prestressed concrete)

Ve =222 [T b (2-24)
9% %
(for mildly reinforced concrete)
Where,

o = safety coefficient, such that 3= 1.5

X = safety coefficient, such that 2= 1.5

fc; = compressive strength of UHPC at tim@1Pa)

k = factor indicating a portion of concrete in primarily tension or compression;
determined by Equatiof2-25) for compression or Equatid8-26) for tension

bo = width of section(mm)

d = depth to centroid of prestressing tendpma)
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k=14 35em (2-25)
f
(in compression)

k=1- O'Zﬁ (2-26)
t]

(in tension)

Where,
fy = tensile strength of UHPC at timg(MPa)
Uem = mean compressive stress in total section of concrete under normal
design forcMPa)
Uwm = mean tensile stress in total section of concrete under normal design
force (MPa)

V, =0.9d %;(sina +cosa) (2-27)

(for mildly reinforced concrete)

v, = A fo(sinla+6,) (2-28)
S gs Slnbu

(for prestressed concrete)

Where,
z=lever arm at ultimate moment between the centroti@tompression block and the
centroid of the tensile reinforcementm)
A = area of transverse reinforceméminy)
& = spacing of transverse reinforcem@nin)

fe = yield strength of reinforceme(¥Pa)
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O = safety factor; generally taken as 1.15; taken as 1.0 for accidental combinations

U= angle of shear reinforcement measured from the axis of the web

by = angle of compression struts as measured from the horizontal; must be greater than or
equal to 30

V. = p (2-29)

Where,

S= area of fiber effect; estimated as Q®br bz for rectangular or Tee sectiofisn?)
Up = residual tensile stress carried by fibers across a shear crack; determined by Equation
(2-30) (MPa)

Xf = partial safety factor; generally taken astbi3fundamerdl cases; taken as 1.05 for
accident combinations

7 (W)dw (2-30)

Where,
Wim = maximum of wor 0.3 mm (mm)
wy = ultimate crack width; can be taken &s I(mm)
Ic = characteristic length; generally taken as (2/@yim)
h = depth of sectiofmm)
U = ultimate strain0.003

K = orientation coefficient for general effects
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2.4.3.2  Shear Design According to JSCE

The Japanese Society of Civil Engineers (JSCE) preparechneendations forekigning
and constructing ultrligh strength fiber reinforced concrete structures (Japan Society of Civil
Engineers 204). Accordirg to the recommendations, ulngyh strength fiber reinforced
concrete (UFC) i smeanhtgidus aoraposites seinféreed ly fiberavitho f ¢ e
characteristic values in excess of 150 N2 ksi] in compressive strength, 5 N/m[0.72
ksi] in tensile strength, and 4 N/mMin0 . 58 ks ] i n first cracking
Engineers 200). UFC is further defined by having a matrix containing a maximum particle size
for aggregates less than 2.5 mm [0.098 in.] and a wwadsgmentitious materials ratio less than
0.24. The recommendations also state that UFC contains fibers for reinfot@etded at more
than 2% by volume and that heat curing is required for UFC (Japan Society of Civil Engineers
2004).

The recommendations by JSCE (2004) consider the contribution of three components to
shear strength of UFC structures: the contribution of the member itself without shear
reinforcement, the contribution of the reinforcing fibers, and the contribution gituaimal
prestressing reinforcement. The design shear cap4gityr a structure can be determined
using Equation§2-31) through(2-36). If a diagonal compression failure is expected, the shear

capacityMwcd can be determined using Equat(@m37).

Vg =Vipes TVig Ve (2-31)
Where,
Vyd = design shear capacity (N)
Viped = contribution of the UFC matrix without shear reinforcement; determined by
Equation(2-32) (N)
Vi = contribution of the reinforcing fibers; determined by Equafit83) (N)
Vped = contribution of longitudinal prestressing reinforcement; determined by Equation
(2-36) (N)
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V., =018/f;, @, C%b (2-32)

Where,
bw = web width (mm)
d = effective depth (mm)
f.d0= design compressive strength of UFC (N/fhm

2 = member factor; given generally as 1.3 here

vV, gae An 5.9 8, %, (2-33)

Where,
fva = design average tensile strength perpendicular to diagonal cracks of UFC; determined

by Equation(2-34)
by = angle between member axis and a diagonal crack; must be greater°than 30

determined by Equatiof2-35)
z = distance from the location of compressive stress resultant to the centroid of tensile

steel; given generally as the value of d/1.15

% = member factor; given generally as 1.3 here

1 "5, (W) 1" (2-34)
fg = dw= (w)dw
T, Vg, w,, P

Where,
Wiim = generally 0.3 mnimm)
Gk(w) = characteristic value of Tension Softening Diagram; considers data scatter

Ua(w) = the value ofi(w) divided by a material faot

b, =Etan‘1ge.2f—.§- b,? 307 (2-39)

c xu_syu+
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Where,
U= average shear stress calculated from design shear force
0 xu= average compressive stress along member axis
0, = average compressive strength perpendicular to the member axis
bo = angle formed by a diagonal crack and a line afréBn the member axis when not

subjected to axial force

-
Vea = Py BN % (2-36)

Where,
Peq = effective tensile force of prestressing steel tendons
U, = angle formed by prestressing steel tendons and member axis

% = member factor; given generally as 1.1 here
V.., =0.84f. 2 sin(25,)th, v (2-:37)

Where,
% = member factor; given generally as 1.3 here

Similar to the AFGGand Setra (2002ecommendationshe JSCE(2004)
recommendations also consider the contribution of the concrete matrix and the contribution of
the fiberreinforcement separatelyrhe JSCE recommendations also consider that the angle of
diagonal cracks in UFC is lower than the typicdl lhsconventionatoncrete, and the 30mit
of diagonal cracks was adopted from the AFGC recommendations. In determining the value for
fva, the JISCH2004)recommendations alter the AFG@d Setrg2002)methods to account for

fiber orientation.
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2.4.3.3 ShearDesignAccordirg to Australian Guidelines
According toDesign Guidelines foRPCPrestressed Concrete Bea@owripalanand
Gilbert2000), shear strength is provided to prevent shear cracking under service loads. For this
reason, this design code only utilizes therggtle limit states. To design for shear strength, the

following equation must be satisfied:
V*E AV, (2-39)

Where,
V* = design shear force; determined using factored design loads for strength limit states
Vu = shear strength contribution by structural system; determined by Eq(&88h
., = phi factor; 0.7 for shear according to AS3600994

Vu =Vuc +Vus + R/ (2-39

Where,
Vuc = shear strength contribution of concrete
Vus = shear strength contribution of shear reinforcement

Py = transverse component of prestressing force
The design code also suggests that the shear strength contribution of reactive powder
concreteVyc, be limited toV, the shear force required to produx specified tensile stre&s

(Gowripalan and Gilber2000). Therefore, the principdénsile stress in a beam shall not exceed
G, as defined by Equatiqi2-40).

S, :(5.0+0.1 fc') in MPa (2-40)
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Where,
G = limiting tensile stress occurring at either the central axis of the beam or at the
intersection of the web and the flange (MPa)
fc' = thespecified compressive strength (MPa)

The critical section of a beam represents the location along a beam with the maximum
shear force considered in a design. For beams, the design guidelines provide two possible
scenarios to determine the critical secti First, the critical section is located at a distahce
from the support if no diagonal cracking can take place at or into the support (Gowaipalan
Gilbert2000). If cracking can occur at or into the support, the critical section is located at the
face of the support.

The Design Guidelines foRPCPrestressed Concrete Beanalso addresses shear
strength of slabs (Gowripalamd Gilbert2000). If the slab fails in shear across the width, shear
design strength is determined as if it were a bedrhelslab fails in shear near a support or a
concentrated load, the design strengtlis determined according to Equatid@s41) and
(2-42). The critical shear perimeter of a slab is similar to the critical section of a beam. The
critical shear perimeter is determined by extending the effective area of either a support or a

concentrated load by a distara/®. This area is used to determine the design shear strength.

VA T (2-41)
e uM,6 @
pd + - u

Vuo = Ud(5+ O'ascp) (2-42)

Where,
u = effective length of the critical shear perimeter
M, = bending moment transferred from slab to support in direction considered; zero if
considering concentrated wheel loads

d = effective depth of the slab averaged around the critical shear perimeter
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a = dimension of the critical shear perimeter measured parallel to the direction of the
span producing the bending momhit
Ucp = average effective prestress around the critical shear perimeter (positive if

compressive, negative if tensile)

2.4.3.4 Shear Design Recommendations by Graybeal (2006b)

Graybeal (2006b) performed three shear tests on AASHTO Type Il girders, each
prestressed uh twentysix 0.5in. diameter 270 ksi low relaxation prestressing strands. Unlike
conventional concrete, no mild reinforcement was used throughout the girder. The girders were
tested using simple supports, a roller and a rocker, over three differanespgths: 14 ft, 24 ft,
and 28 ft. Results showed that the number of shear cracks increased as the load increased. The
angle of shear cracking ranged fr@mto 38degrees, showing that UHPC exhibits shear
cracking at a shallower angle than conventi@aalcrete. In the girder tested over a 24 ft span,
failure was immediate ondier pullout began in the diagonal shear cracking. The tensile
capacity was greatly reduced by fiber pullout. However, in the girder tested over a 14 ft span,
the tendons ghiped as the fibers began to pullout. This caused the shear capacity to decrease
slowly rather than resulting in a sudden and immediate failure (Graybeal 2006b). Both failures
were brittle, and structures should be designed to avoid such failure types.

Graybeal (2006b) recommends that the shear capacity be estimated using the area of the
web and an approximate angle of the diagonal tensile failure plane. It is assumed that all shear
forces are carried by diagonal tension and compression in the web almeoncept behind
this method is equivalent to the calculation for fiber contribution to shear capacity as proposed in
the Interim Recommendations by AF@@d Setrgd2002). Manipulating the AFG&nd Setra
eqguation shows that the residual stress is plidt by an estimated shear plane area to provide
the shear contribution of fibers (Graybeal 2006b). Graybeal also indicates that the girder should
be detailed to maintain small crack widths. This can be accomplished by restraining the top and

bottom flanges or by using draped tendons.
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2.5 Bridge Applications of UHPC
As previouslydiscussedUHPC has excellent strength and durability properties, making
it suitable for structural applications in harsh environments. Because bridges are exposed to such
environments, UHPC is weBuited for bridge applications. This section deseritmev UHPC
has been implemented in existing structures and the research that has begun to investigate the use
of UHPC in bridge decks.

2.5.1 Existing Structures
UHPC has been used to construct several pedestrian bridges, including the Sherbrooke

Footbridge in Sherbrooke, Queb@iais and Couture 199@)nd the Footbridge of Peace in

Seoul, KoregLafarge2013. Once UHPC reached the United States (Jr8searchrs at the
Massachusetts Institute of Technology (MtBveloped an optimized bridge girder condept
take full adyv andrengteroperfieq&raylecal @003a,eGraybadl ZD@90)he

first UHPC highway bridge to be built in the U.S. isdted in the state of lowhafarge 2013
Graybeal 2009 but increasing knowledge of UHPC has caused its useéadbeyond the

state of lowa.

2.5.1.1 Sherbrooke Footbridge (Sherbrooke, Quebec, Canada)

The Sherbrooke Footbridge, was the first major structure constructed using (BHIRC
and Couture 1999)This bridge is composed of a space truss, using confined UHPC in steel
tubes as diagonal web members. This method of confinatiewedcompressivetrengths to
reach 50 ksi; whereas, the unconfined UHPC was designed for a compressive strength of 29 ksi.

The Sherbrooke Footbridge spans a distance of 197 ft, containing six prefabricated
segments that were pesinsioned together (Blais and Coutug®99). In each three chord truss
element, the top chord is composed of the unconfirgd @ in. thick UHPC deck and stiffening
elements. The deck was designed so that the UHPC could resist shear and punching forces
without mild reinforcement. The diagainchords are composed of confined UHPC encased in
stainless steel tubing. Each chord is angled in two directions: 41 degrees in the longitudinal
direction and 14 degrees in the transverse direction. Each diagonal chord was prestressed using
two tendonsand anchored directly against the UHPC. The bottom chord is composed of a

UHPC beam that is used to connect the diagonal chord members.
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During construction, the Sherbrooke Footbr
performance over time (Blagd Couture 1999). The following information is measured and
recorded constantly through this system: temperature variations, strains in all chords of the truss,
deflections of the superstructure, loads in web members, prestressing force, and vibréons
results are collected and monitored by researchers at the University of Sherbrooke and Concrete
Canada. Results from this lotgrm bridge monitoring project should provide data to improve

UHPC structures in the future.

2.5.1.2 Footbridge of Peace (Seq8outh Korea)

TheFootbridge of Peace was designed by French architect Rudpfiand stands as a
symbol ofthe aesthetic possibilities of UHRCafarge 2Q.3). A gift from the country of France
to represent friendship, the Footbridge of Peace spghé 4o link the city of Seoul to the
Sunyudo Island in South Korea (Brouwer 2001). The footbridge contains no passive
reinforcement, but only 13.2 tons of prestressed reinforcement was used with the 240 tons of
Ductal® (Lafarge 203). Theability to createslenderelementdased on the strength and
ductility of UHPCis best displayeth the 1 %4 in.thickness of the bridges 17 ft wi de de
(Lafarge 2@.3).

The main arch of the bridge is composed of six segments (Brouwer 2001). Each segment
is approxinately 72 ft long, 14 ft wide, and 4 ft high. On each side, three segments were
pretensioned to the foundation, and the foundations served to withstand the horizontal thrust in
the bridge. Ductal® was used to fill space between the two ends of theMooh stress was
incorporated into the overall arch by placing a force of 445 kN into each end before pouring the
center closure of Ductal®. Transverse ribs were spaced at approximately 4 ft, providing-a shock
absorbing system to control vibrations, a eandor slender bridges. As the first project to best
take advantage of the superior strength and ductility characteristics of UHPC (Brouwer 2001),

the Footbridge of Peace displays new design opportunities available using UHPC.

2.5.1.3 Highway Bridges in the Uted States
As the first bridgéouilt in the U.S.usng UHPC, the Mars Hill Bridgds located in
Wapello County, IAGraybeal 2009c¢) Standard bulbee girders were modified by reducing the
section size tbake advantage ahfe high strength of UHP®Bierwagenand AbuHawash2005)

Additionally, traditional reinforcement for shear was elinigtbfrom the bridge because UHPC
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alonewas able tdandletheentireshear deman@Graybeal 2009c¢). This bridge, built in 2006, is
the first of several UHPC strueis in lowa (Keierlebest al.2010).

Since the opening of the Mars Hill Bridge, other bridges using UHRE Ibeen
constructed in the U.S., includiige Cat Point Creek Bridge in Richmond County, VA and the
Jakman P& Bridge in Buchanan County, I&Graybeal 2009c). The Jakman Park Bridge was
constructed in 2008 (Keierlebet al.2010). This innovative bridge contains af68pan using
specialized Ductal® Ryirders. The crossection, discussed in more detail in Sec&dn 1.4,
resembles the Greek | etter Pi and takes UHPCOG
consideration. The overall bridge is 115 ft 4 in. long and 24 ft 9 in. wide Pitdieders
measured 51 ft 2 in. in length and were supported by neoprene pads. The Cat Point Creek Bridge
in VA contains one span of five UHP&irders, approximately 80 ft long (Lafarge13. A
castin-place deck was then placed on top of these UHiR{&rs.

