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Abstract

A flowable hybrid concrete mix with a spread ofth720 inches was created with a
superplasticizer to be used in post-tension hastedh{PTHS) bridges where rebar congestion is
heaviest. The mix would allow for proper concred@solidation. A conventional concrete mix
with a slump of three to four inches was also @@ab be placed on top of the hybrid mix. The
conventional mix would be used to create a slopimgace on the top of the concrete. The two
mixes could be combined in the PTHS bridge deckaamés one monolithic specimen.
Standard concrete tests such as compressive s$treéagsile strength, modulus of elasticity,
permeability, freeze/thaw resistance, and coefiitctd thermal expansion were determined for
the mixes and compared. Core blocks were casy lsith mixes and composite cores were
drilled. The cores were tested and their compagilé-tensile strengths were compared to the
split-tensile strengths of cylinders made fromréspective mixes.

A third concrete mix was made by increasing theegplpsticizer dosage in the hybrid
concrete mix to create a self-consolidating comrc(SCC) mix with a 24-inch spread. The SCC
mix was created as a worst-case scenario and ndkd determination of shear friction. Eighty-
four push-off shear friction specimens were castguthe SCC mix. Joint conditions for the
specimens included uncracked, pre-cracked, andjowits. Uncracked and pre-cracked
specimens used both epoxy- and non-epoxy-coated shieups. Cold-joint specimens used
both the SCC mix and the conventional concrete moint-conditions of the cold-joint
specimens included a one-hour cast time, a seveipod with a clean shear interface, and a
seven-day joint with an oiled shear interface. $hear friction specimens were tested using a
pure shear method and their results were compariektcurrent American Concrete Institute
code equation.
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CHAPTER 1 - Introduction

Overview

The Kansas Department of Transportation (KDOT) anpnts post-tension haunch-slab
(PTHS) bridges for some of its state highway br&dgA PTHS bridge is a haunch-slab bridge
deck cast monolithically with transverse and loadihal ductwork. Cables are run through the
ducts, and the bridge is post-tensioned in traisgvand longitudinal directions.

A large amount of reinforcement is needed arourde¢hsioning anchorage points at the
abutments in order for the bridge to be post-teresio This requirement results in rebar
congestion at those points. Figure 1.1 shows tadgial and transverse anchorage points and
rebar congestion at the bridge abutment. Figieliows a close-up view of rebar congestion

around the longitudinal anchorage point.

Figure1.1: Longitudinal and Transverse Anchorage Pointsand Rebar Congestion at
Bridge Abutment (KDOT)
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Figure 1.2: Close-Up View of Rebar Congestion around L ongitudinal Anchorage Points

(KDOT)

Anchorage points need to be thoroughly vibrateensure the concrete is properly
consolidated. The rebar congestion, however, makif$icult to properly consolidate the
concrete. When post-tensioning forces are appliekde cables, it results in stresses at the
anchorage points. If the anchorage points ar@rmogerly consolidated, a failure of the concrete
and successive “blow-out” can occur. Figure 1@nsha failure of the longitudinal anchorage
points due to poor concrete consolidation. Fidudeshows a close-up view of the longitudinal
anchorage point failure. Figure 1.4 also illussatow far the anchorage point was forced into

the concrete abutment.



Figure 1.3: Failure of Longitudinal Anchorage Points Due to Poor Concrete Consolidation
(KDOT)

Figure 1.4: Close-Up View of Longitudinal Anchorage Point Failure (KDOT)



A failure has to be fixed, which adds costs toghgect budget. KDOT would like to
avoid these additional costs. Development of seffsolidating concrete (SCC) mixes in recent
years presents a solution to the problem. SCGefdeveling concrete that flows freely and
needs little or no vibration. Typical SCC mixesyé&apreads of 24 to 28 inches. SCC may be an
answer, but another problem arises. It cannotsked on a structure such as a bridge deck where
a “crown” or other sloping surface is desired.

A hybrid concrete mix with a spread of 17 to 20hes is proposed instead. The hybrid
concrete mix will flow through the heavy rebar cestion and properly consolidate with
minimal vibration. It would be placed in the batt@f bridge piers and abutments where
reinforcement congestion is highest or other andase proper consolidation is critical. A
conventional concrete mix with a slump of threéotar inches is proposed to be placed on top of
the hybrid concrete mix. The “crown” or other slgpsurface will be constructed using the
conventional concrete mix. Both concrete mixeauhbe vibrated together to ensure proper
consolidation and create a monolithically castdeideck, but excessive vibration should be

avoided to avert segregation.

