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ABSTRACT

The following research project explores bridge applications of-bigyia performance
concrete (UHPC). Bridge deterioratiasma problem across Montana and UHPC overlays and
patching/repairing have been found to be viable alternatives to bridge replac&heetrrent
study began with a literature review on research, specifications, and implementation projects of
UHPC bridge deck overlays. A report from FHWA was highlightest summarized the results
of previous overlay and repair projects, and develdpenl ownrecommendations. A material
level evaluation was performed on three UHPC mixes, primarily focusing on workability,
compressive strength, tensile strength, and tension and shear bond strengths. All three UHPCs
exhibited adequate behavior and tesultant properties were above recommendations from ACI
for concrete repair and overlay applications. Based on the mdésghlevaluation results, a
thixotropic version of Ductal was chosen for subsequent structural testing. Five slab test specimens
were designed and constructed to model a deck section from an existing bridge in Montana. The
testing and specimens were designed to determine the effects that including a UHPC overlay,
overlay thickness, and substrate concrete strength have on the ultonaé@tncapacity. The slabs
consisted of one control slab, two slabs with varying UHPC overlay depths, one with weak
substrate concrete, and one tested to emulate a negative moment region on a bridifeedeck
testing demonstrated that including a UHPC aerhcreased the ultimate moment capacity of
the slabs, even with a weak substrate conctrie cause the slabs to fail in shear rather than
concrete crushingddditionally, the results imply that a weak deck strengthened with a thin UHPC
overlay will repond similarly to a deck composed of much stronger normal concrete. The tensile
capacity of the UHPC plays a large role in the overall strength and stiffness of a slab subjected to
a negative moment and the tensile strength should be included in capacitlatons, as
recommended by FHWA. Overall, the results are promising and shed light on how a UHPC overlay
may contribute to the overall strength of an existing bridge deck if implemented in a future overlay
project in Montana.

KEYWORDS: Ultra-High Performance Concrete (UHPGMhixotropic, overlaysslab testing,
bridge deck repair
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CHAPTER ONE

INTRODUCTION

Motivation

Ultra-high performance concrete (UHPC) has mechanical and durability properties that far
exceed those of conventional concrete. However, using UHPC in concrete applications has been
cost prohibitive, with commercially available/proprietary mixes costing approximafetimes
more than conventional concrete. Previous research conducted at Montana State University (MSU)
has focused on the development and evaluation ofpngprietary UHPC mixes made with
materials readily available in Montana. These mixes are sigmifjcdess expensive than
commercially available UHPC mixes, thus opening the door for their use in construction projects
in the stateThe focus othe completed research wasinvestigatedhe use of UHPC for overlays
in Montana Department of Transportati MDT) bridge projects, and teummarizeexisting
projects and specifications to assist MDT with project implementation

Bridge deteriorationincluding decks and other membéssa problem across Montana
UHPC overlays and patching/repairing may béadlbe alternative to bridge/element replacement.
Overall, theresearchperformed herein waa required step to fully understand and capitalize on
the benefits of using UHP@s a bridge deck overlay materiahd to ultimately increase the

lifespanof Montaa 6 s exi sting concrete infrastructure.
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Background

UHPC became commercially available in the U.S. in 2000, and since then has been actively
promoted by the Federal Highway Administratidr6]. UHPC is generally understood to be a
concrete with compres® strength of at least 20 ksi, pastcking tensile strength of at least 0.72
ksi, and a discontinuous pore structure that improves durability by limiting permeability. These
properties are achieved with: (1) low watercement ratios, (2) aggregateagations optimized
for high particle packing density, (3) high quality aggregates and cements, (4) supplemental
cementitious materials, (5) high particle dispersion during mixing, and (6) the incorporation of
steel fiber reinforcement. Although the initiedst of UHPC far exceeds conventional concrete
mixes, the use of UHPC has been shown to reduceylde costsT], as the increased durability
of UHPC results in a longer service life and decreased maintenance costs. Further, the use of UHPC
results insmaller/lighter structural elements.

Previous research conducted at MS8 9] has included (1) the development of
nonproprietary UHPC mixes that are significantly less expensive than commercially available
mixes and are made with materials readily abé&an Montana, (2) an investigation into several
items related to the field batching of these mixes, (3) an exploration into the potential variability
in performance related to differences in constituent materials, (4) the investigation of rebar bond
strength and the subsequent effect this has on development lengtn iB)estigaton on the
effects of varying the mixing process, batch size, and mixing and curing temperaititesng
the development of a maturity cur\(é)the use of MTUHPC for preast pile cap joints and shear
keys between precast deck elements on two bridges spanning Trail Creek on Highway 43, west of

Wisdom, MT, and (7) the investigation of making a thixotropic version of the WHPC mix
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This previous research has been successidllhas clearly demonstrated the feasibility of using
MT-UHPC in Montana bridge projects.

Some examples of other research conducted to explore applicatiohH€f in the U.S.
includebridge pier seismic strengthening)[1100% UHPC structural elemergsch as girders
[11], composite slabdlP], and even precast applicatiods] Considering the aging infrastructure
in the country, twef the more promising applications of UHR£:Its use in thifbonded overlays
for bridge deck rehabilitationlff-17] and bridge member repairs, rehabilitation, and structural
patching [L822]. In the overlay application, UHPC not only provides enhanced structural
performanceit also provides protection from chloride penetration and water ingred$dpmhe
literature review in Chapter 2 dives further into the background of UHPC and focuses on these

other applications for bridge repair.

Scope and Research Objective

The focus of thigesearch wat explore potential applications of MJHPC beyond its
use in precast longitudinal jointnd pile to pilecap connectionsand to conduct any additional
testing to ensure its successful use in these applicakanly.on in the project, the decision was
made to primarily focus on the use of UHPC as a bridgk deerlay material.

The overarching goal of this project was to conduct research into areas that need further
development before fully providing MDT with the necessary information to successfully
implement a UHPC bridge deck overlay on a bridge projebtontana.

Specifically, the researcleonducted for this thesifocused on the following three
objectives 1) testing bond strengths to regular concrete and other material level properties of two

nonproprietary UHPC mixes and one proprietary UHPC ,n@ixsummarizing existing UHPC



4
bridge deck overlay projects and specifications from other states to assist MDT in developing their
own specification, 3) constructing and flexural testing of five different slabs to compare the effects

of overlay thickness, sutrate concrete strength, and negative moment capacity

Organization

There are six chapters in this thesis. Chapter 2 consists of a literature review into previous
research related to UHPC including UHPC bridge deck overlays and bridge repair using UHPC.
Chapter 3 describes and discusses the material testing performed to determine the potential of three
different UHPC types for concrete repair. Chapter 4 presents the additional research into other
statebds existing UHPC s pecipfojeasaand implesnentatom mp | et
issues and construction considerations for UHPC overlays. Chapter 5 documents the design,
construction process, and structural testing of five UHPC overlay composite deck slab specimens.
Chapter 6 summarizes all chapters, dsses the conclusions drawn, and presents

recommendations for future research.
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CHAPTER TWO

LITERATURE REVIEW

Introduction

The primary focus of thefollowing literature reviewis on current research and
implementations of UHP®ridge deck overlas, Addiional research was conducted on other

UHPCbridge repair applicatiorfer future MDT use

UHPC Bridge Deck Overlays

This section summarizes research on the use of UHPC as a bridge deck overlay.
Specifically, this section discusses research projects catlattlowa State University, New
Mexico State University, Missouri University of Science and Technology (Missouri S&T), and

Montana State University.

lowa State University & The Mud Creek Bridge

The first use of UHPC as an overlay in the United States was completed ior2@ié
Mud Creek Bridgen Buchanan County Road D48 near Brandon, I{2@& This bridges 102ft
long and 3Gt wide, is a continuous concrete slab bridge with two Ignesd has a 5%
superelevationTypically, UHPC is seHconsolidating and therefore its use wsthperelevatioms
problematic.To accommodatéhis superelevation, a specitdixotropic Ductal UHPC mix was
produced by Lafarge Holcirby usingthickening admixtures. Prior to the bridge application, lowa
State Universityperformed a variety of tests to verify the performancedunadacteristics of this

UHPC as an overlay material. These tests included prismatics$iaar tests and flexural tests,
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both on specimens with varying surface roughness to characterize the bond stféggthd.
shows anexample of a psmatic slant shear test, whilegure 2 shows a typical flexure test
performed in this researclkrom the slant shear tests it was found that a minirsurface
roughness 00.125 in.gave the desired composite actianith theresulting failure occuing in
the normal concrete (NC) layer. From the flexural tests, it was determined that a surface roughness

of 0.25 in.resulted in the highebbndstrengthsand the failure occurred in the NC

UHPC

“nterface
With texture

section AA:
150 mm

*-—

e g
v

Figurel: Example slnt shear test setup [23]




Hydraulic
Jack .~

—

—Load cell 610 mm

#6 bar (M 19 bar)

Wheel Load
=

“Note:'Top bar clear cover’) 57 mm
bottom rebar clear cover: 26 mm

Figure2: Example flexural test23]

After theinitial phases of this research, the thixotropic UHPC mixgiesiasready for
field implementation on the Mud Creek Bridge. For this projbetfop 0.25n. of the deck surface
wasfirst removed and he deck was then grooved along the bridge length with an amplitude of
roughness ranging froome twelfth of an inlgto one eighthAll batching and placing of the UHPC
was performed on site by the contractor. A pair of fighar pan mixers were usedmix the
concreteEach mixer had the capacity to mix 0.65 y4i7.55 f£) of material. Loading and batching
of the LHPC took approximately 20 minutes per batch. An overlay thickness of .1viam
compacted anthaintained byusing avibratory truss screed. All the mixing was done at one end
of the bridge and transported using a mini concrete dumper. Grinding and grobtre UHPC
deck surfaceook placed days afterplacementiigure3), at whichpointthe compressive strength
had reached 12.3 kdrinally, the deck was evaluated using mffi tests to quantify théond

strength between the UHPC and the substrate material.



finished surfac¢23]

Additionally, the area over the pier locations was reinforced with a welded wire mesh to
analyze thebenefits of including this reinforcement in dige moment regionsAfter the
construction was completed, a series of destructive andlestnuctive tests were performed to
ensure adequate bond strength between the UHPC and NC interface. Thermal imaging and the
chain drag method were used first tentify eight potential delamination aredsvo out of the
eight potential locations were then tested further usinggftitests in accordancwith the
American Society of Testing and Materials standard (ASTA§TM C1583. Three additional
areaghat weredeterminedo havegood bond strengths were also teste@ccomparison. All tests
resulted with failursin theNC layes, proving there was adequate bond strength betweéwGhe
and UHPC

Two additionalcompositeslabswith a wiremeshwerecastusing he UHPC mixfrom the
bridge.This was done as a continuation of the flexure tests described earlier, but was focused on
investigating the strength gain from using a wire mésie specimens were prepared similar to
the negative moment sections of thedge, though had to have the surface manuglinded

instead of mechanically grooved like the bridge, due to the specimentsézalabs being prepared
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are shown irFFigure4. The slabs were tested with a positive and negative moment and compared
to an NC slab without an overlay. Results showed that both ovefagimens (positive and
negative momenthowed incrased strength and stiffness compared to the NC slab, though this
was in part due to the additional 4rb thickness from the overlay. Tihesearchers concluded that
thewire mesh did not add significant strength to the negative moment stredngtto thesmall
amount of reinforcement added. A larger area of steel could lead to increased stedthgiingh
could also affect the bond strength between the two lalfayare 5 shows(a) the typical load
setup used in this testing (similarRaure?2), (b) theobserved shear failure mechanism followed

by partial UHPC debondingand €) the UHPC layer pried open after the test.