An extensive amount of effort between researchers, designers, and producers made these
bridges a realitgince there are no standard guidelines for using UHPC in theAs $he
understanding of UHP€ontinues to growthe implementation of UHP&Iructures can become

more common and more accepted among producers and designers.

2.5.1.4 Pi-girder Test Bridge (McLean, VA)

The design of the Riirder crosssection was inspired by the Footbridge of Peace in
Korea (Graybeal 2009a). Researchers from the Miagsatts Institute of Technology (MIT)
developed crossectional dimensions to optimize for the unique properties of UHPC and to best
implement the Rgirder for use in U.S. highway bridges. Simply, thaiier is a double buib
tee girder, closely reseniy the shape of the Greek letter Pi. Although double tee girders have
been previously used for parking decks and bridges in the United States, the innovgitisterPi
features a slender design that would not be possible without the superior streigtPCf

The original Pigirder shape was tested by the Federal Highway Administration, and MIT
researchers developed a method to modify dimensions of the girdeseobiss based on
specified span lengths (Graybeal 2009b). FHWA chose to test a déghedkefor a span length
between 70 and 100 feet. For this span length, the deck was 3 in. thick and the total girder height
was 33 in. The crossection also featured several distinct edges, resulting in a nearly
perpendicular intersection of the websldne deck. Longitudinal joints were initially bolted

together using threaded rods spaced every 3 ft. After joints were connected using bolts, the shear
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keys of the joints were filled with neshrink gout to complete the full connection (Graybeal
2009b).

Results from testing the original-Birder provided researchers with valuable information
to improve future crossections. In the original crosection, high stress concentrations
developed at sharp edges, specifically where the webs met the dagkd@ 2009b). The shear
strength exceeded the required capacity by AASHTO for the specified girder span length, but the
section lacked an excess of flexural strength. Tightly spaced cracks were noticed during flexural
testing (Graybeal 2009b), showittge ability of the fibers to provide pestacking resistance.
Transverse flexural strength was improved by strapping the two webs together, and large cracks
formed in the deck due to few alternative load paths in the members during transverse flexural
testing (Graybeal 2009b). Based on these results, the sgemedation Rgirder was developed
to improve the weaknesses of the original cisession.

The secondjeneration Rgirder features several modifications to the original eross
section(Graybeal009a) The deck was both widened and thickened. The webs were thickened
and shifted inward. Sharp corners were rounded to prevent large stress concentrations.
Additionally, overhang blockouts were eliminated, and intermediate diaphragms were included
These differences are most noticeable when comparing the two girdesectissis Figure
2-21).

100 in.

ﬂ 95.5in. ‘

Note: cross section
has beersimplified
for schematic

33in.

|:| Prototype PiGirder

. 2nd Generation RGirder

Figure 2-21: Cross-sectional comparison of the original and seconrdeneration Pigirders
(Graybeal 2009a).
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Longitudinal joints incorporated a grouted shear key, similar to the orightatd®ir, as
well as grouted pockets spaced at 18 in. along the girder (Graybeal 2009a). The shear pockets
were 4 in. wide and extended 14 in. into each girder. In each padket 8 reinforcing bar was
used to strengthen the transverse direction, and two No. 4 reinforcing bars were placed in each
girder in the longitudinal direction to strengthen the longitudinal direction of the joint (Graybeal
2009a). As opposed to thelteal joint in the original Rgirder connection, this connection did
not require diaphragm blockouts.

Results from testing the secegdneration Rgirder showed that the cresection was
suitable for spans up to 87 ft (Graybeal 2009a). The flexapaaity was approximately 57,000
kip-in., and the shear capacity was nearly 300 kips. Additionally, the transverse joint connection
performed well, resulting in flexural hinging failure similar to that of the deck (Graybeal 2009a).
Despite having 42% merweight per unit length than the originaldgtider (Graybeal 2009a),
the second generation-§irder has many marked improvements. This innovative -@@stson
shows the ability of UHPC to take new form as it takes on the ancient challenges of stnehgth

durability battled by preceding bridge girders.

2.5.2 Bridge DeckResearch

Bridge decks are continuousybjected to vehicular impaahd environmental effects,
requiringfrequentmaintenance and replacement. With the exce#ieahgth andiurability
properties of UHPC, researchers have recognized the potential of using this material in roadway
bridge deckg¢Garcia 2007; Perry 2005; Toutlemoreteal.2005) Because UHPC is more
expensive than conventional concrete, structures must beizgalito take advantage thfe
material properties of UHP®hile also usindghe least amount of material possible. With this
consideration, the optimized shape for a UHPC bridge deck has been proposed-asg two
ribbed slalGarcia 2007; Toutlemonds d. 2005) also referred to as a waffle slab. Itis known
as a waffle slab because the shape along the botttma deck resembles a waffleigure2-22).
Because avaffle slab is an unconventional type of bridge deck, typical design and analysis
methods cannot be used; however, efforts have ineeleby researchers to provide possible
means of analyzing UHPC waffle slab bridge decks.
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Figure 2-22: Waffle slab bridge deck shape.

2.5.2.1 FHWA Research on Waffle Slab Bridge Decks

In the analysis of a UHPC waffle slab bridge deck by the U.S. Fétteghway
Administration (FHWA),basic beam theory and strain compatibility methedre applied to
design and analyze the section (Garcia 20@V)epresentative -beam sectionHigure2-23)
was analyzed in flexure with an effective flange width of 24 in. in accordance with Section
4.6.2.6 of the AASHTO LRFD Bridge Design Specificatigp812) Although the UHPC deck
is not typical, AASHTO Specifications were used as a guide in the desigesgr A assumed
stressstrainrelationship Figure2-18) based on previous reseasghs also used in this analysis
(Garcia 2007), as previously discussed in Sa@id.1.4
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Figure 2-23: Representative TFbeam section for flexure analysis byGarcia (2007).

Using theprovided elationshipfor UHPC (Figure2-18), strain compatibility was
incorporated in the analysis to determine the location of the neutral axis of @ectes
(Garcia 2007) Strain compatibility accounts for strain limitations in both compressive and
tensile regions The limiting tension and compression strains used in the strain compatibility
were 0.007 and 0.003132, respectivalisingthe methodof straincompatibilityand the
modified flexuralstresdistributionmodel, the flexural capacity of asectionwas determined
using typical beam analysis.

The design dimensions used in the FHWA analysis, as indicakdure2-24 andTable
2-4 (Garcia 2007)reveal that a deck of slender dimensions could be designed using UHPC to
withstand design loads of a typical highway bridge. Each panel in the deck was prestressed
using two ¥z in. prestressing strands in the longitudinal direction and located at depths of 2 and
6.5 in. from the top of the section. The individual panel secti@mns then designed to be post
tensioned together. Although the ribs were actually tap&igdre2-24) the bottom rib width,
bw, was used as a constant width in deiaing the moment capacity of the deck, providing a

conservative assumption in the design process.
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Figure 2-24: Waffle slab bridge deck crosssection (Garcia 2007).

Table 2-4: Waffle slab bridge deck dimensions of FHWA (Garcia 2007) design.

Dimension Description FHWA Values
ol Slab thickness 2.50 in.
h Total thickness 8.00 in.
S Rib spacing 24.0 in.
bwt Rib top width 4.00 in.
bw Rib bottomwidth 3.00 in.
L Segment length 8.00 ft

Overall, the design dimensions indicate that the deck contains slender elements compared

to a conventionally reinforced concrete deck. In the report by Garcia (2007), two conventional

reinforced concrete deck designs were compared with the UHPC walffldesign. Both

conventional decks were designed with a solid.Qhick crosssection. Compared to these

conventional deckshe UHPC deck was considerably lighter due to the ribbed-sext®n that

t akes

Results of the analysis by FHWA showed thatlibedingcapacity of a UHPC waffle
slab bridge declwas 10 to 20% higher thanconventionally reinforced concrete déGarcia
2007) However, the analysis methods should be experimentally validated irtambenfirm

advant age

of t he

mat er i

a l

0s

hi gh

these results and ttetermine whether or not anyodificationsshould ke made to analysis

streng

techniques. For example the inclusion of other design parameters, such as shear, may be of

importance.
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2.5.2.2 French Research

A similar projectwas launchetby researchers in Franteexperimentdy test a waffle
slab bridge deck desigifoutlemondeet al.2008) French Recommendations for UHPFRC,
French Bridge Design codes, and classical beam analysis were used to design antinanalyze
UHPC waffle slab bdge deckgToutlemondeet al.2005). The UHPC decks were designed to
connect to two longitudinal steel beams, providing composite action between the beams and
deck. The design dimensions for the decised aréndicated inTable2-5, revealing that the
dimensions were similar to those used in the FHWA analysis. The two decks were constructed
using two commerciall y av ai-Ceamdem Erolkhtdmiedat , Duct
2008). For each deck, individual deck panels were connected by longitudintnmishing
with a cast in place cold joint of UHPC with shear keys. Transverse prestressing was provided
with two T15S prestressing strands, located withenrths. Also, no vibration was used during

casting due to the setbnsolidating properties of UHPC (Toutlemoredeal.2008).

Table 2-5: Waffle slab bridge deck dimensions of French (Toutlemondet al. 2008) design.

Dimension Description French Values
ht Slab thickness 1.97 in.
h Total thickness 15.0 in.
S Rib spacing 23.6 in.
bwt Rib top width 3.94 in.
bw Rib bottom width 2.76 in.
L Segment length 8.20 ft

A portion of the experimental program waimed at determining the performance of the
deck due to local bending and punching shear (Toutlemetnale2008). A typical wheel load
was applied at the center of a box cell, simply supported on the four corners of the surrounding
ribs. Each wheel lahwas applied using a 23i6. square plate and a 354 thick polymer
material to simulate a bituminous driving layer. Two different wheel load sizes were applied: B
type, measuring 194y 19.7 in, and a narrower Aype, measuring 7.48y 10.2 in. The design
limit for this loading was 33.7 kips, and the deck outperformed the demand from both wheel
loads. The Bype loading resulted in narrow bending cracks at 67.4 kips, while no signs of
failure were shown up to 157 kips. Theype loading resultkin failure in punching shear

between 78.7 and 94.4 kips, still surpassing the design value of 33.7 kips (Toutlehahde
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2008). These results showed that the -In98lab thickness was well suited to resist punching of
wheel loads, resulting in faiteat loads welbeyond the design values. Also, average shear
stresses surrounding the loads were similar to ultimate tensile strengths determined from testing
thin plates. For Ductal®, the average shear stresses were 1.42 and 1.33 ksi, and tke ultimat
tensile strength was determined to be 1.38 ksi. For@®®acem, the average shear stresses
were 1.25 and 1.20 ksi, and the ultimate tensile strength was determined to be 1.20 ksi.
Another portion of thexperimental program waerformedo simulatel00 years otise
through fatigue testing (Toutlemondeal.2008). Testing was carried out such that a total of
100 million cycles were simulated through a detailed loading schedule, including the number of
cycles, wheel load type, and a loading raniggb(e2-6). Two different loading cases were
considered, such that testing occurred both near a joint and in the center of a deck panel. In each
case, two wheel loadwvere applied and spaced at 3.94 ft, a standard axle spacing according to
the Eurocode. Throughout the testing program, deflections were also measuredrat 23.6

intervals along the deck.

Table 2-6: Fatigue Testing Schedule for UHPC Waffle Slab (Toutlemondet al. 2008).

No. of Cycles Wheel Loading Type Loading Range: Low High, kips

10,000 B-type* 1.127 34.8
2,000,000 B-type 1.127 23.6
100,000 A-type** 1.127 19.1
100,000 A-type 1.127 28.1
100,000 A-type 1.127 34.8

*B-type loading refers to a wheel loading area of 19.7x19.7 in.
**A -type loading refers to a wheel loading area of 7.48x10.2 in.

The performance of the deck throughoutélkperimentaprogram providedeassurance
to researcherthat UHPC could become a materiafutureroadway bridge deck applications.
Vertical deflections did not exceed 0.079 in., indicating that the deck did not exhibit
serviceability problems with deflections (Toutlemomdal.2007). At jointlocations, the two
connected ribs appeared to act as one, generating a higher stiffness at connection locations. This
resulted inthe majority of loading at the joint locations to be supported by the transverse ribs.
First cracking, indicating nelinearstress behavior, appeared at a total load of 180 kips, and
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smallcrack widths at loads up to 224 kips indicated that minimal yielding had occurred in the
prestressing steel.

Safety barrier anchorage was another factor tested in this study (Toutleehahde
2008), showing that a connection could be designed such that fuse screws connecting a
reinforced concrete barrier to a UHPC deck will fail by yielding without damaging the deck.
Maximum loads for the failure of two barrier tests were 55 and 57 kipith this failuremode
a barrier could easily be replaced if damage occulnatit would not be necessaryrgplace a
portion of the deck itself.

Overall, the research by Toutlemonde et al. (2007, 2008) indicated that a UHPC waffle
slab deck coulgrovide a safe and durable alternative to traditional bridge decks. In general, the
narrow wheel loading, or Aype loading, was more severe than the typicalyBe loading,
indicating that more concentrated loads could be more harmful. The safetyg fact®&Type
and BType wheel loadings were approximately 1.15 and 1.25, respectively. Also, the deck
segment made of Ductal® generally outperformed the segment made wiG@eB&fkem in both

shear and deflections.

2.5.2.3 lowa Department of Transportation UHF&idge Deck

The lowa Department of Transportation completed the design of a UHPC full depth
waffle bridge deck in 2009 for future implementation in Wapello County, lowa (Heimann and
Schuler 2010). This bridge deck design was later tested by lowa Statzgitgiin 2010 for
fatigue and static conditions. This section reviews the design, production, and experimental
testing of this bridge deck.

The UHPC waffle deck panels were designed using AASHTO slab deck design
provisions (Aaleti et al. 2010). Theaupels were designed to be 8 f in. wide by 9 fii 9 in.
long (Figure2-25). The design compressive strength of the UHPC was determined to be 24 ksi.
The deck was in. deep (Aaleti et al. 2010). Conventional mild reinforcement of Grade 60 was
provided in two layers in both the transverse and longitudinal ribs of the panels. In the
transverse direction, a No. 6 reinforcing bar was locate In. from the topwwface, and a No.
7 reinforcing bar was located1¥4 in. from the bottom surface. In the longitudinal direction, a
No. 6 reinforcing bar was located328 in. from the top surface, and a No. 7 reinforcing bar was

located 21/8 in. from the bottom surface
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Figure 2-25. lowa DOT waffle slab bridge deck (Heimann and Schuler 2010).