Objectives
There were two main phases of this research profelcase 1 is development of a
compatible hybrid mix (with a 17- to 20-inch sprig&at use in KDOT bridge decks and other
field-placed structural elements. Phase 2 isunséntation and monitoring of a PTHS bridge
utilizing a hybrid concrete mix; and monitoring pdéement conditions, hydration temperatures,
prestress forces/losses, and deflections. Thesarek paper covers only Phase 1. The following

tasks were performed in Phase 1:

1. Perform a literature review to obtain state-of-#reinformation about flowable
concrete mixes and appropriate tests to evaluatbdhd of deformed bars.

2. Develop hybrid concrete mixes using KDOT-approvggragate and cement
sources. Standard KDOT bridge deck mixes will foh@ basis of the initial trial
mixes in terms of water-to-cement and sand-aggeegdios.

3. Determine the amount of vibration required to propeonsolidate these mixes
without inducing segregation, and to blend theseeswith the three-inch slump



concrete. Specimens with two different layers @aadous levels of vibration will
be saw-cut to determine the condition of the iriegfbetween the two layers.

4. Determine potential durability of these mixes ims of rapid chloride-ion
permeability and freeze-thaw resistance. Thegs t@8 be conducted by KDOT
personnel after development of promising mixes.

5. Determine strength, modulus of elasticity, and ioeht of thermal expansion of
these mixes. In order for the proposed methocetsuzcessful, the modulus of
elasticity and thermal expansion of both top anttidno layers need to be
essentially the same.

6. Determine the effect of time vs. slump/spread tWsbhese mixes at different
temperatures.

7. Determine the ability of these mixes to adequabelyd with mild reinforcing
steel. Because the bond of steel reinforcemeintdifp decreases with increasing
concrete fluidity, the ability of these high-fluigimixes to adequately bond with
epoxy-coated reinforcement will be evaluated bygraring a series of standard
ASTM or AASHTO bond tests. Exact specimen arrangemad| be determined

after performing the literature review in Task 1.

Scope

Chapter Two reviews previous research on shear friction spatssing conventional
concrete. A brief history of use and testing mdthfmr SCC is also discussed.

Chapter Three describes material properties of aggregates, ceraet admixtures used
in the concrete mixes.

Chapter Four describes concrete mixture proportioning and aesitest methods
performed on fresh and hardened concrete are atswided.

Chapter Five discusses experimental concrete results from hadleoncrete tests.

Chapter Six describes design and testing of a procedure trmete the bond of two
concrete mixes. Results from the testing are el

Chapter Seven discusses design, fabrication, and testing ofrdinefion specimens.

Chapter Eight reports findings from the shear friction specinests. Results are

compared to the ACI code equation.



Chapter Nine discusses conclusions and recommendations franptbject.



CHAPTER 2 - Literature Review

This chapter reviews research done on shear fnigj@cimens using conventional

concrete. A brief history of use and testing mdthfmr SCC is also discussed.

SCC

The Precast/Prestressed Concrete Institute (2@IB)ed self-consolidating concrete, or
self-compacting concrete, as—
“A highly workable concrete that can flow througkndely reinforced or
complex structural elements under its own weighd, adequately fill
voids without segregation or excessive bleedingpout the need for
vibration.”
Ouchi (2001) investigated use of self-compactingccete (SCC) in Japan in an attempt
to make it a standard concrete. The first protetypSCC was developed in Japan in 1988.
SCC was developed to shorten the construction gg@fi@ project, assure adequate compaction
in confined zones where vibrating is difficult, agldninate noise due to vibration. Ouchi used a
superplasticizer to lower the water-to-cement rgéibretain workability. Two testing methods
were used to determine if the concrete was selfpamting and to evaluate the deformability of
proper mix proportioning. The author used a projedapan as an example of how use of SCC
drastically reduced the number of concrete castithgsnumber of concrete workers, and overall
construction time.
Khayat et al. (2004) examined the test methods tsddtermine the performance of
SCC. These were slump, concrete rheometer, Jirthgx, U-box, V-funnel, pressure-bleed
tests, and Visual Stability Index (VSI) rating. erauthors made 16 SCC mixes with constant
aggregate ratios and varying water-to-cement ratfokigh-range water reducer and a set-
retarding agent were used in all of the mixes. dimbors concluded the VSI rating and slump
test, along with either the L-box or J-ring teserevadequate in determining deformability and

passing nature of the mixes.