L= L i i~
- T = T O 3 —_ =

Figure4: Casting UHPC on slab specimd@8]
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a) Example concrete deck with UHPC overlay test setup

Iy —

b) Partial oerlay debdridinaollowin@éar c) UHPC layer pried open after the test
failure

Figure5: Observedailure of UHPCoverlayflexural specimeng23]

New Mexico State University and Bridge 7032

New Mexico State Universi recently worked with the Transportation Consortium of
SouthCentral States to create their own nonproprietary UHPC mix and evaluate its potential
application as a bridge deck overlay [24]. The mix had an average compressive strength of 17.8
ksi. No comnent was made about the flow of the proposed mix design. A series of tests were
performed to determine the bond strength between the UHPC and NC layers. The tests included
slant shear, split cylinder, split prism, and direct tension. Specimens were prbpagébter

grinding, adding horizontal grooves, adding crbasched grooves, or leaving a rough surface with
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a depth of 0.11 in. All the surface preparation techniques showed adequate strengths for the split
cylinder and split prism tests, with strengths er ACI 6s recommendati on o
repair [®]. However, none of these surface preparation techniques provided adequate strengths
for the direct tension test. An additional chipped surface (not using a grinder) with a texture depth
of 0.04 n. was tested after the completion of the original tests, and this method did provide
adequate strengths. It was determined that the chipping method provided higher strengths because
it did not plug the pores that help create the bond; however, this msthodrecommended as it
can damage the substrate layer more than expected. Otherdlgnd assessment tessulted in
adequate bond strengths with textuigrended or chippedkss than 0.08 inwhich islower than
the minimum acceptable texturepdle under field conditions of 0.25.ifrom the American
Concrete Institute (ACI) fazonventionatoncreterepaild6], hi ghl i ghti ng UHPCO6 s
in overlay applications.

Both earlyage and longeterm shrinkage was theénvestigatedA 6x6x24 in. beam was
used to measure eathyge shrinkage. It was found that 55% of shrinkage strain occurred while the
UHPC was still plastic, and therefore this shrinkage strain would not cause a significant amount
of horizontal shear stss between the UHPC overlay and the underlying NC deck. A 3x4x16 in.
UHPC beam was used to measure togmgn shrinkage. The beam was cured in a wet room for the
first 7 days, then removed and cured in ambient conditions for the remainder of the 28 days. Th
shrinkage plateaued in the cure room around day 4. Outside the cure room, the shrinkage plateaued
around day 20 with a max of about 450 pstrains.

To test the combined effects on shrinkage of composite UNEGlabs, seven composite

slabs were made witharying thicknesses of NC, exposure condition, steel reinforcement, and
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application of overlayThe NC slabs were cast first and at day 30ghdace werepreparedvith
air hammers and chisels until the aggregates were exposed. Texture depth was riodasuned
ASTM E965and the average depths ranged from 0.06 in. to 0.15 in. Next, the UHPC overlays
were cast and two photographs of the slab preparation are shévwuia6. Strains and external
temperatures were measured over time. The results showed that the reinforcement of the NC layer
had the greatest impact on reducing shrinkage caused by the UHPC overlay. However, NC layer
thickness also played role as thicker substrate slabs experienced more shrinkage than thinner
slabs, with the same amount of steel; therefore, reinforcement ratio is key. Comparing the
laboratory and outdoor exposure conditions, as expected, more uniform shrinkage wasrfound f

the laboratory specimens.

a) Placing the NC substrate b) Finishing the UHPC_overIay
Figure6: Preparation of UHP®IC slabgq24]

To evaluate the effects of strengthening a beam with UHPC, fatigue tests were first
performed a a plain channel girder, which was then overlayed with UA®€hown irFigure?.
The girderwas first fatigue tested through 1,000 laadoad cycles to an approximate rsiplan

deflection of 0.4 in. and average load of 20.3 kips. After unloading the beam, a residgpbmid
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deflection 0.0516 in. remained. A 1.0 in. UHPC overlay was then addbd beam and the same
loading cycles were repeated. After the addition of the overlay, the girder saw an increase in
flexural strength and required an additional 5.45 kips to reach the same deflection. After unloading
the beam, a residual mgpan defletton of 0.037 in. remained, though no visual cracking or
debonding was observed. The beam was then loaded to failure. Cracking first occurred at a
deflection of 0.53 in. and a load of 33.1 kips. The ultimate deflection and load were 5.99 in. and
90.7 kipsrespectively. Even at ultimate loading, little to no cracking occurred in the UHPC layer

with only isolated locations of delamination.

Figure7: ChannelGirder with UHPC overlay24]

After the nonproprietary mix was confirmea toe viable for use as a bridge deck overlay,
a Bridge 7032 in Socorro, New Mexico was selected for an implementation p2kcTiie
bridge is approximately 3d0long, 54 ft wide, consisting of twkanes with a center median, feur

spans, and made off muttell box girders as show figure8. Damage consisted of potentiall
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full depth transverse cracks at the negative moment regions over the column bents, though there

was no evidence of delamination.

7 T

[ e Y

Figuré8: Bri(;e ‘2 |
The proposed repair method consisted of removing the existing deck, installing a high

performance deck (HPD) layer, followed by the installation ofrech thick UHPC overlay. The

existingdeteriorated concrete, expansion joints, existing metal railing, and the deck overhang were

all removed to where the original rebar was exposed. Four mockup placements over the span of a

year were conducted to get the NMDOT and contractors familiar witthibg, mixing, and

placing the UHPC overlay material. Bond tests with a HPD substrate were performed on the third

and fourth mockups to ensure adequate bond. Additionally, two largeeheghy horizontal shaft

mixers with a 1.0 y#capacity were testedn the fourth mockip to increase batch size and

accelerate construction. A max batch size of 0.7%was determined and was successfully placed

an a HPD slab. It should also be noted that inadequate bond strengths and cracking were observed
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where the suktrate was not adequately saturated as well where the UHPC overlay was not
immediately covered after casting.

A standard slump test (ASTM C143) was used to determine the workability of the UHPC
despite the common practice of performing a dynamic flovetasit. Target slumps were between
8 and 10.5 inches as showviaigure 9. Additional testing included compressive strengths in
accordance with the British Standard (BS) 1881 using cube samples at 2, 4, 7, 14, 28, and 56 days;
flexural strength in accordance with ASTM C1609 at 7 and 56 days; and direct tensioff pull
tests (lm ASTM listed). Due to a variety of factors including lack of water content control and poor
plastic covering on the steel strength molds, averag&ag@&ompressive strengths were only 13.6

ksi.

a) Slump Measurement b) Spread Measurement
Figure9: Material Consistency Measurements

As described previously, construction of the new deck began with removal of the
deteriorated and a volumetric replacement with HPD. The top surface was textured using a tine
rake with a minimum depth of 0.26ch. The cured surface was then ceramic beastdd and

kept saturated up until the placement of the UHPC overlay. The UHPC was placed over a total 105
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batches across four placement days. UHPC was delivered using a concrete buggy, then spread and
vibrated by hand, followed by a vibratory screed tesfirand maintain the thickness of the UHPC
overlay. The first placement immediately started cracking because it was not covered under plastic
sheeting and burlap after surface finishing. The remaining placements required an immediate
application of a curig compound and then plastic sheeting as soon as possileg@ée cold
joints were placed over a positive moment region when construction was stopped between
placements.

Throughout the construction of the bridge, a variety of thermocouple, steel cemfemt
strain gauges, and concrete strain gauges were internally embedded to monitor the structural
performance of the superstructure, HPD layer, and UHPC overlay. All sensors were wired to a
multiplexor connected to a solar powered datalogger to conshumonitor the performance.

To test the overlagubstrate bond strength, hammer sounding, chain drags, and thermal

imaging were performed to determine 10 areas of potential delamination. Direct tensioffi pull
tests were then used to determine the bdrehgth. The average bond strength was 239 psi,

slightly below the ACI recommended of 150 psi, however, 4 the cores failed in the epoxy.

Missouri S&T

The Missouri Department of Transportatimmded a research project at Missouri S&T
designing an optimed UHPC mix for bridge deck overlaj®/]. Sixteen NC slabs were piaed
to test different mix designs and thicknesses and compare to latex modified concrete (LMC). The
slabs contained rebar mats near the top and bottom of the slab. The top surfareparasl using
a chemical surface retarder and a stiff brush to expose the aggregate. The slabs were then left

outside for 12 months prior to applying the overlay. Strain gauges, relative humidity sensors, and
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thermocouples were embedded between NC and@JHiers(Figure 10). A life cycle cost
analysis was also performed to compare UHPC and NC. The results showed.@hat dHPC
overlay was the mosbosteffective based on deterministic and probabilistic results. Additionally,

the costof UHPC is likely to decrease as demand and production increasésng it more

desirable as an overlay material in the future.

“: > J R~
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FigurelO0: Example NC slabs with UHPC overlay and instrumentatidh [2

Thixotropy for MT-UHPC

After investigating the use of UHPC as a bridge deck overlay material, there was an

apparent need to adjust the current-MAPC mix design to exhit thixotropic behavior. A

thorough search was conducted oa tbpic of UHPC mix adjustments for thixotropyth little

results because all UHPC overlay implementation projects have used proprietary mixes. Montana

State University [8] explored the fdbwing two potential methods for creating a thixotropic mix:

1) increase the amount of steel fibers and 2) use an additional admixture, and the overall results

are summarized herein. The standard steel fiber amount used foHRT is 2% by volume and

this was doubled to 4% for the thixotropic study. The following two different Master Matrix
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viscosity changing admixtures were tested: VMA 358 and UW 450. Overall, results showed that
neither doubling the steel fibers nor adding the VMA 358 admixture yietaedesired effects on
the overall viscosity of the MUHPC. However, the mix using UW 450 exhibited the desired
increase in viscosity and was able to maintain its shape on a 6% slope. The increase in viscosity
led to poor consolidation in the test cylinglewhich in turn led to below average compressive
strengths of only 13.58 ksi at 28 days. With respect to adjusting thREIINAT mix to exhibit
thixotropic behavior, the initial results are promising. However, further research may be required
to see how théhixotropic mix can be batched in a larger pan mixer, and if better consolidation in

test cylinders will lead to higher strengths.

Bridge Repair Using UHPC (University of Connecticut)

This section summarizes research conducted at the University of Gonh#wdt explores
using UHPC to repair existing bridge element8-2]. More specifically, they investigated a
method for repairing the ends of steel girders using UHPC. This research consisted of three phases,

which will be described in detail below.

Phase Ii Rolled Girder Testing and FE Modeling

Phase | of their research focused on creating a UHPC repair method for the ends of
deteriorated steel girders by testing three -badfle, rolled girders with varying amounts of
deterioration 30]. The proposedepair method involved welding studs around the damaged
portion of the web and flange, and then encasing the studs in UHPC. The three girders tested in
this research consisted of an undamaged girder, a damaged girder, and a repaired girtter. A 14

long W21x55 girder was selected as the test girder size because it was approximately half the scale
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of a W36x160 bridge girder commonly used in Connecticut and it has the same web slenderness
ratio. To simulate corrosion in the two deteriorated test girdersa@eanand repaired), the end of
the lower tee of the girders were removed using a plasma cutter. A portion of the web and flange
were then milled off using a computer numeric controlled (CNC) milling machine. Full penetration
groove welds were then usedatitach the lower tee section back to the girder for the damaged and
repaired specimens. The tee for the repaired section was not attached until after the studs were
welded on. Nelson Stud Welding H4L Headed Concrete Anchors, 0.375 in. diameter by 1.25 in.
long, were used as scaled down equivalents of the standard 0.75 in. size used in typical composite
steel and concrete decks. The studs were staggered vertically and horizontally on opposite sides of
the web to avoid bearing stress concentrations. The werdsthen encased in a 25 in. long, 13 in.
high, 1.75 in. deep, panel of UHPC. The stud pattern and UHPC parsticave inFigure11.
The UHPC panel wa formed using RO foam board and plexiglass. The girder and formwork
were coated in mineral oil prior to casting to represent the lack of bond strength with girder paint.
Mineral oil was not applied to the studs. A JS1212 Ductal mix provided by LaFaigenHvas

used for the UHPC.
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Figurell: UHPC Panel for the Larg8cale Repaif30]
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All three girders were tested using the same loading setup dieow inFigurel2. Web
stiffeners(0.5in.) were added at the loading point and the end not being téstedot to the
testing endAdditionally, thetop of hebeam was laterally restrained near midspan using clevises
and chainsThe web of the girder near the testing end was also treated with limestone and water
to produce a thin white layer that would flake off during straining of the amebhighlight any
damage accrued during testinghe undamaged girder failed at a load of 180 kips through web
bucklingat the end of the girder, over the entire height of the bearmgydamaged girder failed
at a load of 43.4 kips due to instability in the web at theofdhe damaged sectiohhe repaired
girder reached a maximum load of 230 kips, where it experienced extensive flexural yielding but
did not fail. All three girders after testing are shown belowrigure13. The repaired girder was
able to hold over five times the capacity of the damaged girder, and over 28% of the undamaged

girder.All three girders had similar stiffnesses.
Attach Chain to Load
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Side View