For fabrication, both Coreslab Structures Inc. and Lafarge North America were consulted
(Aaleti et al. 2010). Production togkace at Coreslab Structures Inc. in Omaha, Nebraska. For
the prototype waffle deck panels, only one cubic yard of Ductal® UHPC was required. The deck
was formed upside down, such that the driving surface faced downward. To accomplish this, a
larger fam was used to create the driving surface and the top flanges. Then, a specially
designed form to displace UHPC was pressed into the trough, forming the voids and webs of the
waffle shape. First, a predetermined amount of UHPC was placed into the fwttamA
specialized bucket spanning the width of the deck panel was used to place the UHPC into the
bottom form, ensuring proper fiber orientation across the length of the deck panel. Then, the top

form was placed appropriately and pressed into the UtdR@=ate the voids.
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The upside down placement method for the waffle deck was developed for multiple
reasons. First, this placement method prevents fiber alignment segregation due to UHPC folding
as two flow paths intersect at a point (Heimann and $cl2@10), as previously discussed in
Section2.2.2. Second, this method allows producers to insert a form liner in the bottom form to
create a specialized driygrsurface pattern on the deck panels (Heimann and Schuler 2010).
Finally, the upside down placement metlatidwsfor early release of the void forms after initial
set. Releasing the forms was expected to reduce internal shear stresses by preventing the
restraint of shrinkage of the UHPC by the forms before final set.

Once the waffle deck panels were placed, they were covered with a plastic tarp and
allowed to cure for two days (Aaleti et al. 2010). During this time, the area within the tarp was
heatel at a constant 11B using a propane heater. Once the compressive strength of the UHPC
reached 14 ksi, the waffle deck panels were rotated and released from the forms. In order to
prevent damage of the panels during rotation, the panels remainedfesimdtom form during
the rotation. After seven days, the waffle deck slabs were cured according to the producer
specified steam treatment for Ductal® concrete: heated &E/A8CF at 100% relative humidity
for 48 hours. Prior to the steam treatmemt, UHPC had a compressive strength of
approximately 15ksi. Following the steam curing process, it was determined that the
compressive strength of the UHPC had reached 29.8 ksi. This value was 24% higher than the
design compressive strength of 24 ksiteAturing, the waffle deck panels were shipped to
lowa State University for experimental testing.

Experimental testing of the deck panels occurred at lowa State University (Aaleti et al.
2010). Two deck panels were placedpoestressed concrete girdeanegirdersimulated an
interior girder andhe other an exteriorThe waffle deck panels were made fully composite with
theprecasgirders. Details of connections used on the prototype bridge are in S2étidn
Testing was sequenced to test the waffle deck panel section and thégzaret! joint at
service loads, first. A wheel load was simulated using a 10 in. by 20 in. plate. Then, fatigue
testirg of the panel section and the joint took place, loading up to one million cycles at a
frequency of 2 Hz. Finally, the ultimate load testing took place on the panel section and the

joint.
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Results from the experimental testing showed that the protatgfile deck panels
exceeded design expectations. Under service conditions, the panels showed maximum crack
widths of less than 0.002 in. and displaents of apmximately 0.03 in. over a 7 ft4 in. span
length(Aaleti et al. 2010). Both values werelbelow the serviceability limits defined by
AASHTO. The crack widthexhibitedduring this &sting were also below the 0.0ib2 crack
width limit defined by AFGC for fiber pull out failure. Under fatigue conditions, the waffle deck
panels were showto experience negligible damage (Aaleti et al. 2010). These results show that
the waffle deck panels are adequate for both strength and durability, indicating that the prototype

panels should be adequate for the Wapello County replacement project.

2.5.2.4 UHPC Biridge Deck Research Summary

UHPC has great potential for improving U.S. infrastructure; however, limited
information and funding is preventing this material from reaching its potential in the field.
Limited experimental testing has been performed on UHRflevslabs)eaving designers with
doubtsaboutthe capabilitiesof UHPCas a bridge deck alternative. To aid in this matter,
additional testing should be performidgain the confidence @fwvners,designersand
fabricators. Specifically, UHPC waffle slabs should be tested against U.S. design criteria to best
reflect the capability of a UHPC bridge deck to be used in the U.S. The current project is
focused on making additional testing a reality. Bothdibgign and experimental testing of a
waffle slab bridge deckection wergerformed to add to the growing database of research that
could be used tdevelopfuture design criteria for UHPC structures.

2.6 Connections in Precast Bridge Deck Construction
Precast bridge decks hold many advantages ovemcpkice bridge decks, including

more efficient and safe construction practices (Transportation Research Board 2003). Precast
bridge decks also have better quality control, as they are manufactungldatt @nder more
controlled conditions. Despite these advantages, joints connecting precast bridge deck panels
can be problematic, making their design and fabrication crucial to achieve optimal behavior.
Joints can also determine the efficiency of a traiion project (Harryson 2003), making them
a vital part of the critical path. This section prowda overview of historical and current
practices for connecting precast bridge deck elements as well as innovative connections using
UHPC.
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2.6.1 Match-Cast Ranetto-Panel Connections

The first type of connection is a ngmouted matcitast shear key connection for joining
panels. The ends of the two panels have a male and female shear key that is expected to fit
together perfectly with a thin neoprene pat@tween Figure2-26) (Transportation Research
Board 2007). This joint is very simple, requiring only a sealant at the top to prevent leaking;
however, a variety giroblems were quickly seen with the implementation of these joints. After
as little adive years of service, these joints were shown to crack and eventually leak, making
them very ineffective. Since this problem was discovered, these joints havemot bee

implemented in new construction due to their poor {tergh durability.

/
/L

Z Neoprene Pad

Polyurethane Sealant

Figure 2-26: Match-cast panetto-panel connection (Transportation Research Board 2007).

2.6.2 Grout Filled Panetto-Panel Connections
Grout filled panelto-panel connections provide additional durability as compared to
matchcast connections. These joints contain a fertafemale shear key filled with grout
(Figure2-27) (Transportation Research Board 2007). The inclined surfaces of the shear key
improve vertical shear strength of the joint, and a large opening is implemented at the top to

facilitate grout placement.
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Figure 2-27: Grout-filled Panel-to-Panel Connection (Transportation Research Board
2007).

To fill the joint with grout, temporary backing strips must be placed at the bottom to
contain the wet grout until it hardens (Transportation Research Board 2007). Both polyethylene
rods and wood forming have been typically used as backing strips. Btdyet rods have been
less successful because they often resulted irfilkedf joints due to inconsistent construction.

Wood forming is placed underneath panels and hung from the top by threaded rods, providing a
consistent construction detail. With eeforming, a consistent spacing is maintained between

panels, allowing joints to be filled completely.

2.6.3 Reinforced and Grout Filled Paneto-Panel Connections

Reinforcement is used in panels to provide continuity in the bridge deck and to better
transferloads from panel to panel (Transportation Research Board 2007). This reinforcement
must be spliced at the joints. Since joints are the weakest point in a deck, construction must be
very precise in order to accommodate the reinforcement details wighjaitit. The primary
disadvantage of using mild reinforcement is the complicated details associated with providing
proper development in the bars within the joint. In order to develop steel reinforcing bars in the
small area of the pan&-panel jointbars must be hookeéigure2-28) (Shim et al. 2001)
This type of joint also requires a large amount of reinforcement, making construction precision a

high priorityto accommodate the high content of hooked reinforcing bars.
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Figure 2-28: Mildly -reinforced Panetto-Panel Connection (Shimet al. 2001).

Posttensioning can provide additional benefits to the groutiedisio Asimpler
reinforcement plan can be implemented by festioning in a joint, as compared to those
containing mild reinforcemenE{gure2-29) (Shim et al. R01). Posttensioned joints can
prevent leakage between panels and provide continuity from panel to panebfRewWieiss
2009), but this method still has a number of disadvantages-tdhggining requires specialized
equipment, raising constructionsts. This joint also has a high potential for corrosion, and

modeling can be difficult due to a combination of parameters, includingtéongcreep effects.

/ Grout
D

/N

Z Posttensioned Tendon

Figure 2-29: Posttensioned Panelto-Panel Canection (Shimet al. 2001).

2.6.4 Glued and Bolted UHPC Connections in Gartnerplatzbriicke
The Gartnerplatzbriicke was constructed during 2006 and 2007 to replace a timber bridge
in Kassell, Germany (Fehlingt al.2009). UHPC was chosen as a material im#éne bridge
because of its potential to produce relatively light construction elements. This was imperative
because the original piers of the timber bridge were to be used tatsingooew bridge.

Featuring ar80 to 120mm variable deck thicknesand aunique three chord truss, this bridge
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minimized weight without compromising strength. Part of the uniqueness of this bridge,
however, is in the connections.

Both glued and bolted connections were used to produce continuity (Feh&hg009).
Gluedconnections were used in areas where the UHPC was considered too delicate for bolted
connectionsKigure2-30). Deck plates were glued to the upper chords of the-tirerd truss,
and these deck plates were bolted to the steel truss members. Testing showed that the glued
connections of this bridge performed as well as UHPC in shear and tensile strength. Additional
testing showed that sand blasting the UHPC couldorgglued connections.

Precast prestressed UHPC deck plate

Note: cross section
has beersimplified
for schematic

“— Upper chord, UHP(

Glued connection )
Bolted connection

Diagonal steel tube «—— Lower chord, steel tube

Figure 2-30: Gartnerplatzbriicke cross-section (Kassell, Germany) (Fehlingt al. 2009).

2.6.5 UHPC Filled Joints with Conventional Concrete Structures

UHPCHilled connections were fitaised by Peter Harryson in Sweden (Harryson 2003).
Harryson used a type of UHPC known as Compact Reinforced Composite (CRC) in a mildly
reinforced joint to connect precast panels. CRC has a typical compressive strength of at least 22
ksi, a wateito-binder ratio of 0.16, and a fiber content of 6% by volume. This material exhibits
good bond to both steel reinforcement and previously cast concrete, making it an excellent filling
material for joints.Jengn (1999)provides a formula to calculate anchorégegth required for a
reinforcing bar in Compresit, a commercially available CRC. This relationship is given by the

following equation:
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178048 (2-43)

fe 07¢ 4
dVL
Where, L = embedmeniength of reinforcing bar

d = diameter of reinforcing bar (only mild reinforcement)
fc = compressive strength of concrete
U = shear stress; the force in the bar distributed to the
surface of the bar
¢ = thickness of concrete cover
Ast = crosssectional area of reinforcing bar in transverse direction

n = number of reinforcing bars in transverse direction

Equation(2-43) is only valid for mild reinforcing steel (Jensen 1999). On the right side
of the equation, the 0.5 represents the roughness contribution of ribs on the steel reinforcing bar.
For prestressg steel, this contribution is negated because of the smooth surfaces of reinforcing
steel. Therefore, this value would be dismissed for prestressing steel. The numerator of the
second half the equation represents the contribution of transverse stdbe denominator
represents the contribution of concrete cover

Using these properties, Harryson (2003) developed a joint using CRC and a simplified
reinforcement configuration. The joirigure2-31) is 4 in. wide and contains only straight
reinforcing bars, as compared to hooked bars in typical mildly reinforced grouted joints. The
joint is fully moment resisting and has shown strength above that of surrounding panels made
with conventional concretwith 8 ksi compressive strength. The shear strength of the joint was
shown to be 40% higher than the precast panels, indicating that design should be more dependent
on flexure strength rather than shear strength. Static testing showed that somiechdr pul
failures were possible when adequate cover was not provided. Modifications were made to
prevent this by increasing the cover thickness and placing transverse reinforcement on the
bottom layer of longitudinal reinforcement. With these modification; one reinforcing bar

pull-out failure occurred during fatigue testing. Although this joint was successful, quality
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control should be a high priority. Harrys@®003)suggests that the joint may be susceptible to

construction errors due to the snidithensions of the joint.

4in. Width of Joint
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Figure 2-31: CRC filled joint by Harryson (2003).

Expanding on the CRC filled joint by Harryson (2003), Larfarge has recently begun using
Ductal® as a filling agent in precasidge deck panel joints (Perand Weis2009). With a
new formulation of UHPC, Ductal® JS1000, Lafarge provides the product through premix bags,
a superplasticizer, and steel fibers. Ductal® filled joints have since been wksd in
replacements with prast decks both Canada and the United States. During pilot testing, full
depth 9 in. thick high strength concrete (HSC) panels were used in conjunction with the UHPC
filled joints to determine their strength and efficiency.

Both transverseHigure2-32) and longitudinal Figure2-33) joints were designed to be 8
in. wide (Pery and Weis2009), twice as wide as the formerly discussed joint by Harryson
(2003). Glass fibereinforced polymer (GFRP) reinforcing bars were utilized in the joints
because of their durability and resistance to corrosion (RadyVeis2009). Thes@roperties
were especially important due to frequent use of deicing agents on bridges. Since embedment of
GFRP reinforcement had never been tested, Lafarge performed tensdetgelts to determine
the required development lengthftdly yield thesebars in Ductal® JS1000. These tests showed
that slipping did not occur at embedment lengths of 4 and 6 in., making the designated
embedment length of 7.5 in. suitable for providing straight GFRP reinforcement to the 8 in. wide

joint.
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Figure 2-32 Typical Ductal®-filled transverse connection using GFRP reinforcement
(Perry and Weiss2009).

Ductakilled longitudinal joint

GFRPbars
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Note: cross section
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for schematic

Existing girder

Figure 2-33: Typical Ductal®-filled longitudinal connection usingGFRP reinforcement
(Perry and Weiss2009).

Overall, these jointsHgure2-32 andFigure2-33) are considered to be a viable option
for improving precast panel joints in bridges. Testing at the Federal Highway Administration
has showed that under fatigue testing, no signs of leakage were shown to occur when using the
Ductal® filled joint in combination with HSC precast deck panels (Pand/Weis2009).
Construction can be more efficient by phasing the process and making each phase open to traffic
after three days of curing. At three days, the Ductal® filled joint typicadlghres approximately
14.5 ksi compressive strength. With the strength, durability, and efficiency of a UHPC joint

filling material, UHPC filled connections have the potential to provide longer lasting bridge
decks.
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2.6.6 UHPC Filled Joints with UHPC Structures

The lowa Department of Transportation designed UHPC filled joints in the Wapello
County bridge replacement project to connect UHPC waffle deck panels (Aaleti et al. 2010). All
joints were designed to make the gpdars.eThree f ul |y
different connections were used in this design: shear pocket connections, waffle slab to girder
longitudinal connections, and waffle deck panel transverse connections. Ductal® was the UHPC
used in all connections, and all connections vpémeed at lowa State University (ISU). The
UHPC in the connections was cured in the ISU laboratory and hddy8mpressive strength
of 18.8 ksi

The shear pocket connections were in the longitudinal direction along the girders. The
shear pockets igined with the cells of the deck with 6 in. by 12 in. grout holes (See previous
figure of deck crossections) (Aaleti et al. 2010). The grout hole was filled with UHPC, and a
shear hook extending up from the girder allows the conneittioreate compots action
between the girder and de(fkigure2-34). Shear pocket connections are used along the exterior
girders to either side of the central girder. To placarspecket connections, UHPC was placed

in one end of each pocket and allowed to flow to the other end until filled.