Shear Friction

Hanson (1960) studied horizontal shear connectionemposite T-beams. His work
consisted of 62 push-off tests with varying surfaceditions, shear keys, and stirrups. The
specimens were constructed with cold-joints. Upsldastirrups acted as shear connections
between the two cold-joint sections. The testsvgbthe capacity of the connection was not
affected by the magnitude of the roughness andri@unt of shear reinforcement was
proportional to the ultimate shear strength. Skegs were found to be unnecessary as they did
not affect the connection strength.

Anderson (1960) studied effects of high-strengthcecete on composite cold-joint
connections. Specimens had concrete strength®0 si and 7,500 psi, and reinforcing ratios
of 0.2% to 2.48%. Specimens were tested undereaghear load. The author found the cold-
joint specimens to behave monolithically up to 76Rthe ultimate strength and the ultimate
strength to be proportional to the amount of reicément. Concrete strength and reinforcement
ratio affected the ultimate strength. Shear kegsevalso found to be unnecessary.

Birkland and Birkland (1966) proposed the sheatifsh hypothesis on connections in
precast construction. The modern shear frictiamaéqgn is derived from their proposal. Large
coefficients of friction were used in their equatioTheir hypothesis was determined by
graphically comparing their equation to resultsrfrAnderson (1960), Hanson (1960), and
unpublished data. The authors found the data stgzptheir proposal but further research
needed to be conducted.

Basler and Witta (1966) discussed the shear fridtigpothesis proposed by Birkland and
Birkland (1966). The authors questioned use @danoefficients of friction. They interpreted
the data differently and instead proposed use aflencoefficients of friction.

Mast (1968) introduced a shear friction hypothesislar to Birkland and Birkland
(1966) based on data from tests conducted by Aod€d960) and Hanson (1960). A
coefficient of friction of 1.4 was recommended ¢otd-joint specimens with a rough shear
interface. Shear friction will develop as longtlas shear interface reinforcement is fully
anchored. It was discussed how shear friction warlkcomposite beams when designing for
horizontal shear. The author applied his hypoth&storbels, composite beams, and other
precast concrete applications, but noted any furgsearch should take into account the
possibility of a crack forming prior to loading.



Hofbeck et al. (1969) researched shear frictioraloin between a precast concrete beam
and a cast-in-place slab. Specimens were casbaslitihic specimens with 4,500 psi concrete
and varying shear reinforcements. Some specimens pre-cracked to determine strength of
the connection with a crack present prior to logdis proposed by Mast (1968). A pre-cracking
procedure was developed. Results of uncrackegwmdracked specimens were compared.
The monolithic specimens were found to have highrengths than the pre-cracked specimens.
The pre-cracked specimens failed with a slidingavedr as shear friction hypothesized. The
data was compared to the shear friction equatiopgsed by Birkland and Birkland (1966) and
Mast (1968). The authors concluded a coefficidritiction of 1.0 be used for pre-cracked
specimens.

Mattock et al. (1975) studied the effect of a motmermal to the shear plane in shear
friction. Uncracked and pre-cracked push-off speris were used similar to previous research.
The uncracked specimens were discovered to forgodal cracks as they failed. The pre-
cracked specimens showed large amounts of slig@paration along the shear plane with
concrete spalling. The data was graphed and cadparmprevious research. The authors
concluded an external normal stress should be coadlwith the clamping stress when a
moment is applied to the shear plane.

Cowan and Cruden (1975) questioned usefulnessensdtility of the shear friction
hypothesis. A modified shear friction theory wasgomsed. Clamping stress and shear stress
were normalized from previous published data amaglged on a dimensionless plot.
Unpublished data from tests conducted by the asthsing high-strength steel were compared
to the data of Hofbeck et al. (1969). Specimerth tie high-strength steel were found to have
similar strengths as specimens that used mild steeh the clamping force was the same. The
authors concluded their modified shear frictiorottyeaccurately predicted the strength of
specimens with normal-strength concrete.