Figurel2 LargeScale Experiment SetUyp0]



(c) (d)

Figure13: Conditions of each specimen after testfagUndamaged, (b) Damaged, (c) Repaired,
(d) UHPC Cracking30]

A finite element (FE) model was thecreated to predict the capacitiesstéel girders
repaired using a variety of UHPC strengthening detait® model was first compared to the
results from the halécale tests to validate its accuracy, then it was used to evaluate several UHPC
repair méhods not tested in this research to evaluate their effiBoy.model was shown to
accurately predict the failure modes and shapes; however, it potentially predicted inaccurate stress
concentrations making the model conservative. Eight new repair metlevdsthen evaluated
across three types of girders with the FE model. The eight repair methods were created for full

height, halfheight, and kshaped repair; and the three girders evaluated were rolled girders without
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stiffener, rolled girder with stiffegr, and a plate girder. Alepairmethods were shown to increase

the capacity compared to the undamaged girder.

Phase I Stud Testing and Model Improvement

To improve the accuracy of the FE model, Phase Il of the research evaluated the
effectiveness ofarious repair details (e.g. stud layout, concrete cover, underlying steel condition)
[29]. To test the strength of the studs on older degraded steel, smaller scatéfgasts were
performed on rolled steel girders that were salvaged from an old bRdgé¢he pustoff tests,
studs were welded to the web section of the salvaged girders and then encased in UHPC as shown
in Figurel4. Eight specimens were made by varying the stud size, layout, spacing, concrete cover,
and concrete type (UHPC and NC). The same JS1212 Ductal UHPC mix provided by LaFarge
Holcim from Phase | was used for all UHPC specimens. The specimens were compréssed wi
one end bearing on the girder and the other end on the concrete to analyze the stud failure. The test

setup is shown ifigurel5.
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Figurel4: (a) Beam prior to casting; (b) beam with formwork used for casing concrete, and (c)
completed pusiloff sample 29|
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Figurel5: Typical experimental setup for puskf test[29]
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The NCspecimen was deemedauitable for the envisioned repair methaslit split in
tension when larger loads were applied. Conversely, all UHPC specimens failed through shear
failure of the stud shank, with little to no cracking in the UHPC, and exceedelethretical
capacity outlined by AASHTO . Results showed that the €@rh diameter studs performed the
best, with the 0.67n. diameter studs having a 25% reduction in capacity when compared to the
0.5-in. diameter studs. The changes in layout andisgdtad little effect on the overall strength
of the capacity of the specimens. Tho#mensional scans were also used to more accurately
model the corroded girders in the FE model. A 3D scanner was used to create a point cloud of the
corroded girder spetiens, the point cloud was imported into an FE model, and ultimately, the

methodology was shown to accurately model the corroded section and stress concentrations.

Phase Il Full-Scale Repair and Testing

Phase Il of the research was focused on applyiegleéveloped repair method on four{ull
scale plate girders [3. The design of the fulécale plate girder was chosen to represent an average
bridge in Connecticut. A permanent girder was designed with a splice near one end to allow for a
section that cdd be connected to replaceable test panels for each tested girder specimen as seen
belowin Figure16. Overall, the testing setup was similar to thatha girders tested in Phase I,
though upscaled to account for the larger plate girders. Local suppliers provided and fabricated the
steel girders using grade A36 steel plates. Corrosion was simulated using sand blasting to give a
nortuniform section lossear the ends of the girder. Other methods such as electrochemical
corrosion and CNC milling were also considered but did not produce as desirable of results

compared to the sand blasting.
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Two full-height repairs (Full Height 1 and Full Height 2), one nalight repair (Half

Height), and one baseline damaged girder were tested. The difference between thehwughiull

repairs were the stud layouts and UHPC used. Full Height 1 used Ductal JS8lo0@&rasetting

and higher strength mix, whereas Full Height 2 used Ductal JS1212, a faster setting and lower

strength mix that was also vibrated to simulate vehicle traffic on a bridge. Half Height used Ductal

JS1212 (same as Full Height 2) and only cedehe lower half of the web. The number of studs

to be welded to the web were determined by dividing the estimated nominal shear capacity of the

plate girder by the design shear capacity of a stud. This resulted in 28 studs being used in varying

layouts br the three repaired specimens. The Full Height and Half Height repair drawings are

shown inFigurel7.
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Figurel7: Full Height and Half Height Repaif31]

The baseline corroded plate girder reached a flexural capacity of 95 kips and failed due to
localized buckling of the web and bearing stiffener in the corroded region. The Full Height 1
repaired girder reached an initial peak capacity of 527 kips at a deflection of 0.504 in.; afterwards
however, the girder was then able to sustain 450 kips up to a deflection of 0.994 in. where it failed
due to web buckling of the end panel. Full Height & Bialf Height performed very similarly to
Full Height 1 with pospeak sustained load capacities at similar deflections. Full Height 2 reached
initial peak and pogpeak sustained load capacities of 497 kips and 450 kips, respectively, whereas
Half Heightreached respective capacities of 472 kips and 400 kips despite only covering half the
cross sectiorThe beams tested in this research were then modeled using the FE method developed
and refined in the previous research phases. The predicted responstssfrogthod were very
similar to the measured responses from the tBsised on the results, the hbakight repair with
0.5in. headed shear studs was recommended for use in repairs moving forward. Despite having a
lower capacity, the method allows feasier construction and requires less UHPC. Additionally,
the study concluded that although AASHTO®Gs

conservative, they should still be used in order to account for uncertainties in weld quality.
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Summary of Liteature Review Findings

UHPC has been successfully used in several projects and across several applications, as
described in this report. For the bridge deck overlay application, the literature review findings
reveal that other state DOTs are almost exelgiusing proprietary mixes during implementation
projects. This is most likely a result of the same implementation issues being researched in the
current work at MSU, including batch sizing for large volumes and the need for thixotropic
behavior in thisspecific application. For example, the UHPC overlay implementation project
conducted by lowa State University usedpecial thixotropic Ductal UHPC mix produced by
Lafarge Holcim Additionally, adequate bond strengths have been found between UHPC and NC
substrates across a variety of surface preparation techniques, with NC surface preparations below
minimum depth requirements.

A repair method using shear studs and UHPC for the ends of steel girders was investigated
in depth by the University of Connecttchis method was shown to work well. Initial testing
that compared an undamaged girder, a damaged girder, and a repaired girder, showed that while
all three girders had similar stiffnessdse repaired girder was able to hold over five times the
capaciy of the damaged girder and over 28% of the undamaged ddased on theomparisons
made during the fulécale testinga half-height repair with0.5in. headed shear studs was
recommendedbecause although it has a lower capacity than énéidiht re@ir, strengths are
adequatethe method allows for easier constructiandless UHPC isequired.

Overall, while UHPC bridge deck overlays are promising, additional research is still
required to evaluate firining and further investigating the thixotropersion of MFUHPC that

would be required if a proprietary mix is not used. Using UHPC to repair and strengthen existing
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bridge elements is of interest and although very promising results have been shown for steel girder
end repairs, other types and mads of repair could be investigated. Therefore, the next phase of
this research was to evaluate material level and bond properties of several UHPC mixes to evaluate

which material would be best to move forward with large scale testing.
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CHAPTER 3

MATERIAL LEVEL EVALUATION

Introduction

Chapter3 documents the work completed as parttleé rmateriatievel evaluation of
multiple UHPC mixesConfidence in the use of UHPC as a strengthening materiabncrete
elementsrequires the exploration of surface preparations and the subsequent bond strengths
between the UHPC and standard concrete.

This chapter is focused on evaluating the performance of three different UHPC mixes for
the desired concrete repair/overlay application. Specifically, the workability, compressive
strength, tensile strength, and bond strength of these concrete mixeswestigatedThe mixes
in this researchncluded MT-UHPC, MT-UHPC with the addition of a viscositynodifying
admixture for thixotropy, anda proprietary thixotropicDuctal mix. The mix designs and
constituent materials are first discussed, followed bysarg#ion of the testing program, and then
finally followed by the results from the tests. The conclusions drawn will be discussed later in

Chapter 6.

Materials

Three UHPC mixes were investigated at the material level to evaloatpressive and
tensile stength, and thbond strength with substrate concrete. The mixes includ&MPC, MT-
UHPC with the addition of a viscosityodifying admixture for thixotropy (designated here as

MT-UHPGCT), and a proprietary thixotropibuctal mix (designated here as Duke®. In this
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section, irst the substrateconventionalconcreteis discussed, followed by a discussioneath
UHPC mix. It is important to note that trial batches were performed for theJMFCT and
DuctalT mixes to determine admixture/water dosagesydver, specific details on thetrial

batches are not includéa this report.

Substrate Concrete

The substrate concrete mix wasanventionalt ksi design strengtimix targeting 3% air
entrainmentThe mix design for a-&3batch is shown below ifiable 1. The substrate concrete
was mixed in a standanwtatingdrum, fixed-vanemixer. The coarse and fine aggregate and
approximately 4 pounds of thwater were added first and mixed for 3 minutes. Once the
aggregates reached saturated surface dry (SSD) condition, the air entraining admixture was added,
and the aggregates were mixed fadditionalminutes. The water and cement were then added
simultareously and mixed for approximately 8 minutes. A slump test was performed for each mix
in accordance with ASTM C143 and an average slump ofa®d measured.

This concrete mix was used as the substrate concrete for the bond tests completed for each

of the LHPC mixes tested in this research. These tests will be discussed in detail in a later section.

Tablel: Substrate concrete mix design fd #2 batch

ltem Weight (Ibs)
Water 37.6

MasterAir AE 200 13.67 (ml)
Cement 68.4
Coarse Aggregate 218.7
Fine Aggregate 116.2
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MT-UHPC

The standard MATUHPC mix was developead previous research at MSU. The mix design
for a 3ft3 batch is shown iTable2. A fixed-drum, rotating fin higkshear mortar mixer (IMER
Mortarman 360) was used to mix the NUHPC using the procedures developed in previous
research. This procedure involved adding tine aggregate and silica fume first ameting for 5
minutes. Cement and fly ash were added next and mixed for an additional 5 minutgeniiked
water and HRWRverethen added to the mixer. The mix toagproximatelyl5 minutes to turn
overand become fluidThe steel fibers were then addstd mixed for 3 minutes. Ataticflow
test was performefdllowing ASTM C1856andaf | ow of 10. 250 wialRgurme as ur e

18.