UHPC filled
Waffle deck panet— shear pocket

/

Y

\

Shear hook

L2¢t &.FBDANRSNJ

Figure 2-34: Shear pocket connection in Wapello County bridge project (Aaleti et aR010).
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The second connection in the deck is the longitudinal connection between the waffle slab
and the girder. This connection was only used to connect adjoining waffle deck panels to the
central girder of the bridge (Aaleti et al. 2010). As withghear pocket connections, embedded
shear hooks extending up from the girder provided composite action between the waffle deck
slabs and the girdeFigure2-35). Dowds extending from the waffle deck panels also
contributed to the composite action between the deck panels and girder. The dowels were 12 in.
in length and were Grade 60, Noednforcingsteelbars Additional No. 6 reinforcing bars
were placed longitudally to contribute to the strength of the connection, and the area between
the panels and the girder was filled with UHPC. To place the longitudinal connection, UHPC

wasplacedinto one end of the joint and allowed to flow to the other end.

Waffle deck pane\j\\
\/ 7/

Dowels

UHPC fill

Reinforcement

\[

Shear hook

L2gF &.=F=—BANRSNJ

Figure 2-35: Longitudinal connection between deck panels and central girder in Wapello
County bridge project (Aaleti et al. 2010).

The final connection in the Wapello County bridge project is the transverse wedle d
panelto-panel connection. This connection was used to connect adjoining panels placed along
the length of the bridge (Aaleti et al. 2010). Dowels extended from the waffle deck panels into
the UHPC filled joint Figure2-36). The dowels were Grade 60, Naefnforcingsteelbars
Two No. 6 reinforcing bars were also used to tie the dowels together. The panel to panel

connections served to provide continuityldoad transfer between the panels along the length of
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the bridge. To place the transverse panel connections, UHPC was allowed to flow from the one

end to the other.

Waffle deck panej\

Reinforcement

[ Dowels

UHPC fil

L2661 a&a. ¢ DANRSNJI

L,

Figure 2-36: Transverse panel to pankconnection in Wapello County bridge project
(Aaleti et al. 2010).

Testing of this connection in service load conditions showed that both panels on either
side of the joint shared load equally, and the connection satisfied the deflection and crack width
requirements as recommended by AASH{P@leti et al. 201Q) The connection was loaded
three times to a peak load of 28 kips. This load was determined by multiplying the AASHTO
service wheel load of 16 kips by a factor of 1.75. At 28 kips, a hairlink eras discovered on
the transverse ribs forming the connection. This crack was only 0.002 in. wide, which was much
smaller than 0.@n., the width AFGC considers to be the initiation of fiber youit and tensile
strength loss in UHPC. Due to the small crack width, it was assumed that the connection
performed well under service conditions.

Testing of this connection also showedt tha significant damage occured due to fatigue
testing(Aaleti et al. 2010) The connection was subjected to one million cycles of amplified
service load. Static tests were performed intermittently at 168,000, 333,875, and 1 million cycles
to determinedaddisplacement relationships, peak strain in bottom reinforcement, and crack
widths in ribs from the transverse panels of the joint. The static tests at these intermittent points

showed little variation, showing the ability of the joint to resist faitpading.
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Finally, the transverse paniel-panel joint was tested at an ultimate limit state load of 48
kips (Aaleti et al. 201Q) This load was determined by multiplying the AASHTO service wheel
load of 16 kips by a factor of three. The joint waset#$o this load three times, similar to the
service load test. At the ultimate load state, minimal damage occurred. A maximum deflection
of 0.05 in. occurred, satisfying the AASHTO serviceability limits. The peak strain in the bottom
reinforcement oftie joint was well below the yield strain of the reinforcemennatoy 330 ¢ U.
While testing, hairline cracks developed in the joint with a maximum crack width of 0.003 in.
This crack width remained below the 020a. limit defined as the width AFGC caders to be
the initiation of fiber puHout and tensile strength loss in UHPC. Testing results of the transverse
panetto-panel joint indicate that the connection is sufficient for service and was designed well

above the required parameters.

2.6.7 Summary ofConnections

A variety of connections have been used to connect precast bridge deck panels, including
matchcast connections, grofitted connections incorporating shear keys, and reinforced and
groutfilled connections also incorporating shear keys.h@ligh postensioned and grodiiled
connections can provide a more simplified reinforcement detail, these joints have additional
complications in construction and lotgrm durability.

Although paneto-panel connections were not designed in this ptpfatureefforts
should bamadeto establish durable connections between UHPC bridge deck panels. This
project, however, focused only on the cresstion design of the bridge deck panel, and a

connection was designed to make the deck panels fully catapuaith steel bridge girders.

2.7 Industry Views on UHPC
There are many advantagesusing UHPC in bridge deckbat have been recognized by
researchers and the concrete induskgr instance, optimizing UHPC sections to be slender can
result in a lowedead loaqNishikawaand Morita2006), reducing the cost of transportation and
construction.By using precast sections fabricated at a concrete plant and shipped ready for
construction, installation time can be reduced, consequently reducing traffiaptitns. The
reduction in costs is not only limited to construction aspects, but thepliie of a UHPC bridge

is considered to be longer than a conventionally reinforced concrete bridge because of the
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advanced durability propertied his advanced dability can potentially lead to lower

maintenance costs thughout the lifetime of a bridge, also (Graybeal 2009c; Perry 2005)
Despite the many advantages of using UHPC, designers and producers are still not fully

confident that it is better than usiagll-known, traditional structural materials, such as

conventional reinforced concrete or stelebr example,he initial cost of using UHP@ a

deterrent because itmuch higher than conventional concr@@éerwagenand AbuHawash

2005; Li 2003; Perrg005) Currently, nodesign codeareavailable in théJnited States for

UHPC, causinglesigrs to be driven by moeling and analysis techniques. These techniques

often lead to the need for experimental testing before implementation in the field, mriplgin

the duration of the entire process from initial design to implementation is much longer than a

normal design projectConcrete producers may also have difficitityoducingUHPC irto their

facilities because of the special mixing, placement, amohg procedureshat must be taken into

consideratior{Bierwagenand AbuHawash2005) With thesenurdles UHPC may be difficult

to implement into current practice; however, by researching new methods to implement UHPC,

the advantages and aesthetic gmbses of using this material can lead to future projects that

have the ability to last for generations.

2.8 Photogrammetry
Photogrammetric methods have been used by a variety of researchers to measure crack

growth, deflection, and strain in concrete (Cand Shali997; Kintz et al.2006; Lecomptet
al. 2006; Whitemaretal.2 0 0 2 ) . Photogrammetry, defined as
photoso (Linder 2009), holds many advantages
methods involving the use of strain gauges or linear variable differential transformers (LVDTS).
Because data collection of photos is a-oontact process, specimens remain undisturbed by
instrumentation, data collection is uninterrupted during failure (@hoiShati997), and
equipment is not harmed if failure is destructive (Whitemiaal.2002) Data collection can be
automated and continuous over an area of interest. This is a major advantage over gauges placed
at discrete locations, because these instruments are limited by their placemeanh@hbah
1997; Robinset al.2001). Additiondl, photogrammetry provides a thorough collection of
visual records throughout testing (Whitenedral.2002). This can be helpful for concrete
researchers, specifically, because images can bgpmstssed to document crack formation and

detailed crackig patterns.
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One of the primary disadvantages of photogrammetry is the need for expensive,
specialized equipment. Typically, a specialized camera, such as a ebaopéetidevice
(CCD) camera, is used to achieve best results (&biShali997; Robinsgt al.2001,
Whitemanet al.2002; Zhanget al.2006). The viewing range is also limited when using these
cameras (Robinst al.2001), requiring multiple cameras to measure a large area. Despite the
limited viewing range and high expense, photogramyrtets proved to be an excellent non

contact method for measuring deflections and strains.

2.8.1 Digital Image Correlation
Digital Image Correlation (DIC) is a form of photogrammetry in which digital images are
analyzed to measure strains and deformationseld&xe tracked as an image deforms, and then
strain can be computed by measuring the chang

and the new location of the pixel in the deformed image (@hodiShati997) Figure2-37).
Lo L

Un-deformed Deformed
c=|Lo—L|/Lo

Figure 2-37: Digital image correlation is a method of measuring strains.

A pattern is typically placed onto the surface of the tested object to allow pixels to be
tracked more easily using a computer program. These patterns, such as the dot and grid pattern
in Figure2-37, are often applied by using contrasting black and white paint or ink é@kdoi
Shah1997; Robingt al.2001). In some cases, a specialized vinyl overlay is applied to surfaces
using epoxy (Sutton 2008). Although sonaterns are uniform, the majority of patterns used in
DIC are random, speckle patterns. These patterns are most often used because they are easy to
apply, and they reduce errors with pattern recognition of the computer. Such errors occur
because the comper cannot distinguish movement among very uniform points. For instance, if
a dot and grid pattern is used, the computer program may not be able to tell the difference from
one dot to another, miscalculating and confusing its location from one imdgertext. For
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this reason, random patterns are typically u
matcho from one i mage to another, reducing c
Another advantage of random patterns is the ease of application. A common speckle
patern can be applied to a surface with a light mist of spray paint or a light coating of Xerox

toner powder (Sutton 2008). Typically, a base layer of white spray paint is applied to the
surface, first. Then, the speckle pattern is applied to the susageaither a black spray paint

or toner powder, until the proper density of speckling is achieved. A high contrast between the
white and black applications is required for best computer recognition. Proper density is also
needed to ensure DIC can prawidccurate results (Suttehal.2009). Robins et al. (2001)
experimented with several different methods of stenciling a pattern onto a specimen, including
inking with a permanent marker, emulsion painting, and spray painting. For Robins et al. (2001),
inking was chosen as the most efficient method to apply a pattern to specimens. This was
because ink dried relatively quickly and allowed for a more controlled application of points to be
tracked.

Despite the widely accepted use of random speckle pattigquasuniform dot and grid
pattern was best suited for DIC of concrete specimens with multiple cracks by Helm (2008).

DIC becomes complicated when cracks produce a discontinuity in a sample, segregating the
image into parts. As the image is segtedanto parts, each portion deforms inconsistently to

one another. In the past, computers were unable to identify cracks, requiring humans to identify
cracks and reestablish analyses accordingly to account for the discontinuities. Contrary to this,
Helm (2008)produced an analysis technique that was able to identify discontinuities and provide
educated guesses to reestablish the analysis of independent regions. For this analysis, Helm
found that a quasiniform dot and grid pattern was most accuratepiie the common errors
previously described.

In any pattern application, adherence to the surface of the tested object is important,
especially if high strains are likely to occur (Sutetral.2009). Debonding issues are most
common with metallic s@i@ces, requiring more specialized paints to ensure adhesion throughout
testing. No problems have been noted with concrete specimens specifically; however,
researchers suggest that objects with painted surfaces be tested within one day of application due

to poor adhesion over time. Also, toner powder must be applied to a wet painted surface since it
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has no bonding abilities of its own (Suttetnal.2009). As mentioned previously, nylon sheeting
requires specialized epoxy to provide full adhesion touhfase of an object.

Once a method is determined for applying the speckling pattern, the next step is to
determine the proper density required for an accurate analysis. Sutton et al. (2009) provide a
relatively simple approach for determining a requitedsity based on a variety of parameters,
including both the tested object dimensions and the analysis capaldigase@-38). In this
approach, the minimum speckle size and pixel subset size for analysis are determined. Then, an
appropriate minimum speckle size can be established.

Given L, N, ;, M;:
Determine displacement accuragy,

up= (L/N)*B
¥

Assume speckling is sampled by 3x3 pixel array :
Determine object speckle sizZg,.

o= (LIN)* 4
4

Assume speckling is sampled by 3x3 pixel array :
Determine minimum recording resolutiohixN

N>3" 1 min Field of View: LRL (m
(N x Njin = __ pixefs Recording Resolution: N x N (Bix
', Magnification Factor: 1 (dixels/m)
Subset Size: m x m3jj
Determine minimum speckle dimension: Image displacement accuracy:, (pixels)
Image speckle dimension: ' ; (pixel)
(I)min = N/M; Object speckle dimension: ' 5(m)
Object dimension: o(m)

Figure 2-38: Flow chart to determine minimum speckle dimension (Suttoret al. 2009).

2.8.2 Computer Programs for DIC
A variety of computer software and programs are available for performing DIC.
Although some code is available free \ngernet downloads, the software packages executing
this code is typically not. This section discusses several options available for performing
computeraided DIC.
VIC 2009 is a specialized DIC software bundle developed by Correlated Solutions, Inc., a
company founded in 1998 by researchers at the University of South Carolina (Correlated

Solutions 2009). A free trial of this software is available on their website, but an individual
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educational licensmust be purchased for extended use of the prodiigs software can

perform DIC on both planar specimens and tittieeensional specimens to measure

deformations and strains. It is capable of performing analyses on high temperature testing and
samples experiencing high strain rates.

Digital Image Correldion and Tracking (DIC&T)s a program developed by researchers
at Johns Hopkins University to perform DIC in ddionensions (Eberl 2010). This program is
executed using MATLAB, a product of MathWofKscommonly used for data analysis.

Although MATLAB is not a free producDIC&T is free on the file exchange site MATLAB
Central. This site is owned and operated by MathWirksroviding customers with a means of
free file exchangeHighCorr High Temperature Digital Image CorrelatighighCorr) is

anotheDIC program developed by researchers at Johns Hopkins University (Thompson 2007).
HighCorr, like DIC&T, is executed using the MATLAB software package and is available free
on MATLAB Central. HighCorr was specially designed to analyze an object expastektmal

effects, providing a means of relating DIC results with thermal changes.

2.8.3  Summary of Photogrammetry

Digital image correlation (DIC) is a reasonable method to measure deformations and
calculate strains on a concrete specimen during testingprirhary disadvantage is the initial
investment required to purchase an appropriate camera and a software package to run the
analysis. The advantages are in the-contact method of continual analysis that can be
achieved through DIC. To perform DIC, atfgrn must be placed on the object to be analyzed in
order to allow a computer program to track pixels containing this pattern. Special considerations
should be made to produce an appropriate pattern with a proper density for the application
considered.These patterns may be either a dot and grid pattern or a random pattern. Pattern
application can range from a simple spray paint to a specialized nylon sheet.

For the proposed project, DIC will be used to calculate strains in order to establish stress
strain relationships of UHPC in biaxial conditions. Based on the presented research, both a
guastuniform dot and grid pattern and a random pattern will need to be explored to determine an
accurate method for proper DIC. Additionally, DEC&T (Eberl 2A0) MATLAB program will
first be explored for performing the DIC. Since behavior of UHPECamd postcracking will
be evaluated, DIC methods will aid in exploring a-falhge of UHPC behavior in biaxial

conditions.
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2.9 Literature Summary

It is evident hat ultrahigh performance concrete has excellent strength and durability
properties because of its unique composition. Extensive work has been completed to investigate
these properties and to determine how these properties can be used to their capguiéie c
Compressive strength, tensile strength, flexural strength, fteageresistance, and chemical
resistance have been tested by many researchers. Using these known properties, several
structures have been constructed using this material. Mahg designers for these structures
have taken steps to promote UHPC, creating more slender sections than previously possible with
conventional concrete. The-girder is an example of this innovation, leading researchers to
examine bridges in a new areniield-cast UHPCilled joints for precast bridge deck panels
also bring an innovative material into the spght to extend the life of future bridges. Further
applications in prefabricated bridge deck panels are continuing the expansion of UHPC
applications. The proposed waffle deck could provide an opportunity to improve durability of a
bridge, leading to reduced maintenance and longer life spans.