Table2: MT-UHPC mix design for a 3%batch

Item Weight (Ibs)
Water 33.2
CHRYSO Fluid Premia 150 (HRWR) 7.2

Steel Fibers 29.2

Cement 144 .4

Silica Fume 30.9

Fly Ash 41.3

Fine Aggregate 172.9
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- MT-UHPC static

MT-UHPGT

The MT-UHPG-T mix was identical to the standard MIHPC mix, with the exceptioaf
the viscosity modifying admixturélhe mix design for a-&2 batch is showrin Table3. The
viscosity modifying admixture waglasterMatrix UW 450 (spec sheet inded in Appendix A)
A total of 15fluid ouncesof this admixture was used in tBeft® batch whichequates to a dosage
rateof 6.9fluid ounces per 100 Ibs of cementitious mate(@8fl oz/cwt). A fixed-drum, rotating
fin high-shear mortar mixeffMER Mortarman 360) was used to mix the NUHPGCT, using a
procedure similar to that used for the standard WHPC. After adding the HRWR it took over
15 minutes for the mix to turn ovédnce the fibers were thoroughly mixed, the MasterMatrix UW
450 admxture was added and mixed for 5 minufBlse gatic and dynamic flowwere measured
at4 . 00 a redpectvelgFigure 19). The dynamic flow waslightly lower than desired;

however the consistency of the mixas appropriate, and the nerformed well.This was the
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first largescale batch of a thixotropic version of MUHPC, andalthough some adjustments may

be warranted to optimize the flowthgresults are promising

Table3: MT-UHPC-T mix design for a 3t2 batch

Item Weight (Ibs)
Water 33.2
CHRYSO Fluid Premia 150 (HRWR) 7.2
Steel Fibers 29.2
Cement 144.4
Silica Fume 30.9
Fly Ash 41.3
Fine Aggregate 172.9
MasterMatrix UW 450 15 (0z)

Figurel9: MT-UHPGCT static (left) and dynamiﬂc (right) flow test results

DuctalT

Materials and mix proportions were provided by LafargeHolicinthe DuctalT UHPC

mix. The mix design foa 3-ft® batchis shown inTable4.
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Table4: DuctatT mix design for a 3 ftbatch

Item Weight (Ibs)
Water 31.8
F5 Admixture 4.1
Steel Fibers 46.5
Ductal Premix 375.0

Again, the IMER Mortarman 360 mixer was used to mix the matdited.dry ingredients
wereadded to the mixer first andixed for 3 minutes tensure that the mix wasmmogenizd.
The water was then addeandimmediately followed by the F5 admixture. After 4 minutds
mixing, the mix began to turn oveandafter an additional 3 minutes the mix had fully turned over
and the steel fibers were added. The fibers werrmixedin for 3 minutes An initial dynamc
flowwas measured @& 0. Thi s was sl i ghdyhamicfl loowe r o7t. EEENR 5 ch €
(as recommended by LafargeHolcimn additional 1.3%ounds(already accounted for ihable
4) of water was then added and mixed for 2 minutes. A new dynamic flow test was performed and

a f | ow orécoredBgare2@) alsstaticf | o w o falsodecordeda s

* v TSI
Figure20: Dynamic flow test results for Ductdl
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Experimental Design

This research consisted of testing the compressive, tensile, and bond strength of three
UHPC materials. Thisection discusses details on the tests used to evaluate these properties.
Specifically, general compressive and tensile test methods are discussed, followed by detailed

descriptions of the dired¢ension and slarghear bond tests.

Compressive and Tensilesting

Compressive strength testing was performed per AEIE56 and ASTMC39 for the
UHPC and substrate concrete mixespectivelyCompressive strengths for the UHPC materials
were obtained at 7, 14, and 28 days, while compressive strengths fobstrateuconcrete were
only obtained on the day that the direct tension and slant shear tests were pefoemedl
strength testing was performed 28 daysin substantial accordance withSTM C1609 on
200 80 &0 prisms A typical flexural specimen in éload frame is shawin Figure21.

It should be noted that these test specimens were prepared following procedures outlined
in previous MSU researdi]. However, additional procedures were required to consolidate the

thixotropic mixes. Specifically, these specimens were placed on a vibration table during casting.
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x ‘

Figure“21: Exémble flexural test performed on a ucTaﬂecime

Direct Tension Testing

Direct tension testing was performby following similar procedures outlined &ASTM
C1583 Standard Test Method for Tensile Strength of Concrete Surfaces and the Bond Strength or
Tensile Strength of Concrete Repair and Overlay Materials by Direct Tensiomf{Ruithod).
This testing determirgea limit onthe tensile bond strengtietween standard concrete and the
UHPC mixes ands dependent on the substrate concrete surface prepatatibis testfailures
will typically occur either at the bond between the two mateiialthe substrate concreter in
the adhesive between there and test fixturelhis test is typicallyconductedn the fieldon in
place slabs by pulling directly on cores from the slab and recording the maximum pulling force
In this research, due to availability of equipment, small test slabs with UHPGys/evere
constructed in the lab, and cores were extracted and tested in direct tension with an MTS
compression/tension load frame.

The dab specimenwere2 3 0 x 1 &dwerg constructefirstwi t h 30 of nor mal
concretgFigure22). Two substrateslabs were constructed for eaafithe thredJHPC mixes for

a total of six slabs. Theubstrate concrete slab®recuredin the cure roonfior at least 28 days
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After curing, the surfaces of the slabs were prepas@uy an angle grindeAfter first grinding
the top surface flathree different surface preparation techniques were explored to examine the

efficacy of each of these methods. The firgtimod, which is designated as typical (T) included

parallel grooves in one direction that wer® daace pwideands paced at (Figwe i nt er

23a andFigure 24a). The second method was designated as trateh (XH), and consisteof
grooves of the same size as those designated for T, but in both dir¢letgure 23a andFigure
24b). The final method was designated as chipped (C) and consisted offeajaokered surface
with an approximate roughnessiat (Figure23b andFigure24c).

It should be noted thah¢ surface roughness achieved for Thepecimenshout yield
conservative results, as surfapeeparation techniques used in the field are typically more
aggressive than this, with a minimum specified texture depth @f Yaccor di ng
recommendations for conventional concrete ref2d}. [Therefore, the Bpecimens will provide
for a conservative limit on bond strength, while crosshatch and chipped specimens will

providemore data for discussion.

»"

Figure22: Typical substrate concrete slabs for direct tenspeTimens

t

0]



a) T and XH b) Tand C

Figure23: Substrate srface prepratiors for direct tension testing

a) T Surface Preparation b) XH urfacePreparation c) C Surface Prepratio

Figure24: Closeup views of surface preparation methods

After pr ep arUbaRCwasmplacedlontop mfdhe prépped slab surfacékhe
substrate wfaces wereypically wetted with a spongerior to the placement of the UHPC.
However, one of the Ductdl slabswas not wetted prior to placement, which had a significant
effect on performance, as will be discussed in a later section. After placement of the thixotropic
UHPC mixes, the slabs were then consolidated by placing the slab on the vibration table and

vibrating for several seconds while tapping with a rubber malleti{ae/n inFigure25).
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Figure25: Typical consolidation process for thixotropic specimens includivaks tabl€located
below specimen form) and external tapping with rubber mallet

After curing, the slabs were then cored to extract the dieesion specimengigure26).
This @ring was done using Riamond Products Core Bore 748lld with a 20 inner diameter
Husqvarna diamondore drill bit(Figure26b). The ores were drilled through the slabsdthen
cut to length. Typicallyat leastl.50 of UHPC andsubstrate concret@as desired, though some
samplesverecut shorter due to slightly thinner overlayOverall, 11 successfutorespecimens
wereextractedor MT-UHPC (8T, 2XH, and 1C), 8 cores for MTHPG-T (6T and 2XH), and 11
cores for Ductall (8T, 2XH, and 1C)After extraction,the coreswerethenepoxied to two &
diameter, dthick steel discs (one on eaehd) using Simpson Strofige SETXP epoxy(Figure
26d). Note that the slab iRigure26c is in the same orientation as the surface prepasghown

in Figure23.



c) Slab after coring d) Core prepped for testing
Figure26: Typical direct tension core specimen preparation

After preparation, the specimens were tested in an MTS compression/tension load frame,
asshown inFigure27. As can be sedn the figure, the testdture consisted of a series of shackles
and eyebolts to ensure proper alignment and alleviate any potential eccentricities introduced as a
result of support fixity. The ultimate tensile bond strength was then calculated by dividing the

ultimate load by th crosssectional area of the specimen.
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Figre27: Exampledirect tensiorspecimensprir to sting

Slant Shear Testing

Shear bond strength is a critical parameter needed to fully assess the bonding of UHPC to
standard concrete for a range of potential applicationthis research, this property was tested
with dant shear test These tests weperformedin substantial accordance wikSTM C882
Standard Test Method for Bond Strength of Ep®gsin Systems Used with Concrete by Slant
ShearTypically, failures will occur either at the bond between the two materials or in the substrate
concrete.

To adapt the ASTM standard for testingPlE, 40x80 cylinders were

recommended 30 x 6 oacconinfodatthe sz ©f theomarse agygregate the
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substrate concretand to allow for a larger surface arka preparationFor placement of the
substrate concrete,ood fams were usetb rotate the cylinders 3@egres, as shown ifrigure
28. After initial curing, the substrate concrete was removed from the molds acedghto the
cure roomAfter at least 28 days, the samples were removed from the cure room and the top surface
of the inclinewas grooved to simulate surface preparation that may take place prior to UHPC
placement The same fitypi c aikcassed for directctensiop testipgawas t i 0 n
investigated for slant shea@pecifically,an angle grinder was useddadnd the top surface flat
andapply groowws de daeée ftheindinedwfacafigure28a). To assess

the worstcase scenario, the grooves were aligned parallel with the direction of the shear loading.

‘ 7 L7 5 ‘ . A
Figure28: Typical substrateoncrete half cylinders for slant shear specimens

After curing and surface preparation, tiant sheasubstrate concreamples were then
placedback irtot h e 4yindds molds in order to place the various UHPC m{¥égure29%b).
The top surfaceof the substrate concreteere wetted prior to placement of the UHPAL 24
hoursafter UHPC placementhe cylinders were removed from the molds, andetids of the
cylinders containingJHPC were groundto level the surfacand prepare for testing hese
specimens were then placed into the cure room until tegtitey. curing, these specimens were

then tested in compression according to ASTM C39 A%FM C882, as shown irFigure 30.
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The ultimate bond shear stress was then calculated by dividing the recorded maximum load by the

area of the bond surface.

) Substrate half cylinder 1 ¢ o AT TR
with surface prepped b) Prepped substrate in cylinders

Figure29: Typical slantshear specimepreparatiorprior to UHPC placement

F'gure30: Slantshear specimen in load frame
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Test Results

Compressive and Tensile Strengths

The average compressive and tensile strengths of the various UHPC at 7, 14, and 28 days
are providedlable5, along with the measured and predicted flexural strengths at 28Tdwys.
compressive and tensile averages were calculated from the resuicgliidders and -3 prisms,
respectively. Included in this table are the dynamic and static flows redordsath UHPC mix.

As expected, compressive strength increased with time for all UHPC.mixe MT-UHPC mix

and the Ductall mix both reached 28ay compressive and tensile strengths of around 17 ksi and
3.4 ksi, respectively. The MOHPGT mix wasobserved to have the lowest compressive and
tensile strengths (15.4 ksi and 2.8 ksi); however, these strengths are still in line with those expected
for UHPC. As previously mentionethis was the first largecale batch of a thixotropic MT

UHPC, andfurther researcimay be warrantetb optimize theadmixturedosage, which could

have a positive effect on strength

Regarding ultimate tensile strengths, the strengths are on par with past research on this
material. For reference, this table also includesred#s of the tensile strength based on the
compressive strength of the material. Specifically, the tensile strengths were predi€ded as
X® "Mjwith "Qand"Q@ein psi As can be observed in this table, the measured tensile strengths are
at least iree times the predicted values. However, it should be noted that the tensile stress
calculated at ultimate load is for comatwve purposes, dBe equation used to calculate this stress
from applied load assumes no cracking and |he¢astic behavior, hich is not the case at ultimate

load.
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Table5: Average compression and flexure test results

Flow (in) St;?]rgt%r,i?si(\lgi) Ultimate Tensile Strength (ksi)
L#';gg Static | Dynamic D7aly S:y Sgy Measured | Predicted '\g?:j/
U'\ﬁ|TF,'C 10.25 - 14.3|15.1| 17 3.37 0.978 3.45
UmaTé_T 4 55 |116| - | 154 2.8 0.931 3.01
DuctalT 4 6.5 15.1|17.3| 17.4 3.43 0.989 3.47

Direct Tension Results

The average compressive strengths on the day of testing are provitiable® for the
substrate concrete and the UHPC. It should be noted that tHeHWPIC-T specimens were tested
7 days after casting the UHPC and the specimens for the other two mixes were tested 14 days after
casting the UHPC. The results from the direct tension tests are providiedl@v, including the
averages and coefficients of variation (CoV) observed for each surface preparation method. Each
specimen failed at either the bond between the rivaderials Figure 31) or in the substrate
concrete Figure32). The asterisken the tablendicatewhat typeof failure was observed for each
specimen. It should be noted that if the specimen failed in the substrate concrete prior to bond
failure the actual ultimate tensile bond strength is unknown, and therefore the value piovided
the table can be interpreted as a minimum value. It should be noted that some of the core specimens
extracted from the slabs were not viable for testing due to incidental damage or poor consolidation,
hence the varied number of specimens.
Table6: Average concrete strengths for direct tension testing
UHPC Type Substrate Compression (ksi)| UHPC Compression (ksi)
MT-UHPC 5.4 15.1

MT-UHPCT 5.2 11.6
DuctalT 54 17.3
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Table7: Direct tension results for adpecimens

MT -

Ductal-T (psi)

Groove Sample UHPC MT -UHPC-T
Pattern Number (psi) (psi) Wet Dry
Tl 280** 239* 197* 60*
T2 210** 146* 332* 11*
T3 256** 291* 433* 15*
Typical T4 251* 192* 367** 106*
T5 206** 208* - -
T6 234* - - -
Average 239 215 333 48
CoV 10.90% 22.60% 25.90%| 81.20%
XH1 220* 148* 343* -
CrosshatcH XH2 234* 161* 297* -
Average 227 155 320
CoV 3.20% 4.20% 7.10% -
Chipped C1 252** - 234** -

*Bond Failure

**Substrate Concrete Failure

i X

ire32: Exal d‘i‘rectt

g

ension failure in the substrate concrete (MPCT2)
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As can be seeim Table7, the average bond strength limits for all specimens ranged from
155 to 333 psi regardless of the surface preparation method (sans the dry substrate preparation),
which is above thA&Cl recommendatianof 150 psi for concrete repai2§).
To facilitate a comparison between the different UHPC mixes, the average tensile stresses for the
T specimens are shovim Figure33 for each UHPC mix type. As can be observed in this figure,
both MT-UHPC mixes had similar tensile strengths with the conventional MPC slightly
outperforming the thixotropic mix. The Ducfalperformed the best, wigtrengths approximately

40% higher than those observed for the other two mixes.

450 £
— 400 £
g
S350 £
w
B
g 300 § J
w
5250 4 I T
B 200 J_
S
& 150 +
2 100
Z i3
0 . . .
MT-UHPC MT-UHPC-T Ductal-T Wet Ductal-T Dry
UHPC type

Figure 33: Average peak tensile stressestgpical (T) direct tensionspecimens (error bars
represent one standard deviation).

Regarding the effects of surface preparation methods, the results for the dryTDuctal
specimens highlight the importance of wetting the surface of the substrate concrete prior to UHPC
placement, as the average bond strengths observed for these speasmens/w8 psi. Further,
for MT-UHPC and Ductall, the bond strengths observed for the XH specimens were slightly less
than those observed for the T specimens, indicating that this surface preparation does not improve

the bond between the layers. The rssaf the XH specimefor MT-UHPGT were significantly
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less than the T specimemsost likely due to the poor consolidation gndher highlightingthe

need tdine-tune theadmixture dosag& i mi | ar |y, the effect of Achiyg

to have mixed results (increases capacity for one type of concrete, while reducing it for the other).

Slant Shear Results

The slant shear specimens for all UHPC mixes were t&stegs after casting the UHPC.
The average compressive strengths on the dagsting are provided ifable 8, while the
measured minimum bond shear strengths are providédhle9. Note that all specimens were
observed to fail in compression in the substrate condfegare34), sans one specimen that failed
at the interface between the substrate concrete and Bu¢Rgure 35). Because nearly all
specimens failed in the substrate concrete prior to the bond failing, the actual bond shear stress
was not obtained, and the values reported here can be interpreted as the minimum bond shear
stress. It should be nat¢hat all minimum bond shear stresses were nearly 3 ksi, which far exceeds
the ACI specified minimum of 1 k$R6]. This, despite the surface preparations being parallel to
the loading direction, a conservative alignment. To obtain the actual bond &iress testing
could consider wrapping the substrate concrete with fiber reinforced polymer to force the failure

to the bond surface.

Table8: Average concrete strengths fant sheatesting
UHPC Type Substrate Compression (ks UHPC Compression (ksi
MT-UHPC 5.4 14.3
MT-UHPGT 5.2 11.6
DuctalT 5.6 15.1
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Table9: Slant shear results for all specimens

Sample Number Minimum Bond Shear Strength (ksi)
MT-UHPC | MT-UHPC-T Ductal-T
1 2.94 3.15 3.13*
2 2.77 3.33 3.26
3 2.75 3.31 3.3
4 2.82 3.37 3.16
Average 2.82 3.29 3.24
CoV 3.02% 2.94% 2.23%
*Bond Failure

a)MT-UHPGT1  b) MT-UHPC 2
Figure34: Example slant shear failures in the substrate concrete

Figure35: One specimen with a slant shear failure at the bond (DUl
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Summary of Material Level Evaluation

Three UHPC mixes were investigated, including 1)-MAPC, 2) MTFUHPC with the
addition of a viscosity changing admixture foixtitropy, and 3) a proprietary thixotropic version
of Ductal. The workability, and compressive and tensile strengths were evaluated first, followed
by direct tension and slant shear bond tests with varying surface preparation methods.

Overall, all three BIPC mixes reached the minimum strengths recommended by ACI for
concrete repair. However, the Duefamix proved to be more fintined than the MTUHPCT
mix with regard to the desired thixotropic properties. The Ductaix had preferable workability
andoverall better strengths. Due to the additional refinement needed for théHWC-T mix to
match these properties, the Du€lainix was chosen for the large scale structural testing discussed

in Chapter 5.
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CHAPTER 4

UHPC OVERLAY PROJECTSMATERIAL SPECIFICATIONS, AND IMPLEMENTATION

ISSUES

Introduction

Chapter 4ocusedon providing informationconcerning the implementatiai UHPC for
bridge deck overlayand on identifying and testing structural elements in ceuantify the
effects tat UHPC overlays have on the capacities of existing bridge débte specifically,
chapter 4ocusesonreviewing existing UHPC overlay projects andestigating what other states

have learned about using and specifying UH&Mridge deck overlays.

Summary of Existing UHPC Overlay Projects and FHWA Reporting

ExistingUHPCBridge Deck Overlay Projects

Proprietary UHPC has been used in bridgek overlays by several states. A summary of
selectedbridgedeck overlay projectss provided in Table 10. In addition to the projects
summarized iTable 1 FHWA reported at least 11 other known projects that have been completed
across New Jersey, Ne¥ork, Illinois, Rhode Island, Indiana, Pennsylvania, and Delaware;
however, these projects had minimal published information and have therefore been excluded from

the table.
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Table10: Summary of Selected UHPC Overlay Projec®28,33]

Project State | Thickness| Dimension(s)| Volume Timeline Details
Delaware DE- . Oyfat 2606 -\
Memorial Bridge NJ Up tq 10006 | 328yd hour shifts
1 Used thin lift UHPC paving equipment by GOMACO Corp.
EBruckner NY 20 -- 14y | 9 days and two stage
Xpressway

1 Bridge had damaged T beams and was used to add strength.
1 Used crane and concrete bucket to deliver material.
1 Surface was already prepared.

NJ 159 WB over
Passaic River

NJ

2. 75

65 ydf

36 ydfin 6-hour stages

M Used Thin LiftUHPC Paver use

d two high shear mixers and buggies to deliver.

[-280 WB Newark
Turnpike

NJ

1.50¢

34006 |

124 ydf

Two stages

M

Included a nofthixotropic mix for expansion joint headers. It is not clear if the stat
volume includes UHPC fdreaders.

f Overl ay was then covered in 2.250 of
NJ 57 over . R
Hances Brook | '\ 1.59 250 1| 6yd Two stages

1 Used stepped longitudinal construction joint with galvanized rebar between phas

and tented and heated afterwards.

1 Overlayed finalwit2 . 25060 of asphalt.

1 Used a vibratory screed.

SR-1 Little g R . .

Heaveni 2 DE 1. 75500 1 2 0_(;) I 96 yc# 3 casting days l|(n Feb
bridges aver a wide Over 2 weeks.

T 0.250 Hydrodemolition surface prepar

1 Heating with forced air hydronic systems dmahted UHPC premix and mixing wate

1 Varying depths were because of unevenly cambered steel beams.
1 Reached design strengths of13 ksi in 3 days.
. R Machine Placed. Less
*
Bridge over Floyd | |, | 1 752050 1 ¢ *8.7 | W 010 workdays. On
River wide yd

lane remained open

1 Used a UHPC waffl

e deck configuration with thin UHPC overlay.

Mud Creek

10006 I ¢

2 separate days with !

) * 3
Bridge IA .50 wide 13yd days between.
1 Used aregular vibratory screed.
Bridge No. 7032 ‘ 30006 I, s | 105 batches, 0.77 yd
in New Mexico NM Lo 51%406 81yd each

1 Used a notproprietary thixotropic UHPC mix.
1 19.5 ksi. design 28ay compressive strength. Only reached 13.6 ksi

*VVolumes estimated based on availableadat
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In summary, there were several overarching themes and takeaways from these existing
UHPC bridge deck overlay projects. These include the importance of properly performing flow
tests to ensure desired material consistency, getting the existing dsatutatd surfacedry
(SSD) before casting the overlay, and tarping and/or applying a curing compound soon after
placement. Additionally, most projects preferred to install UHPC overlays where the UHPC will
be the final riding surface and usually the final suriaagiamond ground. When added strength
is not a concern, thinner overlays are used to minimize material costs. Thicker UHPC overlays are

a good option when bridges need major deck rehabilitation or replacement.

FHWA Documentation

FHWA [34, 35 summarizedthe results of previous overlay and repair projects, and
developed recommendations for the successful implementation in these applicagimspbint
first provides overall material specifications for UHPC, and then discusses design and construction
speific considerations. The material specifications for the UHPC in these applications are

summarized iMablell
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Table1l1l: Summary of UHPC Material Properties [34]

existing concrete

Variable .
Property Symbol Acceptance Criteria Test Method
: R . ASTM C39 and
Compressive Strengftl fco 18 ksi ASTM C1856
Effective Cracking .
Strength frer 0.75 ksi AASHTO T397
Localization Stress ftjoc fiioc O tof AASHTO T397
Localization strain in 0.0025 AASHTO T397
direct tension
Steel fiber 2% by volumé 3.25% for
) Vi NA
reinforcement overlays
Varies by supplier. Typ. hold Modification of
. profile at slope of 10% ASTM C1856-
Rheology/Workability N/A Ex - Flows of 6 to 8 inches for] Dynamic flow table
slopes of 6% test (20 drops)
Unit Weight N/A 155 Ib/fé (for 2% fibers) N/A
Chloride Io_n_lefu5|on N/A 2 E10 irf/s N/A
Coefficient
Coefficient of_ thermal N/A 7E6 inches]/ i N/A
expansion
Modulus of elasticity Ec 2500 € p"° N/A
Bond strengthto |/ 0.350.6 ksi N/A

As discussed above, this document also provides design canstruction specific
recommendations. For example, it provides recommendations for development length, lap splice
length, minimum cover and spacing of reinforcing hdmmwork and traffic vibration mitigatign
mixing methods, placement and consolidatiacuring, and strength gain. Additionally,

recommendations specific to UHPC overlays are discussed, including material consistency, fiber

content, thickness, clear spacing, and coveistiag deck concrete substrate preparatishid

resistance, phased regiruction joints, ®isting deck surface preparatioplacing and finishing

equipmentindmethodsand postconstruction concerns. A complete list of recommendations with

pertinent details is included in Appendix B of this report.
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State UHPC Overlay Mateti&pecifications and/or Special Provisions

While many states have used UHPC in construction applications, only four have developed
specifications or special provisions specifically for UHPC overlays (lowa, New Jersey, New
Mexico, New York) This sectiorbriefly discuseshow the specifications/provisions from these

four statewvary fromor supplement the FHWA recommendations.

lowa DOT SpecialProvisions for UHPC Overlay

One of the primary differences between lowa [36] and FHWA [34] is a Imgetired 28
day compressive strength of 14 ksi, compared to 18 ksi from FHWA. Also, their provision specifies
compressive testing according to AASHTO T22 instead of ASTM C39/C1856 specified by

FHWA. lowa also includes supplemental material propertiespsnmed inTable12.