It is also evident that there is a definitive need for more research on this relatively new
material. The failure criterion of plain UHPC, specifically Ductal®, is still of interest. Little
research has been completed to identify the biaxial strength in combined tension and
compression stress states. The presented research will address this isgestiggtimg the
biaxial failure of UHPC in combined tension and compression stress states. Additional
information will be determined using the methods of photogrammetry and digital image
correlation to calculate strains from the biaxial testing. Therelewill also include additional
experimental testing and analysis to determine the feasibility of using a UHPC waffle slab bridge
deck in future bridges, specifically looking at the performance of the-sex$®n and
connections.

Results from the cuent project could provide the industry with additional understanding of
UHPC behavior in structures. This knowledge has potential to be utilized in the future
production of design guidelines for UHPC structures in the United States. Specifically, a
detaled biaxial failure criterion could improve the analysis methods of UHPC. Experimental
testing of a UHPC waffle slab could also provide valuable information to both designers and

producers, since both performance and casting techniques are being explioiedroject.
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Despite the current lack of guidelines, UHPC can continue to gain familiarity among designers,

producers, and owners as research progresses.
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Chapter 3: Methods

This chaptempresens the experimental and analyticalethodautilized in the project.
Preparations for all specimens are included, outlining procedures for mixing, placing, and curing
UHPC. These methods also include basic material property tesamglltesting finite
elementanalysispridge deck degn, and deck sectiaesting. Unless otherwise stated, all
experimental testing was performed in the Thomas M. Murray Structural Engineering Laboratory

of Virginia Tech.

3.1 UHPC Preparation
This section discusses the general procedures used in prepHR, thcluding mix
design proportions, mix procedures, rheological testing, and curing procedures for UHPC.
Placement procedures are not discussed in this particular section because these are highly

dependent on the type of specimen.

3.1.1 Mix Proportions

Ductal®, a trademark product of Lafarge, was the UHPC used throughout the entirety of
this project. The mix proportion34ble3-1) are provided with Ductal® premix bgagsteel
fibers, super plasticizer, and water. No accelerator was utilized in this mix design, in contrast
with the proportions previously shown in Sectibf.5. Ductal® was supplied in premix bags,
such that the Portland cement, fine aggregate, silica fume, and ground quartz were all included in
the proper proportions. The super plasticizer used in this project was CHRYSO Fluid Premia
150. The high strengthesl fibers were added at 2% by volume, consistent with the
recommended optimal amount presented previously in Se&tloBby Richard and Cheyrezy
(1995).

Table 3-1: Ductal® mix design proportions.

Material Weight/Volume (Ib/ft3)
Ductal® Premix 137
Steel Fibers 9.74
Super Plasticizer 1.92
Water 8.61
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3.1.2  Mixing Procedures

UHPCwasmixedbothusng an IMER Mortarman 750 and a smaller capacity
commercial pamixerin accordance with the procedures outlined inMagerial Property
Characterization of UltraHigh Performance Concreteport by the U.S. Federal Highway
Administration(Graybeal 2006a) These methods were described previousfdation 2.3.1
and are consistent with the manufacturer recommendations by Lafarge for Ductal®. To ensure a
consistent product, Lafarge provided training for the proper mixing operations of Ductal®. The
training session was administered by Kyle Nac(®2008) a Technical Representative of Lafarge
North America. Lafarge provides mixing training to all new users of Ductal® to guarantee
guality control is maintained. The IMER Mortarman 750 mixer was used fa& batghes with a
volume greater than 1 cubic foot, and a commercial pan mixer with a volume capacity of 2 cubic

feet was used for smaller mix quantiti€sgure3-1).

(@) (b)
Figure 3-1: Mixing took place using the (a) IMER Mortarman 750 and (b) a small capacity
commercial pan mixer.

3.1.3 Flow Test
Flow was measured for each batch of UHPC to characterize the rheology. The standard
testing pocedure for flow, ASTM Standard C148001) for theStandard Test Method for
Flow of Hydraulic Cement Mortakyas used as a guide to determine flow. Some modditsii
as suggested by other researchers and experts, were used to account for differences in UHPC

compared to a standard mortar (Graybeal 2006a; Nachuk 2008). First, the flow table and the
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flow mold were wiped clean with a damp cloth. The flow mold wisedfwith UHPC before the
cone was lifted upward, allowing the UHPC to flow outward. After the UHPC settled, the
diameter of the initial flow was measured at three different locations. Then, the flow table was
dropped 20 times in 20 seconds (GraybeabapQdiffering from the ASTM procedure which
requires 25 drops in 15 seconds (AS$Btndard C1432001). Once the UHPC settled after the
drops Figure3-2), the diameer was again measured in three different locations (ASTM
Standard C1432001). The three measurements were averaged to achieve one approximate
diameter of spread. According to Graybeal (2006a), UHPC with a flow of approximately 8 in.
and above should geire little vibration to ensure proper consolidation in forms. Because little
vi bration is required, UHPC is considered fAea
This flow diameter was used as a guide in determining the approximate amuibmatdn to

use for consolidating UHPC. Consolidation is discussed in later sections.

Figure 3-2: The flow test was used to determine the rheology of UHPC.

3.1.4  Curing Procedures
Two different curing regimes were used during this project: untreated and standard steam
treatment. For the majority of this project, an untreated curing regime was specified. Specimens
were initially covered with plastic to prevent moisture loss imnieljidollowing placement.

After at least 48 hours, untreated specimens were removed from molds and allowed to cure in
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ambient conditions of approximately 70°F and 35% relative humidity. Specimens remained in
this ambient condition until testing.

The stadard steantreatment, as described previously in Secldh3, was aso used in
this project. Steartreatedspecimensverecovered with plastic immediately follving
placement. After 2 days, specimens were removed from molds and cured in ambient conditions
until steam treated. Speci mens were transpor
Turner Fairbank Highway Research Center for steam treatment inlestgaat chamber. While
in the steam chamber, specimens veergiected t®5% relative humidity (RHanda
temperature of 194°F for 48 houSraybeal 2006a), as described previousIg&ation2.2.3
(Figure2-5). Thisincludestwo hours of increasing teperature and RH, 44 hoursaifnstant
temperature and RH, and two hours ofrdasing temperature and RH. Followihg steam
treatmentspecimenstored in an ambient environment in the TurRairbank Research Center
before being transported back to the Thomas M. Murray Stru@agaheering Laboratory.
Specimens then remained in the same ambient environment as the untreated specimens until

testing.

3.2 Material Property Testing

The first phase of testing was focused on material property testing of untreated UHPC.
This testing wasised primarily to familiarize researchers with the unique mixing procedures
associated with UHPC and testing UHPC properties. After the initial phase of material testing,
material propertiesvere continuallytested as a means of quality confooleachadditional batch
of UHPC. This section describes the placement and testing techniques for each specimen used in
characterizing material properties, including compressive strength, tensile strength, modulus of
elasticity, P oi s s arst,as overad hote @hout almation s Hiscussedtta g e .
explain this consolidation method used during the initial material characterization.

3.2.1  Vibration
Although UHPC is considered salbnsolidating, samples in the initial material
characterization were uiated to ensure proper consolidation in molds as suggested by Nachuk
(2008). The designated time on the vibration table was influenced by both the volume of the
specimen and the rheology of the UHPC as determined by the flow test. Specimens with a larger

volume were placed on the vibrating table for a longer time to ensure the material was well
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consolidated in the molds. In each case, caution was taken to prevent over vibration of the

samples which could cause steel fibers to sink to the bottom of tlds.rmde vibration time

was also dependent on the rheology of the UHRE mentioned previously, a flow of

approxi mat el y 8eabyrocasivawsi tcho nisiitdtelree dvifibr at i on ( C
Therefore, UHPC with a flow of 8 in. or above was sethenvibrating table for a shorter

amount of time compared to material with a lower flow diameter. Vibration times were initially
determined based on the suggestioNbghuk(2008)(Table3-2).

Table 3-2: Vibration Time for Material Property Characterization

Specimen Type Vibration Time (seconds)
Cube’ 2 in. 3
Cylinder i 4 in. diameter x 8 in. high
Briquet
3 pt bending
Shrinkage beam
Biaxial Panel (12 in.)

o1 o1 01 W Ol

Vibration was not used to consolidate specimens during any other placements throughout
the project. This was determined based on observations obtained during the material
characterization study and the rheological characterization of the UHPC as deddrgnihe

flow test.

3.2.2 Compressive Strength

To determme compressive strength, ASTM Standard C109 (2005) f@tdredard Test
Method for Compressive Strength of Hydraulic Cement Mortars (Isingor [50-mm] Cube
Specimensyas referenced to prepare dedt 2 in. cubes. Cubes were chosen in place of
standard cylinder specimens because of equipment constraints in the labddaitg. this
limitation, the compressive strength determined using cubes was assumed to contain an apparent
overstrength in coparison to the value typically achieved using standard cylinders. According
to Graybeal (2008), the compressive strength achieved when testing UHPC cubes is
approximately 5% greater than that of standard cylinders.

To prepare cubes, standard cube molds were filled with UHPC. The surface was not
screeded to remove excess concrete, but rather UHPC was removed by pinching. Because of the

unique characteristics of fresh UHPC, screeding would have been very diftiade cubes

84



were filled, plastic sheeting was placed on top to contain moisture, and the specimens were cured
according to Sectio.1.4

According to the ASTMstandardC109 (2005) test for compressive strength of cubes, a 2
in. cube is to be loaded at a rate between 200 and 400 Ib per second, or 50 and 100 psi per
second. Because of the high strength of UHPC, a compression test would require much more
time than fo normal strength concrete using this loading rate. Graybeal (2008) showed that
loading specimens at 150 psi/sec was a reasonable alternative to reduce overall testing time
without negatively affecting the measured compressive strength. Thereforeng ladel of
100 to 150 psi per second, or 400 to 600 Ib per second, was used to test compressive strength of
UHPC using 2 in. cube&igure3-3). The highest load wascorded to determine the ultimate
compressive strength of the specimen. During loading, the first recognizable cracking sound was
used to record the cracking load during compression testing. The cracking and ultimate
compressive strength were compulgddividing the recorded load by the surface area of the

cube.

Figure 3-3: Testing compressive strength of UHPC using 2 in. cubes.

323 Modul us of Elasticity and Poissonods
The modulus of elasticity of UHPC was determined in accordance to A8amlard
C469 (2002) forth&t andar d Test Method for Static Modul

of Concrete in CompressiorStandard 4 in. diameter by 8 in. high cylinder speaisnwere used
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for this test. To place cylinders, UHPC waacedvertically in the molds until completely
filled. As with the cubes, cylinders were not screeded, but excess UHPC was removed by
pinching. Plastic was placed over the individual cylindensl, they were cured according to
Section3.1.4

Prior to testing, the ends of UHPC cylinders were modified to account for uneven
surfaces. The top surface of BB cylinders was often not level due to shrinkage and uneven
contact with the plastic sheets. Therefore, the top surface was first cut using a concrete saw, or a
hammer was used to remove rough edges. Next, sulphur caps were molded onto both ends of the
specimen to provide a smooth, level surface of bearing. This was especially important for the
top surface of the cylinder because it was often uneven due to shrinkage and uneven contact with
the plastic sheets.

The compressometer was attached to thellmisection of the UHPC cylindégfigure
3-4). During testing, the cylinders were loaded in compression at a rate of 30 to 40 psi/sec, or
280 to 500 Ib/sec for a 4.idiameter by 8 in. high cylinder. Cylinders were loaded at least once
before readings were collected. Then, longituditjah(d transverséj strains were recorded
during loading. The standard only requires records when the longitudinal striah(6G60
and when the load is at 40 % of the ultimate compressive strength. However, in addition to these
values, readings were collected every 10,000 Ibs to track the progression of stress and strain
during loading. The stress at each point was detexirby dividing the load by the cress
section of the cylinder being loaded. Finally, the modulus of elasticity (Equ&tih and
Poi ssonds r(32) ware célddlgted antaccardance to the ASTM standard equations
(ASTM Standard C469 2002)
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Figure 3-4: The compessometer was used to determine the elastic modulus.

E= (840% i} So.ooooso) (31D
(6,4, - 0.000050

— (et,40% j et,0.0000SO) (3-2
(e, - 0.000050

The cube compressive strength was used to determine the maximum load for the modulus
of elasticity test. Because cubes were expected to gjgdcbximatelys percent ovestrength as
compared to cylinders in compression testingording to prior resear¢f®raybeal 2006athe
ultimate compressive strength of cylinders was determined by using 9@&@hnibf the
ultimate cube compressive strength. Thenpd@entf the ultimate compressive strength of

cylinders was used to determine the maximum foadn elastic modulus test.

3.2.4 Tensile Strength
Three different methods were used to determine tensile strength of UHPC. Although
other properties were measured using only one method, three different methods were initially

chosen to test tensile strengpdcause this property can be highly dependent on the chosen test
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method. The three methods were compared in the initial material property testing, and a single

method was chosen for later UHPC characterizations.

3.2.4.1 Split Cylinder Tensile Strength

The firg method used to characterize tensile strength of UHPC was the split cylinder test
using 4 in. diameter by 8 in. high cylinders. The procedures for this test were followed in
accordance t&STM Standard C496 (20049r the Standard Test Method f@plitting Tensile
Strength ofCylindrical Concrete Specimen8ecause UHPC cylinders from the elastic modulus
and Poissonds rati o t es Ba3wer@notesubjected ® Haymagthg s c us s
compressive loads, they were also used for the split cylinder test.

For the split cylinder test, cylinders were loaded in the Forney testing machine
transversely along the cylinder lengkhigure3-5). Wooden strips, measuring 1 in. wide by 1/8
in. thick by 9 in. long, were placed above and below the cylinder at bearing surfaces, and the
cylinder was loaded in compressianfailure. The ultimate load was used to calculate the split
cylinder tensile strength. Additionally, the first recognizable cracking load was recorded to
determine a cracking split cylinder tensile strength. Using the equation provided by the ASTM
Stardard C496 (2004(Equation(3-3)), the splitting tensile strength {) was determined by
using the loadR) resisted by the cylinder and dimensions of the cylindagth () and

diameter ¢).

_2P (3-3)
t,sc ﬂd
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Figure 3-5: Split cylinder test setup.

3.2.4.2 Briquet Tensile Strength

The seconanethod used to determine tensile strength of UHPC was adopted from
AASHTO Standardrl’ 13297 (2004) test foiTensile Strength of Hydraulic Cement Mortars
This method was chosen because UHPC resembles a mortar, containing no coarse aggregate.
This methodvas previously used by Graybeal (2006a) during a material characterization study
of UHPC. Graybeal found that this method was helpful in evaluating theasting behavior
of UHPC, although it was not significantly more accurate than the split cylieskeior
determining tensile strength. Therefore, this method was used not only as a comparison for
tensile strength, but also as a method for evaluatinggonasking behavior.

Specimens werplacedusing standard briquet molds. The standard brigaetording
to the AASHTO Standard T 1387 (2004) are 3 in. long and 1 in. thick. They have a
curvilinear geometry, but their center cross section is 1 in. wide by 1 in. thick. In preparation of
these specimens, the molds were filled completely bypiingdJHPC in the center of the molds.
Excess UHPC was removed by manual pinching, as described previously for other specimens.
Plastic sheets were placed over the specimens, and they were cured according t8.%ektion

During testing, specimens were placed into specialized drigare3-6), as specified by
the AASHTOStandard T 1387 (2004) and preloaded to approximately 5 Ibs prior to testing.
Specimens were then loaded at a controlled displacement rate of 0.05 in.figiaudiTS
Insight 150 universal testing machine. Data was collected at a rate of 1 Hz using Testworks 4.

The cracking load was considered the highest load before the first significant drop in load as the
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specimen was tested, and the ultimate load wasidered the highest recorded load. The tensile
strength was calculated by dividing the load by the?lcimsssectional area of the center of the

briquet specimen.

Figure 3-6: Briguet tensile test setup.

3.2.4.3 Flexure Prism Tensile Strength

The third method for determining tensile strength was a pgestedn third-point
bending. For this tesfSTM Standard C1018 (29) for theStandard Test Method for Flexural
Toughness and FirsErack Strength of FibeReinforced Concrete (Using Beam With Third
Point Loading)was referenced. This standard has since been withdrawn from ASTM due to a
lack of use by professionals.

In this methodprisms measuring 3 in. by 4 in. by 16 in. were used to determine tensile
strength of UHPQASTM Standard C1018 1997)hese prisms were placed similarly tofull
scale UHPC beams (Graybeal 2006b). UHPC was placed at one end of the rectangular prism
mold and allowed to flow across the-irt length to the opposite en®lacing the UHPC in this
way was done for two reasons. The first was that these specimens resembled beams, and beam
specimens are typically prepared in this way to align fibers paraliehsile stresses. The
second reason was facilitate proper consolidation of UHPC in the mold&/le Nachuk, a
technicalrepresentative at Lafarge, noted that UHPC did not mix well when it flowed into itself
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(Nachuk 2008)causing problems with fib@lignment and consolidatipas previously
discussed in Sectidh2.2(Figure2-4). Both of these concerns were important for these
specimens, since they were to be tested in flexAgain, specimengere not screeded
remove excess materiddut rathetJHPCwasmanually removed by pinching if molds were
overfilled. Plasticsheeting was placed over the exposed surface, and the specimens were cured
according to Sectio.1.4

Testing of specimens for the initial material characéion study was performed in the
Engineering Science Mechanics Materials Laboratory in Norris Hall. The specimens were
loaded at a rate of 100 Ibs/sec. Midspan deflection and load were recorded manually every 1000
Ibs. The deflection was measured usandjal gaugeKigure3-7). To facilitate manual data
recordings, the machine was intermittently stopped to record data. The load and deflection at
initial crackingwere recorded, as well as the ultimate load and deflection. The peak load (P) was
used to determine the tensile strength of the UHPC, and the cracking JdadafPused to
determine the cracking tensile strength. These values were determined inrazovrita the

equation,

fiflex = bre (34

Figure 3-7: Preliminary flexure prisms test setup.
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It must be noted that the results of this standard method produce inaccurate results for
tensile strength of concrete, due to the same reasons as those previously discussed in Section
2.4.2on the reported flexural strength of concrete members. As previously discussed, this
method uses the maximum load resisted by the member after cracking has occurred. However,
the equation used for determining this value is @ald up to the cracking point of concrete.

Once the concrete has cracked, the cross section resisting the load has changed and stresses are
redistributed throughout the new cresesction. Therefore, the results from this method are
inaccurate for deteriming the actual tensile strength of concrete, and would only be useful when
comparing other results using this method. This method would only be accurate for determining
the cracking tensile strength of concrete. For this reason, the cracking poaisevescorded in

this test to determine thest cracking tensile strength of UHPC which should serve as a more
accurate representation of strength using this method.

3.2.5 Shrinkage

Long term shrinkage of UHPC was determined in accordanceA8iliM StandardC157
(2006) for theStandard Test Method for Length Change of Hardened Hydr@danent Mortar
and Concretd ASTM 2006b)andASTM Standard C490 (2004) for tis#andard Practice for
Use of Apparatus for the Determination of Length Change of Hardenedreaste, Mortar,
and Concrete Prisms measuring 2 in. by 2 in. by 11 % in. with gage stud inserts were used for
characterizing shrinkage of UHPC. Prisms were filled similarly to those mentioned previously in
Section3.2.4.3for Flexure Prism Tensile StrengttHPC was added at one end and allowed to
flow to the opposite endAlthough fiber orientation was not a primary concern for shrinkage
prisms, proper consolidation was best achieved using this method. Shrinkage prisms were not
screeded, but excess UHPC was manually removed by pinching. Plastic sheeting was then
placedonto the exposed surface, and the prisms were cured according to Seicdon

After form removal, four prisms were placed into a controlled environment dryimg ro
immediately following removal from molds. The controlled environment drying room was
maintained at a constant temperaturé®fF and 60% relative humidity. Thisfiired slightly
from the ASTM Standard 157 (2006) standard, which specifies a cortdmperature and RH
of 73+ 3°F and 5t 4 %. Three other prisms were cured in the laboratory alongside all other
material property specimens. Although the ASTM standard only requires prisms to be monitored

in a controlled environment drying room, tiveo sets were used to compare the effects of each
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environment. The gage length (G) of all specimens was recordé€dimsPrior to measuring

each specimen, the reference bar was used to zero the comparator. By placing the prism in the
device afterwardhe difference in length between the reference bar and the specimen could be
determined (CRD)Rigure3-8). Shrinkage was then determined according to the ASTM
StardardC157 (2006kquations by calculating the change in length) of the specimen over

time (Equation(3-5)).

DL = CRD- initialCRD, 100 (3-5)

* G

Figure 3-8: Shrinkage was determined bycomparing length changes over time.
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3.3 Bending Biaxial Testing
Biaxial testing was performed to establish failure conditions for UHPC in combined

tensioncompression stress statdsiaxial behavior was identified as a means to evaluate the
shear strengtbf a UHPC structural member since shear cracking occurs due to a biaxial state of
stress Figure3-9). Two different tests were used to characterize biaxial tereampression
performance. The first of these, the bending biaxial test, is discussed in this section, and the
second test, the direct biaxial test, is discussed in S&#donThis section discusses specimen
design, preparation, and testing procedures for the bending biaxial test. Methods used to analyze
data will also be explained, showing how failpnts used to generate a failure envelope were
determined.

— 4
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Figure 3-9: Diagonal shear cracking is a result of biaxial principal stresses.

3.3.1 Specimen Design
The bending biaxial test was designed to utilize typical equipment found in most
engineering laboratories. The testing specimens were also designed to be simple and easy to
form. For this reason, unreinforced, square specimens with constant thicknessegefor this
test. Resembling small panels, the dimensions were chosen to allow some movement of load
placement and to prevent specimens from breaking during form removal. The specimens were

designed to have a thickness of 1 in. to provide enougknigss that panels would not be
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damaged during form removal. To allow varying load placement during testing, the sides of the
specimens were at least 12 in., providing nearly 17 in. of length to place loading points along the
diagonal of the specimen.

Fenhling et al. (2008) performed biaxial tests on UHPC panels containing mild
reinforcement, as previously discussed in Se@i82.4. Knowledge gained from thiesearch
would be useful if UHPC is mildly reinforced; however, UHRRebms typically do not contain
mild reinforcement for shear. Without this reinforcement, UHPC may act differently in biaxial
stress states. Therefore, the specimens ipthjsctdo not contain mild reinforcement. Rather,

they only contain discrete steel fiber reinforcement as prescribed in the mix design for Ductal®.

3.3.2 Specimen Preparation
SmallUHPC paels were cast for preliminary biaxial testirggure3-10). Panels
measured 12 in. by 12 in. by 1 in. Wooden forms were used to place trial specimens at the same
time the original material characterization specimens were placed. A plagtiovstsefixed to
the bottom of the forms to prevent moisture loss through absorption of the wood; however, the

wood was left exposed on the 1 in. thick sides.

Figure 3-10: UHPC Panels (12x12x1 in.).

UHPCwasplaced intahe middle of the forms, allowing tlmeaterialto spreadutward
toward the edged-igure3-11). After the formawverefilled, theywereseton a vibating table
for approximately 5 seconds. Trial specimens were covered with plastic to prevent moisture

evaporation. Curing was then performed according to Segtios.
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Figure 3-11: Placementof small UHPC panels.

3.3.3 Testing Procedures
By loading the panel in compressjdansion and conmpssion stresses were generated
the cengr of the panel orthogonal to oarother Figure3-12). A loadingframemade with HSS
2x2x1/4 steel sectiongigure3-13, AppendixA) was used to load the small panels in the
bending biaxial test. Rubber bearing pads were placed between the testing frame and the
specimen to allow pressure application over a 1 in. by 1 in. &iggtal photographs were
capture using the Sony XCD SX0 camera, to be used to investigate digital image correlation

techniquedor strain

Tension
N Compression

!

Support

Figure 3-12 Bending biaxial test concept.
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Camera

UHPC Panel Load Frame

Figure 3-13: Biaxial testing frame and setup.

Preliminary testingvasperformed on severdiial panels to determine feasibility of this
test method. A load rate of was chosen such that critical values, including first cracking and
peak load, could be detected easily. Load data was collected at a rate of 1.0 Hz. using MTS
Testworks. Images were collected at a rate of 1.0 Hz. using National Instruments Labview. The
panel was preloaded to 10.0 Ibs at a rate of 0.10 in. per minuteeantbaded at 0.03 in. per
minute until failure. The first cracking and peak strengths were considered the critical values of
the test. The first cracking loasvasconsidered the first peak load beforsualderioss in load
during testingindicating acrack had occurred~{gure3-14). The peak loawasconsidered the
maximum load reached during testing. Critical valweselaterused togenerateafailure

enveloge for first cracking and ultimate strength
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Figure 3-14: Identifying the first cracking load.

3.3.4  Specimen Naming

Specimens were named based on their overall size and loading conditions. The loading
conditions were designated by the distances of the top and bottom testing frame supports. A
sample name is provided belofsigure3-15) indicating the meaning for daportion of the
name. In this example, a 12 in. by 12 in. by 1 in. panel is loadtbdwo symmetrically placed
point loads at distance of 8 in. across the top and supported at a distance of 10 in. across the
bottom. The support distances and loagiomts are centered across the diagonals of the panel
(Figure3-16).

Bottom Support
Full Panel Distance: 10 in.
Size: 12x12 in. —l

12-8x10-1

Top Support L Specimen No.:1
Distance: 8 in.

Figure 3-15: Biaxial specimen naming guide.
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Figure 3-16: Biaxial loading configuration.

3.3.5 Preliminary Biaxial Testing Schedule

For preliminary testing, two different loading configurations were used to generate

different tensiorto-compression stress ratios on the 12 in. by 12 in. bydaimel. Three panels

were tested in each configuratioraple3-3).

Table 3-3: Bending biaxial testing schedule

Biaxial Specimen Name| No. of Specimens
12-8x10 3
12-10x10 3

3.3.6  Postprocessing using Finite&eElement Analysis

Small panels were analyzed using finite element angly&i8) to determine the stresses

at the center of the panels due to unit loading. A finite element analysis was necessary because

stresses could not be determined theoretically @lithsical analysis methadBor this analysis,

a threedimensional finite element model (FEM) was created using Abaqu t6.8imulate the

biaxial bending of UHPC panels in the testing frame.
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The preliminary analysis was performed using only elgstipertiesattained from
material property testing of untreated UHP@l§le3-4). These values were fairly consistent
with those obtained by Graybeal (2006a) during a similar material study, with the exception of
the modulus of elasticity. UHP@asassumed to remain elastic until first cracking. Therefore,

the analysis was useddetermine the first cracking stresses.

Table 3-4: Material properties for elastic FEA of untreated UHPC.

. Standard FHWA 'V"?te“.a'
Material Property No. Deviation Average | Characterization
(Graybeal 2006a)
Compressive Strength,(ksi) 3 0.382 21.0 22.9
Split Tensile StrengtHis(ksi) 2 0.0716 3.39 2.80
Modulus of ElasticityE (ksi) 2 13.3 8260 6090
Poissombs rat| 2 0.0208 0.184 0.190

The threedimensional FEM was created such that thefagp of the panel was in theyx
plane Figure3-17). The top distance indicates the total distance between loading points. The
bottom distance indicates the tot&tdnce between support points. Support points alongthe y
axis simulated panel contact with the bottom loading frame, where the specimen was supported
during testing. A unit load of 1 kip was applied to the model by applying twki16ads in
the ne@tive zdirection on the panel at two loading points along taig. The loads were
applied over a 1 in. square area in the same location as the rubber bearing pads used in the
physical tests. Restraints were used to model the boundary conditioegpahttl during
loading. The two loading areas, represented by nodes, were restrained from movement in the y
direction. Areas of support were restrained in both tfen# zdirections. All nodes were

allowed to freely rotate.
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Figure 3-17: FEM model loading and restraint conditions.

Principal stresses at the center of the panel were determined based on the 1 kip loading on
the FEM and referred to as Aunit principal st
model, located along the &nd yaxes, were used to determineestes in the panel up to first
cracking. The principal stregsthe top of the panellong the xaxis ( 2) was tensile, anthe
principal stresg the top of the panealong the yaxis ( 1) was compressive. Crackinfyesses
were determined by multipihg the cracking load acquired from testing by the unit principal
stresses from the FEA. FEA results showed thatyhiedl stresslistributionon the surface of a
UHPC panetontained darge region of constant stress at the center of the panel, ragldovi a
significant area of constant strain at the cerfegure3-18).
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Figure 3-18: FEA principal stress concentrationsalong top surface

3.3.7 Generating the Failure Envelope

Multiple points were developed by altering the location of the load application points to
create different proportions of compressive and tensile stresses. This was accomplished by
changing the dimensions of the loading frafigre3-19). The frame applying load on the top
of the panel remained constant, while the frame with support poirkedrottom of the panel
was altered. The lines A, B, and C on the stsdsEn graph indicate the idealized proportions of
compressiveo-tensile stresses formed by the different support frame dimensions of
configurations A, B, and C above the graph.e Tdilure point for that proportion of
compressiveao-tensile stresses ideally falls somewhere along this line. Other points used in the
failure model were the uniaxial tensile strendthand the uniaxial compressive strendghas
determined from ntarial testing results. By using multiple points, a failure envelope for UHPC

was createdHigure3-19).
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Figure 3-19: A failure model is generated by combining various tensioto-compression
stress ratios.

Slope and regression analysias used to create the failure models and to determine the
relationship of compressive and tensile stress interaction of UHREsemodelswere then
compared to commoaiailure criteriaused for convention@oncretes and fibarinforced
concretes to evaluate the differences and similarities in general shape and the relationship
between combined tension and compression stress states. Results from the bending biaxial tests

were also compared with the dirédaxial test, as discussed in the following section.