Table 12 Summary of Material Properties (supplemental to FHWA) included in lowa UHCP
Specification [36]

Property Acceptance Criteria Test Method Frequency
Combressive 12 tests in $day, 2day,
Strgn " 14 ksi AASHTO T22 | 3-day, 4day, 8day, 14
g _ day, & 28day
Long term O 8 0 0 -stik4in (64 AASHTO T160
shrinkage weeks)
Chloride ion <0.1183 Ibs/yd( O . ‘° AASHTO T256
penetrability depth)

Rapid chloride d 350 cou AASHTO T277/ | 2 per job (during field
ion penetrability ASTM C1202 placement)
Scaling resistanci Y<3 ASTM C672

Freezethaw Relative dynar_ni_c AASHTO T161
resistance modulus of elasticity > and ASTM
95% (300cycles) C666A
Alkali-silica Innocuous ASTM C1260
reaction
7 inches to 10 inches, n ASTM 1 per batch

Slump flow and

) o bleed water, consistenf C1437/ASTM
visual stability

fiber distribution C1611
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Compared to FHWA, lowprovides more specifics on the constituent materials used in the
UHPC mix. Specifically, they discuss the requirements for the fine aggregate, cementitious
material, steel fibers, water, and admixtures. Also, the provisions specify that the fine aggregates
and cementitious materials must be premixed, proportioned in bags/supersacks, and come from
the same batch or lot.

lowa also provides details on including a placement plan with a detailed construction work
schedule, which must be reviewed by the engiaeer serves as a guide for the contractor to
reference. Specific details on what should be included in the placement plan are listed in Appendix
C. A preconstruction meeting between representatives of the UHPC manufacturer, contractor, and
other interestegbarties is required to approve the placement plan and no UHPC placement is
permitted before this meeting occurs.

Some other notable differences and/or supplemental details that lowa provides, compared
to FHWA, dealing with construction considerations inieuhe following bullets:
1 Two UHPC manufacturer representatives are required on site at all times.
1 Pumping UHPC is not allowed.
1 UHPC must be kept from freezing until a minimum of 11 ksi compressive strength is reached.
1 A minimum of three portablbatching units are required.
91 Finished surface preparation is not allowed until a minimum of 11 ksi compressive strength is

reached and a minimum of 3 curing days has occurred.

1 The method of UHPC measurement is in square yards of placed and acceptedt Waitena

is computed using plan dimensions and the grinding quantity is not measured.
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1 Paymentis based on unit price per square yard. Pricing includes surface preparation, supplying,
mixing, transporting, placing, finishing, curing, grinding, groovingd d@mrnishing all

equipment tools, labor, and incidentals required.

New Jersey Performance Specification SectioniStWsPC Overlay

New Jersey [37] follows many of the same requirements as lowa [36]. Like lowa, a
placement plan is required, following sinmizuidelines; however, the New Jersey placement plan
also includes sections for quality control of mixing time and batch times, and for cold weather
placement procedures, when appropriate. Additionally, similar acceptance criteria to lowa are

followed, butalso include the tension criteria listedTiable13.

Table 13 Summary of Supplemental Material Properties Listed in New Jersey UHPC
Specifcations [37]

Property Acceptance Criteria Test Method
Direct tension cracking 6O 1,100 p FHWA-HRT-17-053
strength
Direct tension )
sustained postracking O 1,250 p FHWA-HRT-17-053

tensile strength

. . 100% failure insubstrate
Direct Tension Bond .
concrete with concrete
Strength ;
compressive
Modulus of Elasticity O 6,500 k AASHTO T256

ASTM C1583, bonded to expose
aggregate concrete surface

Some other notable differences and/or supplemental details that New Jersey provides,
compared to FHWA and lowa, dealing with construction considerations include the following
bullets:

1 Pumping is allowed if it is successfully demonstrated at least 30 days prior to placement.
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1 Construction joints must be provided at stage lines (including gakeémneinforcement steel),
and additional joints are only allowed with prior approval. Additional joints not already
approved will not be the basis for additional payment or a time extension.

1 Rapid chloride ion penetrability maximum is limited to 250 coubs.

1 The finished overlay surface profile must match the proposed within +1/4 inch.

1 When the UHPC overlay is the final riding surface, a temporary surface above the final grade
must be included to facilitate room for diamond grinding.

T At Il east 60 days prior to the proposed pl ace
at an 8% grade. Six cores must be taken and

1 Because New Jersey also has a performaased specification, there is a section on

qual i fication testing of 12 cylinders, 30 x

New Mexico Special Provisions for Section B2UHPC Overlay

New Mexico [38] also follows most of the same requirements as lowa [36] and New Jersey

[37], but also provides the supplemental material acceptance criteria summaiiaddeitd.

Table 14. Summary of Supplemental Material Properties Listed in Néwexico UHPC
Specificationg38]

Acceptance
Property Criteria Test Method
Flexural strength Pp/P1>1.4 ASTM C1609 with C1856/1856M modificationg
Abrasion ASTM C944 with C1856 modifications, double
. < 0.1 ounces losi )
Resistance |l oad abrasion dev
Water/Binder ratio O 0. 2¢

In addition to some other minor differences, New Mexico specifically specifies using the
Ductal product line andhe minimum 28day compressive strength is increased to 18 ksi (matching

FHWA [34] recommendations). Some other notable differences and/or supplemental details that
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New Mexico provides, compared to FHWA, lowa, and New Jersey, dealing with construction

consderations include the following bullets:

T
)l

High molecular weight methacrylate (HMWM) should be applied to any unacceptable cracks.
Multiple meetings are required prior to the placement date to approve similar details to the
placement plan discussed abovel@wa, including a mockip pour.

The minimum surface roughness is specified
Placement requires special approval if the relative humidity drops below 35%.

Employing the maturity method to determinesitu strength is alloed using the strength
maturity relationship recommended by the manufacturer. The relationship must be regularly
validated and any changes in mix design require a new strarajtlrity to be developed.

The product representatives present at the pourequired to have experience spanning at

least 3 years or 5 projects.

New York Performance Specification Iltem 578.210100Q0HPC Overlay

New York [39]follows most of the same requirements as |08&, [New Jersey37], and

New Mexico [38]. New York alsfollows the same 28ay compression strength requirements as

New Mexico (and FHWA), with a value of 18 ksi. In addition to some minor material property

adjustments, New York also specifies atur compression strengtif 12 ksi and a prism

flexural tensile toughness ofolO 4 8 . otheF hotableadditionsthat New York provides,

compared to FHWAand the other statedealing with construction considerations include the

following bullets:

a

M The same 46 x 1206 x 30 test sl ab as New Jer s

1 A pre-pour meeting is required, but an official placement plan is not mentioned.
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1 For payment, quantities shall be measured to the nearest cubic foot rather than square yard.

Summary 6§ UHPC Overlay Projects, Material Specifications, and Implementation Issues

The recent FHWA report on UHPKased preservation and repair methods served as the
primary source for this work. Recommendations from this report are compared to those from
UHPGC-related material specifications/provisions from four state DOTs. Overall, the success that
other states have had in using UHPC for overlays is very promising for its potential use in an

overlay implementation project in Montana.
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CHAPTER 5
STRUCTURAL TESTING
Introduction

Chapter5 presents the researéitcused on identifying and testingtructuralelements in
orderto quantify the effects thalHPC overlays have on theehavior andcapaciy of existing

bridge decks.

PreviousUHPC Overlay Strength Testing

Thegoal of this review was to determine which aspects of UHPC overlay structural design
had been experimentally tested and what additional information would be ideal to gather as part

of the current studylable15 provides a summary of the key aspects of this literature review.
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Table1l5: Summary of previous UHPC structural slab test2®g) p4 40

Org. Testing Performed Overlay Results Notes
Thickness
lowa Overlay on fabricated| 1 . 2 5| All eventually failed in Used non
State Oprecast o6 shear in the NC at 70| thixotropic
University| 26 x 86 x 80 w Kips. 4.4 times the mix. Tarped
AASHTO design load. No slip cured for 2
reinforcement. Tested observed. Estimated | days then air
on 6 ft clear span, with shear capacities wereg cured. Some
steel pl at much lower than slant had
the middle for truck shear, due to substrat{ delamination
tire. First loaded to jusi concrete failing. UHPC  from drying
above cracking vaks. could exgrience much|  shrinkage.
Then loaded to crackin higher. They then
and failure. created a model to
estimate moment
curvature that was
within 10% of measure
values.
lowa Continuation of above 1. 5 g Observed an increase | Maybe if we
State but tested no overlay, strength, though wire | tested a slab
University | overlay on top with mesh di dnd| thatwasas
reinforcement and on much to negative thick as the
bottom with moment because the| ones with the
reinforcement. area was fairly small overlay to
More steel could help,| better compare
though would increaseg Baseline
weight. without overlay
also good to
test.
New Slab tests for shrinkagge 10 Steel helped with Measured
Mexico | channel gider with and shrinkage. 27% ierease| roughness with
State without overlay. Cyclic in strength for same sand test
University | loading, 4point flexural 0. 40 def || ASTME965.
testing to a set midspa Maintained elastic | Had a 100&kip
deflection. 1000 load behavior. capacity
unload cycles. 2 cycles compression
per min for first 100. machine.
Then 4 cycles per min
for next 900. Then
loaded to failure.
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The keytakeawag from the literature search were that only lowa State University has
condwcted strength testing on slabs with UHPC overlays and all failures observed were shear
failures initiated in the substrate concrete.d t est sl abs had a mi ni mum
the overlay). Although current bridge deck design in Montana duteslow for a deck depth less
than 80, there are many ol der bridges with th
on old requirements. These bridges may be the best candidates for UHPC overlays in the future,
and for this reason, the strualtesting of the current project is focused on thinner decks than

what have been tested by others.

Experimental Design

Overview

Five slab designs were tested in this research. The key design parameters (span, thickness,
rebar reinforcement, etc.) almsed on the existing Fred Robinson Bridge, which spans the
Missouri River on Highway 191 in Northeastern Montaha&rosssection of the existing bridge

deck is shown ifrigure 36.
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Figure 36. Section from Fred Robinson Bridge drawings. The red box shows the approximate
sl absd repr esenitagerni on

|l ocation of the test
Figure37.

The test specimens in this research represent small sections @fdtall bridge deck;

specifically, four of the test specimens are intended to replicate the slab sections in positive

of

bending spanning between the girders and one of the test specimens is intended to represent the

slab section in negative bending spagnaver the girders. An isometric view of a typical slab

specimen ishown inFigure37. Note thatmore specific details of the various specimens will be

covered in a later section.
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#5 BENT BAR

UHPC OVERLAY

#4 TYP. TRANSVERSE BARS —~

#5 TYP. LONGITUDINAL BARS
NORMAL SUBSTRATE CONCRETE

Figure37: Test Slab Isometric View (with an example UHPC overlay shown)

Loading, Supports, and Data Acquisition

The slab specimens were tested-Point bending, similar to the research conducted at
lowa State University, with the load applied following AASHTO recommendations for standard
tire load and orientation. In thisetup Figure 38 and Figure 39), the specimensvere simply
supported, and a load was applied at midspan with a hydraulic actuator. The load was transferred
to the specimen with a 100 by 200 steel pl at e
the girders. The specimens were tested unturaiwnhile recording the applied load and resultant
displacements. The load was recorded with a load cell attached to the end of the actuator, and
string potentiometers were used to record the resultant displacements. The displacements were
recorded on bt sides of the specimens at the midspan and on one side of the specimen at the
guarter spans. A GoPro was used to record videos during all tests. All slabs were loaded to a

mi dspan di splacement of at Il east 3.50 (4.7% o
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ACTUATOR

LOAD CELL

10" X 20" X 1/2" CENTERED BEARING PLATE

10 DISPLACEMENT MEASUREMENTS

% 18%" j/ \‘% 18%" %

371/2||

75"

Figure38: Schematic ofdst setp.

| b) Top view of slab | C) Isometnc view of entire setup
Figure39: Testsetup
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TestSlabDetails

As discussed above, the slab specimens are intended to represent sections of a bridge deck
slab spanning between the longitudinal bridge girders (and one that represents a slab spanning over
the girders subjected to negative moment). The primary slab siomsrand reinforcement details
mimic those found in the existing Fred Robinson bridge. All specimens had the same width (21
inches), length (93 inches), test span (75 inches), and reinforcement details, but varied in the depth
of UHPC overlay, loading calition, and concrete strength. Theinforcement detail$or all
specimengFigure40) includelongitudinal steel consisting of an alternating pattern of #5 grade
60 rebar Thereis one set with a top and bottom b@yutside edges of the test slabs) and another
with a bent that drops down between the supgoefer to benbar label inFigure37 isometric
view). The transverse steel consists of #4 bars spread dotisthe top and between the bent
longitudinal #50n the bottom The top cleacover isdependent on the overlay thickneswd
bott om c | e d@helomgitudirakrebar for ofiedest slab is in a flipped orientatiofwill

be discussed below.
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#5 TYP, LONGITUDINAL \— #4 TYP. TRANSVERSE
93
a) Top View
OVERLAY
THICKNESS
f—a 15 224 2214 15 G
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b) Front View
]‘Ji "—?14_""—?].{4."1[
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c) Side View
Figure4(Q: Test slab dimensions and reinforcement details (all dimensions shown in inches).

The 5 test specimens consisted of one control slab, two slabs with varying UHPC overlay
depths, one with UHPC overlay with weak substrate con@aetepne tested in negative bending
(with UHPC overlay on the bottom in test setup). The specifics of the 5 test slabs are presented
below. The naming convention chosen for the slabs is Control for the control slab and then follows
a iNWN®/ N R/ WO nvention for the averlay slabs, where the first letter sign@hesrlay,
the second lettdrositive orNegative for the moment loading, and the third IdRegular oMWeak
for the substrate concrete strength.

1. Control: a 6.25inch thick slab made with regar-strength concrete (~4 ksi)
2. O-PR1 OverlayPositive Regular 1 aslab specimen with target overlay thickness of 1.5

inches to be tested in positive moment with regular substrate concrete (~4 ksi).
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3. O-PR2 Overlay-Positive Regular 2 a slab specimen with target overlay thickness
slightly more than the 1.5 inches specified HPRL1 to be tested in positive moment with
regular substrate concrete (~4 ksi).

4. O-PW: OverlayPositive Weak a slab specimen with @&t overlay thickness slightly
more than the 1.5 inches to be tested in positive moment with weak substrate concrete (~2
ksi).

5. O-NR: OverlayNegativeRegulari a slab specimen with target overlay thickness slightly
more than the 1.5 inches to be testedegative moment with regular substrate concrete
(~4 ksi). Note that this specimen was tested using the same test setup as the other
specimens, but the UHPC was on the bottom of the slab during testing, and therefore in
tension. Additionally, the reinforceent was flipped before castifice., the center bent bar
is flipped inFigure37) so that the areas of fAtopod and

the other slabs.

Overall, the control slab will yield a baseline for which to compare the results of the other slabs
and be test results from the-BR1 and GPR2 slabs will yield a comparison of slightly differing
overlay thicknessefeck concrete cores taken from older bridges can sometimes yield lower than
expected strengths. The test results from tHe\VDslab will shedight on how a UHPC overlay
will affect the capacity on a deck with weak substrate concrete. Bridge decks are subjected to
loading that causes both positive and negative moments. In the negative moment regions, the
overlay will be in tension and the UHPCIMncrease the tensile capacity of the slab. The test

results from the ENR slab will help better understand this behavior.
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Specimen Construction and Preparation

Formwork and Reinforcement

Figure41 showsa typical specimen during construction. Thenfiwork was constructed
using 0.75inch plywood sheets andt®-8-inch fur boardsThe bottom rebar was placed on 1
inch chairs at the bottom of the formehile the top reinforcement was hung from the top of the

forms, as shown. Form oil was applied to the forms prior to casting.

=

Figure41: Example slab formwork and reinforcement before casting

Substrate&ConcreteSurface Preparation

The surface of an existing slab will need to be prepared for a UHPC overlay. This process
can be done several ways; however, MDT and the FHWA recommend hydrodemolition for this
process. A surface retarder (MasterFinish XR LAgpendx D) was used in this research to
simulate ahydrodemolitioned surface.

Test panels were cast to test the surface retarder application procedures and allowable set
times and to gain confidence in creating the final desired surfaces. The test panels were
approxi mat el yFiglré4®) and wdrelcast with addarfl concrete. One goal of the
test panels was to determine how much extra depth of concrete nebdqudoed to result in the

final surface of exposed rebar. A single piece of #5 rebar was placed in each panel with around
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025"0. 50 of additional concrete on top. The s
sprayer with a small amount of watatded to thin the spray as suggested by the supplier and get
the liquid to an adequate consistency for effective spraying. Four panels were lightly coated with

the retarder and four were coated more heatilgure42).

a) Light Coat b) Heavy Coat
Figure42: Surface Retarder Test Panels

The first panels were tested at 12 hours using a pressure washer and some coarse brushing.

Both the ligher and thicker coated panels exposed the aggregate, but neither exposed the rebar.
The thicker coated ones appeared to tsdigitly more consistent results across the surface. The
lightly coated panels were tested again at 24 and 37 hours and had very similar, if not slightly less
removal from the 1-hour panels.

Since the rebar was not exposed on the first round of test paneksjditional panels of
the same dimensions witrsbghtly different mix and thinner cover (barely to the top of the rebar)
were made. Spraying these aih@urs revealed that the paste was being removed, but excessive
amounts of extra aggregates were alsoddislodged igure43left). Different locations on the

panels were tested again at 20 hours and had adequate Faguits43right).

u
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Wi AT ~
Figure43: Hydrodemolition Test Slab (Left 7 hours. Right 20 hours)

Overall, based on the test panel findings, the researchers felt confident that the desired
surface preparations would be achieved onthesfdlal e sl abs®é substrate co
recommendations on the technical data sheet, additional test panelswatee when t he s
substrate concrete was cast to have surfaces to test spray to ensure desired behavior before

preparing the slabs themselves.

Weak Mix Concrete Trials

For the GPW slab, a weak concrete mix was developed. Due to the atypical nature of
designing a 2 ksi strength concrete, a few trial batches were performed to fine tunedasigmx
Using a PCA Table 13, the water cement ratio of a standard 5 ksi mix from MSU was altered
for a weaker mix [@]. Trial batches (0.2 ftvolume) were caswith water cement ratios ranging
from 0.8 to 0.85 to reduce the strength. After several tests, it was decided to use the mix design
shown inTable16for a 3ft3 batch, as it would yield a mix with ~2 ksi strength at the time the slab

would be tested.



Table16: Weak substrate concrete mix design for & Bdtch

Item Weight (Ibs)
Water 44.6
Cement 55.3
CoarseAggregate 218.4
Fine Aggregate 116.1

73

Additionally, the substrate concrete surface preparation technique was tested on the weak

mix. A test panel was cast and prepped following the process described previously. The surface

had adequate results afteing sprayed at 24 hours, though it was noted that it took much longer

for the surface bleed water to dissipate.

Casting Substrate Concrete

The four regular strength substrate concrete slabs (Cont®R1) OPR2, and ENR)

were cast on the same day @sa4 ksi mix provided by Quality Ready Mix in Bozeman, MT.

Each slab was vibrated and filled to the appropriate height (just above the rebar with concrete paste

for the overlays peci mens

and

t

0]

6 .

250

f

o

r

t

he

contr ol

evaporated, the tops of all slabs except the control were coated with a thick layer of the surface

retarder Figure 44a). The control slab was simply covered in saran wrap. After about 20 hours,

the top layers of the overlay specimens were spragddrushedff (Figure44b). The slabs were

all covered with saran wrap and left to cure for one additional day before being moved, stacked,

covered inwet towels, and wrapped in a thin plastic sheéeyre45). It should be noted that the

substrate concrete depth varied along the length of individual slabs and between all of the slab

specimens. This was likely due to slight differences in the location of the top rebalyeatal

variations in the amount of concrete removed from the top surface. These variations in depth led

to variations in the UHPC overlay thicknesses, which will be discussed in a later section.
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The substrate concrete for theRDV slab was cast on a segig day using the mix design
discussed in the previous section. It should be noted that it took over an hour for the surface water

to evaporate due to the high water content of the mix, after which the surface retarder was applied.

a) After surface retder applied b) After spray/brush off
Figure44: Example slab substrate concrete surface preparation.




Casting UHPC Overlays

The UHPC used for this research was a modified version of Ductal provided by

LafargeHolcim. It should be noted that LafargeHolcim recommended a slightly different mix
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compared to what was tested durthg material level evaluatidhat included a small amunt of

Chryso Premia 150

admi xtur e

t hat

coul d

be

for dynamic. The mix design for aff batch is shown iTable4. For all slabs except-®W, the

add

UHPC overlay was cast 14 days after the substrate had been cast. Two batches were required to

overlay the specimens. The mix procedures followed those described matieeal level

evaluation with the Premia 150 adiiure being added in increments after the steel fibers were

mixed until the target flows were reached. The resultant static and dynamic flows for these two

mixes are provided ifablel8, and examples of the static and dynamic flows are showgume

46.

Table17: DuctatT Overlay mix desigrior a 3 f€ batch

Item Weight (Ibs)
Water 31.8
F5 Admixture 4.1
Chryso Premia 150 0.5
Steel Fibers 46.5
Ductal Premix 375.0

The UHPC overlay for the ®W slab was cast 3 days after its substrate concrete was cast

(Mix 3, Table 18), using the same UHPC mix design and procedures used inrgklioys

specimens.
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Table18: Static and dynamic flow values

. Flow (in.)
UHPC Mix (slabs) Static Dynamic
Mix 1 (O-PR2 and ~@PR1) 6.0 8.0
Mix 2 (O-NR and ~GPR1) 5.5 7.5
Mix 3 (O-PW) 5.0 7.0

- . "
.....
.®
uuuuuuu

Sl s

£ L >
a) Static b) Dynamic
Figure46: ExampleUHPCflow testsfor Mix 1.

For all UHPC mixes, the forms were aggressively hit with a rubber mallet to consolidate
the material. After casting the UHPC and after the surface water evaporated, the slabs wkre coate
with a thick layer ofcuring compoundWR Meadows 1600WVhite, recommended by Ductal,
AppendixE). The slabs during and after the application of the curing compound are shown in
Figure47a and bAdditionally, the slabs were covered in a layeplafsticwrap to further protect
the UHPC Figure47c). After 24 hours, the curing compound was sprayed off with a pressure
washer and scraped with a wire brush until almost all had leeeoved Figure48). The slabs
were then covered with wet towels, stacked, and covered with a plastic sheet in the same setup as

before Figure45).



a) Application b) Finished surface c) Covered in saran wra
Figure47. Applying curing compound to UHPC overlay surface.

b)inlfinisﬁed surface |
Figure48: Final UHPC surface preparation steps.
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Finally, after the formwork was removed it was apparent that some the UHPC had seeped
between the formwork anslubstrateconcrete due to the vibration techniques used during the

casting process. To get accuraterlay depth measurements, the excess UHBRE ahipped off

with a hammer and chisdtigure49).

b) After UHPC chipping
Figure49: Example slab specimen after formwork removed.