3.4 Direct Biaxial Testing
Due to difficulties experienced in the bending biaxial test, a new test procedure was
designed to evaluate UHPC using a more direct method. This new test, hereby refertied to as
direct biaxial test, was inspired primarily by the AASHE@ndardlr 13287 (2004 testfor
Tensile Strength of Hydraulic Cement MortaiBhe aforementioned test was used to test tensile
strength of UHPC, as discussed in Sec8dh4.2. The biaxial testing methods for fiber

reinforced concrete performed by Demeke and Tegos (1994) also influenced the development of
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this test. Biaxial behavior was investigated a means to identify shear cracking of UHPC
(Figure3-9).

3.4.1 Specimen Design

As mentioned, the direct biaxial test was inspired by the AASISTaddardr 13287
(2004) test forTensile Strength of Hydraulic Cement Mortata the AASHTO test, the briquet
specimen has a center cr@gxtion measuring 1 in. by 1 in., and it is a total of 3 in. in length
(Figure3-20). Since this specimen is extremely small and lacks adequate area to apply
compression, the direct biaxial test specimens were designed to have a larger, elongated center
crosssection to provide an area sufficient tmmpressive force application. According to finite
element modeling, this size also ensured that there would be an area of constant stress

distribution at the center section.

Figure 3-20: Briquet specimen for AASHTO Standard T 132-87 (2004) standard test (lower
left) and direct biaxial test specimen (upper right).

The direct biaxial test specimen, or the
differences compared to the stiard briquet shap&igure3-21, Table3-5). First, a center cross
sectionof 2 in. by 2 in. is provided by the direct biaxial test specimen. The center length is
elongated to allow compressive force application over a 2 in. by 2 in. area, also. This area
provided adequate area for constant stress distributiatxtwat thecenter of the specimen.

Using Abaqus, finite element models were used to determine a proper radius for the fillet
between the elongated portion and rounded ends used for tension force application. Fillet radii
between 0.5 and 1.5 in. were examined tewmheine a radius producing the lowest stress
concentrations at the tension load application points. Values were varied at 0.25 in., and a radius

value of 1.0 in. was chosen based on this analysis.
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Figure 3-21: Dimensioning of direct biaxial test specimen.

Table 3-5: Dimensional differences between the AASHT@2004)Briquet and the Direct
Biaxial Dog Bone.

Property AASHTO (2004) | Direct Biaxial
Briquet DogBone
Total Length (in.) 3 9
Thickness (in.) 1 2
Center Width (in.) 1 2
Center CrossSectional Area (in?) 1 4

As mentioned previously, the finite element models of this specimen indicated that an
area of constant stress could be achieved atdhier using these dimensions. Finite element
models for this exercise were performed using elastic properties of UHPC -diimesgsional,
hexdominated elements were used in the analysis. A converged solution wesirbgc
reducing element sizes. Aiform pressure was applied within the compression assiown
in the negative yirectionin Figure3-22. A uniform pressure was also applied in theipee x
direction over an area with a width @f125 in. where the rollers were expected to be in contact
with the end of th&/HPCdog bone Constraints were set to restrict movement in tdegction
opposite the compression pressure and in dtheection for he roller supports opposite the
pressure from the rollersThe results of thifinite elemeni@nalysis indicated that a sufficient
area was availablat the center of the sectiom achieve constant stress distributions.
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Figure 3-22: Finite element analysis results of the direct biaxial dog bone show principal
stress concentrations were sufficient.

3.4.2 SpecimerPreparation

Specialized forms were constructed using uligh molecular weight polyethylene
(UHMW-PE). This material was chosen to achieve smooth surfaces and to prevent moisture
absorption. A trial form was made using a sfdiim design Figure3-23). Two pieces with
mirrored cut outs were bolted together. These pieces were then bolted to an aluminum plate for
backing. Potential problems were recognized wiih fibrm design during casting of trial
specimens. First, the bolts connecting the two plastic mold pieces were a hindrance to placing
the concrete. Also, the large exposed surface area resulted in a poor finished surface on the
surrounding area to be ted Figure3-23). Due to these problems, a revised mold design was
produced to reduce the exposed surface area, and to ensure the central area to be tested had a

smooth finish on all sides.

106



Figure 3-23: The original direct biaxial dog bone form presented potential problems for
UHPC specimens.

The revised form design uses the UHMRE to form the shape, and clearylic glass,
composed opoly(methyl methacrylate), walls are bolted along both sides. The clear walls
provided a means to view consolidation and fiber orientation during casting, as well as to provide
a smooth finished surface surrounding the entiredestea. The dog bone shapes were cast
upright along the tensile direction using the new forms. UHPC was added vertically into the
forms through a 2 in. b§.75 in opening in the top of the formrigure3-24). No vibration was
used on these specimens due to the high flow valued noted during rheological characterization.
Plastic sheeting was placed on the exposed surface to prevent moisture loss. After 2dehours, t
bolts were loosened to prevent shrinkage restraint during curing, but specimens remained in the

forms until release at 48 hours. Curing resumed as previously discussed in $é&cfion
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Figure 3-24: UHPC was added vertically into the direct biaxial dog bone test forms.

In the aforementioned description, UHPC was inserted into vertical féigns€3-24).
This allowed the UHPC to flow into the form randomly. As the UHPC entered randomly, it
created a random fiber orientation. Because UHPC is often placed such thatidibvetion is
controlled, it was necessary to simulate controlled fiber orientation in samples, also. Therefore, a
frame was constructed to place UHPC on an incline, allowing UHPC to flow horizontally across
the biaxial doghone forms Figure3-25). The frame allowed the forms to lie on an angle of
33.9°. The frame could not lie perfectly horizontal because the insertion point of the forms was
at the top; however, this did allow forore controlled fiber orientation along the tensile direction
of the biaxial dogbone than the previous casting method.
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Figure 3-25: UHPC was placed at a 33.9° angle to control fiber orientation.

3.4.3 DirectBiaxial Testing Apparatus

Because the biaxial test was not standardized, specialized equipment was fabricated to
test the direct biaxial dog bone specimens. For this section, compression application is assumed
to be applied in the vertical direction atpthe yaxis, and tension is assumed to be applied in the
horizontal direction along theaxis Figure3-21).

During testing, restraints were established aboveaatfte left of the specimen to
stabilize the specimen against force applicatiigyre3-26). A tensile forcewvasfirst applied
using a pair of specialized gripgndar to those used in the AASHTStandardlr 13287 (2004)
testing procedurd={gure3-6). Similar to the briquet testing apparatus, the tension grips for the
directbiaxial test were fabricated to allow load application throughrigd supports Eigure
3-26). The grips were designed to allow for free rotation in theng zaxis as the specimen
fractures. The pyramid shaped piece on the tension grips will allow this movement to occur as
needed during testing of the specimen. Permitting this movememprexknt restraint in the
specimen due to a fixed alignment of the fixtures. Detailed drawings of the tension grip fixture
are provided irAppendix A Similar to compressive force application, tensile fevesapplied
using a hydraulic jack.
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Figure 3-26: Direct biaxial test setup includes specialized tension grips and a layering

system to reduce shear stresses in compression region.

Compression was appliedfter a target tensile force was achievedhe bottom of the

specimen in the positive direction along thaxys Figure3-26). A hydraulic actuator was used

to apply force through a series of steel platggdoluce a constant stress over a 2 in. by 2 in.

area at the center of the specimdihe followingmethods were investigated to reduce friction

between the specimendhthe compression application:

1.

A bare UHMW polyethylene block, 0.25 in. thick, with nibtication was used,

first, due to its high durability and low coefficient of friction.

The UHMW polyethylene block, 0.25 in. thick, was lubricated with Vaseline
petroleum jelly, and a thin plastic wrap was placed between the lubrication and
the specimen.

A layered series of foil wrap, plastic wrap, avialselinepetroleum jelly was
investigated to reduce shear stresses between the specimen and the force
application by the steel plate. This method was previously used by Demeke and
Tegos (1994) in a biaxi&st for fiberreinforced concrete.

Finally, an abrasion resistant fiberglaseflon-coated tape was applied directly to

a steel plate due to the low coefficient of friction and durability of this product.
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The coefficient of static friction was deteined through one of two ways: a fish scale
and small weights or by directly setting the biaxial dog bone in the test e&jupe3-27).
Throughexperimental testig, the best option for eliminating friction was accomplished using
abrasion resistant fiberglass, TeHlomated tape on freffoating steel platesT@able3-6). This
could reduce the coefficient of friction to approximately 0.1, as opposed to a value of 0.3 using

only a bare polyethylene block.

Figure 3-27. Coefficient of static friction was determine experimentdy.

Table 3-6: Coefficient of friction comparison of multiple friction reduction systems.

Method to Reduce Friction Coefficient of Static Friction, ps
Polyethylene block (0.25 in. thick) with n( 0.3

lubrication

Polyethylene blockQ.25in. thick), 0.2

Vaseline lubrication and thin plastic wrap
between block and UHPC

Freefloating steel plate, Vaseline betwee 0.2
plate and support, Teflon tape between
plate and UHPC

Freefloating steel platefjberglass and 0.1
Teflon tape between plate and support,
fiberglass and Teflon tape between plate
and UHPC
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3.4.4 Direct Biaxial Test Procedures

To perform the direct biaxiaést, a preselected amount of tension was first applied to
the specimen usinghgydraulic actuatorKigure3-28). Hand pumps were chosen for better
control of load application. This pselected amount was assigned to not exceed the ultimate
tersile strength of the UHPC, as determined by an initial series of tests on the specimen for pure
tensile strength. After the entire pgelected tensile force was applied, compressive force was
applied using another hydraulic actuator until failure ofsijpecimen occurred. Since the
Poi ssonbés effect reduced t he -aximasmamdmpressivet ens i |
force was applied along theaxis, the initial tensile force exceeded the target value for a

particular series.

- Tension /7 Tension
Load Cell

Grip

Figure 3-28. Tension was first applied using a hydraulic cylinder.

Data acquisition was accomplished using Labview and the Vishgtgr8y6000. Two
load cells were used to monitor the tensile and compressive forced applied to the specimen
through the System 5000. Images were collected using the Somy8XOGD camera and the
Labview data acquisition system. These images were analifgedeating using digital image

correlation, to be explained Bection3.5. A summary of the testing procedures is as follows:

1. The top of thespecimen was painted for digital image correlation. A base layer of
white paint was applied. Once dry, black speckling was applied.

2. A LVDT was mounted to the underside of the specimen to measure 2 in. along the
midsection of the specimen.

3. Thespecimen was placed in the tensile grips, leveled, and centered in the test frame.
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The tension grips were extended to provide support to the specimen.
The digital camera settings were adjusted to focus the image acquired in Labview.
Data acquisition wee initiated for load cells and image collection simultaneously.

The specified amount of tension was applied to the specimen.

© N o g &

Compression was applied to the member until failure.

Because fredloating steel platesoated in abrasion resistant, Teflovated tap&vere
used to eliminatérictional stressesluring compression loading, magnets were used to stabilize
these blocks until a small amount of compressive force was applgd€3-29). Once an
initial force was applied to stabilize the blocks, the magnets were removed and testing resumed

up to failure of the specimen.

Figure 3-29: Magnets were used to hold fredloating steel blocks in place prior to
compression force application.

3.4.5 Testing Schedule & Specimen Naming
The testing schedule was designed to achieve a variety of points along the comypression
tension failure @nes of both steam treated and untreated UHPC. Because both untreated and
steam treated UHPC are used in strugueelure curves for both curing conditiongre
determined. A specific series of testing is designated by the amount of specified cmmpress

and the curing regime. Each series specified testing at least three specimens. In the event that
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the standard deviation is considered significant using three specimens, a fourth specimen was
tested to identify outliers so long as specimens wereadlail

The testing schedul@ é&ble3-7) indicates thd 8 series of tests that were performed to
construct the biaxial failure envelopes. First, a series of pure cesiumavas tested to
determine the uniaxial compressive strength of the specimen. For this test, the specimen was
loaded in compression until failure. A uniaxial tension seriesPDBJT/ST) was performed
for each curing regime to determine the uniax@aktle strengtl(fips). Using this uniaxial
tensile strength of the specimen, the specified tensile values were determined for the remaining
tests. Each series was based on a percentage of the uniaxial tensile strength and the curing
regime. For instase, the series DB.2-UT represents a direct biaxial test performed at 20
percent of the uniaxial tensile strengfbg) using untreated (UT) UHPC. The steam treated
samples are designated by ST.
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Where,

Postprocessing and analysis techniques were similar to those previously mentioned for
the bending biaxial test in SectiBB.6 The cracking failure point is considered the combination
of loading that causes the member to crack. At this point, Ductal® is considered to have reached
its elastic capacity. Poestackingbehavior was investigated to determine the maximum load

Table 3-7: Direct biaxial testing schedule

Series SpecifiedTensile Load (k) No. of Specimens
DB-PC-UT 0 3
DB-0.2UT 0.2*.,08 3
DB-0.4UT 0.4*f,08 3
DB-0.6UT 0.6*fi.08 3
DB-0.8UT 0.8*f1,08 3
DB-PT-UT fios (load to failure) 3
DB-PC-ST 0 3
DB-0.2-ST 0.2*fi.08 3
DB-0.4ST 0.4*pB 3
DB-0.6-ST 0.6*fi.08 3
DB-0.8ST 0.8*f1,08 3
DB-PT-ST fioe (load to failure) 3
DB-PC-UT-| 0 3
DB-0.2-UT- 0.2*f,08 3
DB-0.4UT-| 0.4*f,o8 3
DB-0.6-UT-| 0.6*fi.08 3
DB-0.8UT-| 0.8*f1,08 3
DB-PT-UT- fios (load to failure) 3

DB i Direct biaxial test

PC1 Pure compression load application

PTi Pure tension load application

UT T Untreated (no steam treatment)

ST71 Standard steam treatment

UT-11 Untreated (no steam trteaent) placed on a 33.9° incline

3.4.6

PostProcessing and Analysis Techniques

combination the UHPC specimen is capable of withstanding.
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Photogrammetry methods were utilized to evaluate strain during testing and post
cracking behavior. For the direct biaxial test, finiteneént methods were not necessary to
interpret stresses because loads were directly applied to the specimen. Stresses were determined
by dividing the force exerted in one direction by the area of force application. In each direction,

the area of force afipation is 4 in’.

3.4.7 Generating the Failure Envelope

Results from testing were used to generate failure envelopes for biaxial compression and
tension stress states for both steam treated and untreated Ductal® UHPC. Both cracking and
postcracking envelopes were developed uslupe and regression analysshniques Results
from the testing schedul@dble3-7) were used in this analysis. The failure envelope developed
using the direct biaxial test was compared & tf the bending biaxial test to determine the
degree of consistency in both models. The direct biaxial test model was also compared to
models developed for other concretes to evaluate the differences and similarities between the

behavior of conventionaoncretes and Ductal® UHPC.

3.5 Photogrammetry

3.5.1 Digital Image Correlation

For biaxial testing, strains were calculated by analyzing digital photographBigithl
Image Correlation & Trackinga collection of code for use in Matlab (Eberl 2010). Thideco
wasdeveloped by researchers at Johns Hopkins University to calculate strains using digital
image correlatio (DIC), a known method for determining strainsnaterials, including
concretg(Choiand Shal997; Kintz et al.2006; Lecomptet al.2006) UsingDIC to measure
strain in concret was chosen because it requineddirect contact witthe specimen and
provided data collectiopostcrackng, unlike strain gauges.

Images were captured at a rate of 1 Hz using the Sony-SXI black and white dital
camera and Labview data acquisition. Images were then analyzed by entering a series of
commands using the Matlab code for image correlation and tracking (Eberl 2010). First, a file
listing all image names was created. Then, a rectangular grigemasated over a base image to
identify the location of pixels to be trackdeiqure3-30). The distance between grid points was

altered by defining the raster podistances. These distances determined the number of pixels
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between each point. By lowering the raster point distances, a converged solution could be

reached.
!fﬂulsi . : = z;a@i'
__'l!‘\}dismf[i s:. m s.r/niw D!i,:ﬂ =]
Selactad gnd nfa 930 rastecpoints
Figure 3-30: Grid generated using DIC program in Matlab.
Once a grid was created, the naut(Bigneti ono

3-31). According to the Matlab code, the correlation analysis used the first image as the
reference image for all strain calculations. Therefore, each successive image was compared to
the firstimage. For this process to waKectively, the camera had to remain completely
stationary so that camera movement would not contribute to the relative movement of the

speckling pattern. This process is best known as-carsslation.
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Figure 3-31: Images are processed in Matlab, showing the original grid in green and the
movement of the grid points in red.

After all images were crosorrelated, the strains could be measured, using the
Adi spltaoc efnuennct i on. The strain between two poi
different points of interestHgure3-32). Another option for measuring strain was $e the
average strain function. This function determined the average strain using all points in either the
x- or the ydirection. The two points method was used in the strain verification process, as
described in the following section. However, the agerstrain method may also be used in

future testing where a constant strain is expected to occur.

118



Figure 3 == SOR <=

File Edit View Inset Tools Desktop Window Help el

NG ds |k #4320

Click on the two points for strain measuremeant

0 100 200 300 400 500 600 700

Figure 3-32 Strain measurements can be determined by choosing two points.

3.5.2 DIC Verification using SteelCoupon Specimens

The Matlab program for digital image correlation was verified using steel coupon
specimens. The steel coupon specimens were first covered with a light layer of white spray
paint. Speckling was accomplished using a multicolor textured lalad white spray paint. A
light layer of this paint was misted over the specimens until the desired speckling density was
achieved. After speckling, the specimens were allowed to dry before being tested within 24
hours.

The specimens were tested gsthe MTS Insight 150. An extensometer with a gauge
length of 2 in. was used to measure strain between two points throughout tRegtest3(33).
The digital camera was placed so that it could capture images of the specimen between the
extensometer connection points throughout the test. Because the extensometer captures only the
strain between two points, the twpwint method for strain was used in the DIC program for a
similar comparison. Results from both the attached extensometer and those determined by the
DIC program were compared for the verification to determine whethestdhe speckling

pattern and the DIC program could be used for future testing of UHPC.
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Extensometel

Figure 3-33: Tensile coupon test setip for DIC verification.

3.6 UHPC Bridge DeckDesign
A waffle slabbridge deck wa designed using an iterative analysis technique,

incorporatingstructural behavioconcepts An initial design was developed usimgterial
modelsdevelopedy other researcherBut the material models were later altered to reflect data
gathered from @liminary tests results. An iterative optimization approachusas to reduce
the crosssectional area of the dealitimately reducing the total cost to construct the deck. The
deck was alsdesigned t@reventcracking under servideadingto best povidelong-term
durability. Sample calculations for treesign procesareincluded inAppendix B

3.6.1 DeckDesignConsiderations

Several design considerations were proposed to ensure optimal strength and durability of
the waffle slab deck. First, the dtewas designed tprecludecracking under service loading.
Cracking can make UHPC vulnerable to environmental exposures after cracks form. Such
exposures could lead to corrosion of reinforcement, including both corrosion of the discrete steel
fibers and primary reinforcement. i§lparameter was accomplished by limiting strains to make
certain that cracking of UHPC would not occur under designated service lhaeldeck section
was prestressed in thr@nsverselirection perpendicular to supporting bridge beamish
strands irboth the top and bottom of the cresection to balance the effects of camber and to

prevent cracking.
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The deck was also designed to minimize the esessional area ttake advantage of the
strength properties of UHPC and to lower overall costs mstcaction. Not only does this
reducethe material required to place the deck, but it also reduces the dead load due to self
weight which affect the design of other members in the bridge.

Finally, shear connections with steel stringers were desigmatiifability and strength.
Economicfeasibility in construction labor and materials was considered to provide a connection

detail that would limit overall costs.

3.6.2  Material Properties for Deck Design
For the deck design, the material properties baseldeostresstrain model developed by
Graybeal (2008)Table3-8) and prestressing stedlable3-9) were initially used as a guide.
The prestressing steel used in the design was a 0.5 in., 270 ksi ultimate stresXation
steel. An effective prestress values@Poof the ultimate stress, or 148i, wasused as a
starting point in the designThis effective prestress value was used in the initial waffle slab

bridge deck analysis by Garcia (2007).

Table 3-8: Material properties of UHPC utilized for bridge deck design.

Property Value
Unit Weight, o 156 pd
Modulus of Elasticity Ec 7600 ksi
Maximum Compressive Stree§ UHPC, fnc 24 ksi
Maximum Tensile Stres§qyt 1.5 ksi
Maximum Compressive Straifinc 0.003b
Maximum Tensile Strairtmt 0.007

Table 3-9: Material properties of prestressing steel utilized in bridge deck design.

Property Value
Ultimate Stressfpu(Ksi) 270
Effective PrestresStarting Pointfoe (ksi) 140
Modulus of Elasticity, E(ksi) 28,500
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The Graybeal (2008tressstrainmodel was later compared to results obtained through
some preliminary tests involving single cells of the bridge deck section. Modifications to the
stressstrainmodel were made in order to better represent the experimental results from trial

testing of placement methods.

3.6.3 Design of Waffle Slab Bridge Deck Cross Section

The waffle slab bridge deck was initially designed using knstngssstrainrelationships
of UHPC previously developed by other researchers. By using an iterative analysis approach, an
optimal solution was chosen to maximize capacity while minimizing material. The iterative
approach was intended to reduce the esessional area by narrowing pions of the
representative -beam section of the decRhe crosssectional dimensions were chosen and then
analyzed through the use of an Excel spreadsheet.

Although the design was not performed for a specific bridge, the UHPC design was
intended to péorm similarly to a conventional fulliepth concrete bridge deck. The final design
was chosen based on comparing performance with this conventional deck. A design was chosen
that would maximize flexure and shear strength while minimizing <sessonalarea. The deck
was also designed to be fully composite WiB6x160 steel girders.

The flexural capacity was determined by analyzing a section of the deck laesaanT
using strain compatibility. The stresgain relationship developed by Graybgd08) was
initially used because it was shown to best represent Ductal® beam behavior. Since the deck
would actually be a waffle shape with interconnected webs that can provide stiffness to the deck,
the results from the analysis were expected to be catsarv

Shear capacity was determined based on known relationships for Ductal®. It was
determined that shear capacity would be estimated based on the relationships Graybeal (2006b)
identifiedfor shear strength, as previously described in Seti#:3.4. The AFGCand Setra
(2002) established several contributing factors for UHPC shear, including the concrete, the
fibers, and mild reinforcement. Graybeal (2008btermined that the shear strength could be
predicted by usinghe area of the web and an approximate angle of the diagonal tensile failure
for I-beams without shear reinforcement. This is nearly equivalent to arsip¢he AFGCand
Setrafiber contritution to shear. The contribution of the concrete to the shear strength was
considered negligible. Since Ductal® contains no coarse aggregate, there would be little to no

shear strength contributed due to aggregate interlock. Additionally, the Dudtal8rnis
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contained no mild reinforcement for shear, negating this contribution from the overall shear
strength(Graybeal 2006b) The waffle slab bridge deck was designeddbrequireshear
reinforcement; therefore, only the contribution due to discrege f@inforcement was

considered for shear.

3.6.4 Shear Connections to Steel Stringers

The shear connections between the UHPC waffle slab deck and the steel stringers were
designed using AASHTQRFD Bridge DesignSpecificationfAASHTO 2012)and Virginia
Department of Transportation (VDOT) Specification®QT 2007). The deck was designed to
be composite with the W36x160 steel stringers using shear studs as horizontal shear connectors
encased in grotfilled shear pockets. Shear pocketseverctangular, consistent with previous
research on UHPC decks and the proposedwaspribbed shape. Shear pocket size was
determined based on the rib alignment in the waffle shape and the size of the steel stringer
flange.

Shear pockets were filled thia basic hydraulic cement grout as define& BT
(2007)Roads and Bridges Specificatitmrepresent typical field process&sgiure3-34). The
grout mix designTable3-10) included grading C fine aggregaleaple3-11) as determined
using a sieve analysis (ASTM Standard C136 2G0&) Type I/ll cement. The aggregate was a

graded manufactured sand obtained from Conrock in Blacksburg, VA.

Table 3-10: Grout mix design for shear connections.

Material Mix 1 (DS-2) | Mix 2 (DS-1)
Fine Aggregate b 110 110
Cementlb 55 55
Water, Ib 22.8 22.5
EstimatedMoisture from Aggregate, Ib 1.44 0.79
Water-to-CementRatio 0.44 0.42
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Table 3-11: Sieveanalysis results for manufactured sand

Sieve Sample 1 | Sample 2 | VDOT (2007 Grade C
(% Pass) | (% Pass) (% Pass)
3/8 100 100 100
No. 4 999 999 94 to 100
No. 8 935 912 -
No. 16 443 412 -
No. 30 19.0 16.5 -
No. 50 8.12 6.08 0to 25
No. 100 5.2 3.60 -
No. 200 2.61 2.60 -
Pan 0 0 -
< length,
oA
width
¢ <
Top View
UHPC dec Groutfilled

’<; spacingﬁ‘ shear pocket

Front View

Figure 3-34: Portion of deck showinggrout-filled shear pockets with shear studs to develop
composite action between the UHPC deck and steel stringers.
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3.7 SingleCell Units for Preliminary Testing

Prior to fulkscale deck testing, preliminary testing was performed to investigate
placement techniques and design assumptions. Single cells of the deck were constructed based
on a preliminarily chosen desighigure3-35). The purposes for this testing were to investigate
casting techniques and form construction of the deck, as well as to verify design assumptions.
Placements tecluues were investigated to ensure that UHPC would mix properly throughout
the single cell. As mentioned previously, UHRCeported to encounter problems when
horizontal flow fronts intersect, resulting in a discontinuity in fiber alignnifdathuk 2008)
Since the deck design is composed of wetmmnected individual cells, placing the deck right
sideup would inevitably result in the intersection of horizontal flow of UHPC; however, placing
the deck upsiddown would not result in this problem. Forenstruction was also investigated
to ensure the most efficient forms are provided for both construction and removal during deck

section construction.

Figure 3-35: Three-quarter view of 8 in. deepsingle cell showing noruniform web
thickness and 2 in. flange thickness.

3.7.1  Construction of Single Cells
A total of three single cells were constructed basea chosen deck design. The chosen
design was a total depth of 8 in. It had webs spaced at 28 in. on center, a 2 in. thick flange, and
the webs varied in thickness from 3 in. at the bottom to a thickness of 4 in. at the intersection
with the flange Figure3-36).
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Figure 3-36: Single cells were built to the dimensions of an initial UHPC bridge deck
design.

The formsfor these cells were constructed using wood and expanded polystyrene foam.
The epoxybased spray paint, RuGleum Appliance Epoxy, was applied to the surface of the
wood to prevent moisture absorption. Forms were designed to be efficient during both
construction and removal. The base and walls of the formwork were constructed usting 0.75
plywood and 2x4 lumber; whereas, the center blmakio form the shape of the ribs was
constructed using expanded polystyrene foRigure3-37). For two of the three single cells, a

thin layer of wall joint filler was applied to the surface of the expanded polystyrene foam before
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being covered with a light layer of the epespray paint. The joint filler was applied, allowed to
dry, and sanded before painting. In some cases, additional joint filler was required to patch
areas, and each patch was sanded before being painted. No special coating or preparation
method was usei cover the foam in the third single cell. Joints were filled with a project foam

adhesive to ensure leaking would not occur during placement.

Figure 3-37: Single cell formwork containing foam for top-side up placements.

Three different placement scenarios were investigated for the single cells. The first and
second scenarios allowed the single cell to be placesidepup, or righside up. In these cases,
the foam was attached to the bottom of threnfs using project foam adhesive. The top surface
of these cells would be the driving surface of the bridge deck.

In the first scenario, UHPC was placed in the center of one rib, or web, and allowed to
flow around the dwaf f blecleoutdFlyargd-88). JHRCAlowedd by t he
through both side ribs before intersecting near the center of the rib opposite the entrance point.
UHPC was allowed to flow until the form was completely filled. No external or internal

vibration was applied to the UHPC during placement.
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Figure 3-38: UHPC was inserted into one rib for the side placement method (Photwy K.
Halbe).

The second placement scenario allowed UHPC to flow from one corner while being
formed topside-up; the drivng surface was on top. As UHPC was placed in one corner of the
form, the material fl owed ar ound-outimcethei waf f 1l eo
adjacent ribsKigure3-39). The UHPC intersected near the opposite corner of the point of
entrance. This method was investigated to consider all conditions that could potentially occur

during placement if UHPC were placed®deup and concrete flowed from c@&mto corner.
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Figure 3-39: UHPC flowed through ribs in the corner placement method (Photdy K.
Halbe).

The third method allowed the single cell to be placed upside down. The UHPC was
placed into emptjormwork, allowing the material to flow from one side to the other
transversely; this method was similar to the placement method for a UHPC beam. The empty
formwork was filled to a specified height approximately 4.4 inensuring enough material
wouldbe pl aced to fill the entire waffle single
into the partiallyfilled formwork to form the shape of the cell and forming ribs on all four sides
(Figure3-40, Figure3-41, andFigure3-42). A frame was constructed to place the foam in the
center of the box, and two stémlams were used to keep the foam and frame in place during
initial setting. This upside dowplacementmethod was of particular interest because it was used
for the first UHPC watffle slab bridge deck in the U.S. for the Wapello Country Bridge in lowa
(Aaleti et al. 2010).
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Figure 3-41: The frame was insertednto the form to create the ribs (Photoby K. Halbe).
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Figure 3-42. Steel beams were placed atop the frame to maintain constant pressure (Photo
by K. Halbe).

After the UHPC was placed, the exposed ardhetingle cells was covered with plastic
sheeting and allowed to cure for at least three days prior to form rerfrayalg3-43). The
sides of the forms were removed quickly by removing the screws from the base of the form. The
foam was removed using a hot knife to remove 3 in. deep sections at a time. The single cells

were cured in ambient laboratory conditions prior to tgstin

Figure 3-43. Exposed UHPC was covered with plastic sheeting to contain moisture.
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