As-built Dimensions and Material Properties

Key asbuilt dimensions and material properties are providetaiple 19. Note that the
depth measurements$ the substrate concrete and UHPC overlay were taken with calipers for all
slabs on both sides at center span and the average values are provided in the table. For all slabs,
the top steel consisteof three #5 bars and the bottom steel consisted of two #5Tlaatse19 also

includes the distance from the extreme compressive fiber to the top reinforcemeamgddhe
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distance from the from the extreme compressive fiber to the bottom stééiede values along
with the concrete compressive strengths are required for the ACI/FHWA comparison calculations
discussed in a later section. The substrate and UHP&eates compressive strengths were tested
according toASTM C39and ASTM C1856 respectively. The steel rebar was tested in tension

according to ASTM A3722 and the yield strength was equal to 71.1 ksi.

Table19: As-built Dimensions and Material Properties

Dimensions (in.) Slab Test Day Compressive
Strength, f'c (ksi)
Slab Layer Midpoint Depth dt do | UHPC | Substrate Concrete
Control| Total 6.28 1.59 | 4.97
Substrate 4.96
O-PR1 | Overlay 1.55 1.86| 5.2
Total 6.51
Substrate 4.82
O-PR2 | Overlay 1.83 2.1415.33 183 4.1
Total 6.64
Substrate 5.13
O-NR | Overlay 1.55 1.31|4.82
Total 6.68
Substrate 4.50
Overlay 1.23
O-PW 154|442 17.6 2.7
Total 5.73

Slab Test Results

As discussed above, all specimens were tested to failure in the Structures Lab at MSU.
This section details the results for the individual slab specimens. The following section will discuss

key takeaways from these tests.
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Control
The forcedisplacementurve for the control specimen ghown inFigure50. Overall, this
specimerbehaved and failed as expectaéter applying load, flexure cracks formediag¢ bottom
of the specimen near the center at a load of around 4 kips, marked by the change in slope of the
force-deflection curve. After crackinghé slab continued to gain strengsthe rebaxvas engaged
up t016.7 kips at which point the steel ya#d and thedad began to level off he maximum load
for this specimen was 21.5 kips, which occurred at a deflection of 1.3 inches. Ultirtregedigb
failed due to concrete crushing at the midsfagure51) with around 4 inches of deflection. The

slab demonstrated good ductility, carrying 87% of the ultimate capacity until failure.
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Figure50: Control slab forcalisplacement graph
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b) Concrete crushing pfior to failing
Figure51: Control slalduring testing

O-PR1(Overlay-Positive RegularSpecimen 1)

As mentioned previously,-®R1 was similar to the control specimen but had a ~1.5 inch
UHPC overlay on the top of the specimdime forcedisplacement grapfor this specimens
shown inFigure 52. After loading, the first sign of distress occurred when the flexural cracks
formed at the bottom of the specimen (at approximatédykips). Again, this is marked by a
change in stiffness at this loalthe specimen continued to gain strength until the steel yielded at
around 20 kips where there is a gradual reduction of stiffness. The specimen then continued to gain
strength until it ultimately failed due to the formation of a shear crack in the sebsbratrete.
This shear crack then propagated to the bond interface between the UHPC and substrate concrete,

which then led to the UHPC overlay debonding across the center of the spe€iguer{3b).
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The ultimate load occurred at 29.4 kips and at a displacement of around 3.3 inches. It should be
noted that there was no distress observed in the UHPC prior to the debonding caused by the shear
crack propagation. It shouklso be noted that the slab specimen continued to carry 83% of the
maximum load even after the sudden drop of load due to the formation of the shear crack. The slab
then sustained load after debonding at a capacity close to that of the control slatiheAftétle

drop in load, the slab recovered and sustained around 83% of the maximum load until testing was

stopped at a displacement of 4.1 inches.
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Figure52: O-PR1 slalforce-displacement graph
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£k PR #

chrack widening/spreading at the end of te'sting
Figure53. O-PR1slabduring testing.

O-PR2 (Overlay-Positive RegularSpecimen 2

As mentioned previously,-®R2 was very similar to<®R1 but had had a slightly thicker
UHPC overlay on the top of the specimen, thus its behavior was very siifilarforce

displacement graplor this specimeis shown inFigure54. After loading, the first sign of distress
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again occurred when the flexural cracks formed at the bottom of the specimen (at approximately
4-5 kips). Again, this is marked by a change iffrstiss at this load. The specimen continued to
gain strength until the steel yielded at around 21 kips where there is a gradual reduction of stiffness.
The specimen then continued to gain strength until it ultimately failed due to the formation of a
shearcrack in the substrate concrete. This shear crack propagated to the UHPC overlay, where
unlike what was observed in-BR1, it continued into the UHP&igure55b). The shear crack
formed at a load of 32.5 kips and a displacement of around 2.3 inches. It should be noted though,
that the slab continued to carry a significant load after the initial formation of the shear crack, and

ultimately failed when the shear craakntpletely propagated through the UHPC.
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Figure54: O-PR2 $ab forcedisplacement graph



b) Shear crack extending through the overlay
Figure55: O-PR2slabduring testing.

O-PW (Overlay-Positive Weak

The OPW slab was similar to the previous two UHPC overlay slabs with the exception of
the strength of the substrate concrete. In this specimen, the substrate concrete had a strength of 2.7
ksi. The forcedisplacement curve of this specimen is praddin Figure56. Under loading, the
first observed damage was the formation of flexural cracks at aroundp2,5akiain markebdy
the change in stiffness at around this load. It should be noted that this flexural crack formed at
about half of what was observed for the previous two specimens, which is directly attributed to the
significantly weaker substrate corte. Again, this specimen continued to gain strength until the
longitudinal reinforcement yielded, after which the stiffness of the specimen gradually decreased.

Ultimately, a shear crack formed in the substcatecreteat a maximum load of 22.9 kips aad
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displacement of 2.6 inches. The shear crack propagated through the UHPC overlay on one side
and along the interface on the other sifi@re 57); however, in thiscase, this propagation

occurred almost instantaneously, and therefore there is a significant drop in capacity immediately

after the formation of this initial shear crack.
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Figure56: O-PW dab forcedisplacement graph
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c) Shear crack on other end of slab
Figure57. O-PW slabduring testing.

O-NR (OverlayNegative Reqular

As discussed above, theNR slab was tested in aayto simulate a negative moment over
the bridge girders. This specimesas tested using the same loading scheme used in the previous

tests; however, the overlay was located on the bottom of the specimen, and the reinforcement was
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adjusted accordingly. THerce-deflection curve for this test is providedkigure58, andFigure
59 shows the observed damagehe specimen. As expected, the behavior of this specimen was
unique relative to the other specimens tested in this research. In this specimen, no flexural cracks
formed immediately after loadirdue to the high tensile capacity of the UHPC overlay. Note the
lack of a marked change in stiffness immediately after loading. That is, the initial stiffness is
maintained until the UHPC begins cracking at around 20 kips, followed by a slight reduction in
stiffness until reaching a peak load of 29.8 kips at a displacement of 0.55 inches. At which point,
the UHPC cracks completely and there is a sharp loss of capaatyserved irFigure58. The
capacity dropped to 18.0 kips, and then behaved very similar to the control specimen. This is
expected since after the cracking of the UHPC the only thing carrying the load is thatsubst
concrete. The specimen ultimately failed at a deflection of 3.5 inches due to crushing of the
concrete at the top of the specimen. It should be noted that this slab could fail with little to no
warning since the posracked moment of this specimensignificantly less than its cracking
moment. However, this situation may be acceptable if the strengthened capacity including the
UHPC far exceeds the expected demand on the slab. Additionally, although ACI sets strict
requirements for beam failures, thequirements are less stringent for slabs, as there is more
inherent redundancy in the system. Design engineers should acknowledge this behavior when

considering a UHPC bridge deck overlay.
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Figure58. O-NR slabforce-displacement graph.
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b) Crack progressing ¢) UHPC completely split
through UHPC with steel
fibers spanning

d) Midspan after failure, showing crushed concrete
Figure59: O-NR slabduring testing.
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Discussion of Results

The following subsections discuss the key takeaways from this test series.

Overall Comparison and Observed Failure Mechanisms

All five force-displacement curves are shownFigure60, andFigure61is a plot of the
resultant deflections along the lengsh all five sp&imens at a load of 12.5 kips. As can be
observed in these plots, all specimens had similar initial stiffnesses prior to cracking, and all but
the ONR specimen had a marked reduction in stiffness below 5 kips due to flexural cracking.
Note that the ENR ecimen did not crack completely until a load of nearly 30 kips due to the
increased tensile capacity of the UHPC overlay, as will be discussed in greater detail below.

Regarding failure mechanisms, the Control slab failed due to concrete crushing in the
compression zone at midspan, while the three positive moment slabs with overlays had initial
failures due to shear in the substrate concrete. The fact that these specimens failed in shear rather
than from concrete crushing is most likely due to the isg@alltimate strain of UHPC and the
subsequent delay in the onset of crushing. After the shear failures and subsequentidaalps in
the threeoverlay specimens were able to partially recosadhold load up to at least 3.5 inches
of midspan deflectionlt is important to note that although these specimens failed in shear, their
overall behavior was still ductile due to the longitudinal steel yielding prior to failure. It should
also be noted that although the overlay was observed to debond from thatswoscrete during
shear failures, this apparent debonding is most likely due to dowel action on the longitudinal
reinforcement, which is located at the interface between substrate concrete and UHPC overlay.

More details will be discussed in a latertsat when the test results are compared to calculations.
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As stated above, due to the much higher tensile capacity of the UHPCNRes{ab does
not initially crack until a much higher load (~16 kips) compared to the other slabs (~4 kips). This
result hidnlights the benefits that a UHPC overlay will have on both a large increase in stiffness
and delaying the onset of initial surface cracking during negative bending. After-iiR O
specimen reached a peak load of nearly 30 kips, there is a sudden dpgritycaghen the tensile
load is transferred solely to the longitudinal reinforcement. After this crack forms, the specimen
behaves very similar to the control specimen, ultimately failing due to concrete crushing at the

midspan.

The following subsectionaufther discuss the effects that various parameters have on the

overall performance of the slab specimens.

(=)
=1

Force (kips)

——Control
—O-PR1
s —O-PR2
N —O-PW
—O-NR
0 0.5 1 15 2 2.5

Displacement (in.)

Figure60: Comparison of all test slabs (fordesplacement graphs).
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Figure61: Deflections alog the test span fall test slabsit 12.5 kips of loadDeflections were
measured at 1/ 4 | engths (21/4, 1/ 2, and 3/ 4),

Effects of UHPC Overlay Presence and Thickness

Figure 62 directly compares thorce-displacemenplots of the Control, @°R1, and ©
PR2 slabs to demonstrate the effect of replacing the top surface of the substrate concrete with a
UHPC overlay. Bdt overlay specimens were stiffer and had higher ultimate capacities than the
control specimen. Relative to strength, th€ ®1 and GPR2 specimens were observed to be 37%
and 51% stronger than the control specimen. These differences in stiffness artl atengpst
likely due to the UHPC overlaypscimens being slightly deeper than the control specimen (6.51
in. and 6.64 in. vs. 6.28 in. for the control), and the fact that the UHPC is inherently stiffer and
stronger than the conventional concrete incivtrol specimen. It should be noted, however, that
concrete strength does not typically have a significant effect on capacity. That being said, an
increase in compressive strength would decrease the sike obinpression block at the top of
the speciren, thus increasing the moment arm between the compression force and the tensile force.
Further, UHPC has a higher ultimate strain than conventional concrete, thus delaying the onset of

crushing in the overlay. This delay in concrete crushing could ajgaiexhe differences in the










