Mattock et al. (1975) studied the shear strengitoahections using lightweight
concrete. The authors used both uncracked andrpoked specimens and concretes with four
different aggregates. Three of the aggregates hgdrisveight. Concrete strengths varied from
2,500 psi to 6,000 psi, and the area of reinforcgromssing the shear plane varied from 0.22
in®to 1.32 iA. Shear friction tests were performed similarlytose of Hofbeck et al. (1969).

Load-and-slip characteristics were measured upstgpaf 0.05 inches. Uncracked specimens



showed diagonal cracking until a final failure dcdormed along the shear plane. Pre-cracked
specimens failed as the slip and load increasatiaumtaximum load was reached.

Shear values of the uncracked specimens were ldrgeithose of the pre-cracked
specimens. Neither uncracked nor pre-cracked s@as reached a yield plateau. The residual
load of both types of specimens was found to beséimee. The authors concluded that joint
strength is less for lightweight concrete thanrformal-weight concrete. The coefficient of
friction should be reduced for lightweight concreie’5%-85% of the value used for normal-
weight concrete.

Shaikh (1978) proposed revisions to the sheaidriatode provisions for PCI. An
effective coefficient of friction was proposed,iatakes into account the parabolic relationship
of shear stress and clamping stress. It alsodeddactors for joint conditions and lightweight
concrete reductions proposed by Mattock et al. $1.9The modified shear equation was
compared to previous shear friction equations andd to have conservative results.

Walraven et al. (1987) researched how concretagneaffects shear capacity. Eighty-
eight pre-cracked push-off specimens were madeamiticrete strengths ranging from 2,400 psi
to 8,550 psi. The specimens were similar to thusssl by Hofbeck et al. (1969). A pre-cracking
procedure was used that left aggregate crossinghibar plane mostly intact. An in-depth
statistical analysis was performed on the resaltgeate an equation for shear strength based on
concrete strength. The resulting equation wasmety complex, so a design chart with various
concrete strengths was created.

Mattock (1988) agreed with Walraven et al. (198i&X toncrete strength affected shear
capacity and a proper equation was needed. Arlegiteation was proposed based on results of
6,000 psi concrete tested by the author in previessarch. The equation was found to be
conservative but was the first to include concsttength as a variable.

Hoff (1992) researched shear friction with higresgth lightweight concrete.

Specimens were made similar to Mattock et al. (J9ith compressive strengths varying from
8,500 psi to 11,000 psi. The specimens were @eked similar to Mattock et al. (1975) as
well. The author concluded the current ACI codeatipn accurately predicted strength but was
not conservative.

Walraven and Stroband (1994) studied shear friatitth high-strength concrete. Tests

were performed on nine push-off specimens congigtirplain concrete with external restraint
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bars of various stiffness and six push-off specsnaith reinforced cracks. Concrete strength of
both sets of specimens was 14,500 psi. The autiomduded the shear friction capacity of
cracks in high-strength concrete was significarglyuced, often by 25% to 45% due to
aggregate fracture.

Kahn and Mitchell (2002) further researched sheetidn with high-strength concrete.
The purpose of the study was to determine if carf€i code provisions were appropriate for
concrete strengths up to 18,000 psi. Fifty pudtspécimens were made with concrete strengths
varying between 6,800 and 17,900 psi and reinfoergmatios of 0.37% to 1.47%. Uncracked
and pre-cracked monolithic specimens and cold-gpeicimens were cast. Ultimate shear
stresses were determined from the ultimate sheangth of the specimens. Results were
graphed and compared to current ACI code limitsapBs were also made that compared the
data from the study to data from Anderson (196@) ldafbeck et al (1969). The authors
determined the code gave conservative estimateiseair strength for high-strength concrete and
recommended limiting the yield stress of transveesgorcement to 60 ksi. They also proposed

raising the upper limit of shear stress to 20%aofarete strength instead of limiting it to 800 psi.
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CHAPTER 3 - Material Properties

This chapter discusses materials to be used ioaherete mix design. All material

property tests are included as well.

Aqggregate Gradation
Gradations of the fine and coarse aggregate ustsiproject were tested according to
the American Association of State Highway and Tpamntation Officials (AASHTO)Standard
Specificationg2004) test AASHTOI 27. Aggregate specifications were followed asioed in
section 1102 of the KDO®tandard Specifications for State Road and Bridgastruction
(2007).

Fine Aggregate
Fine aggregate used in the study was normal-wemid obtained from a Midwest
Concrete Materials local quarry and designatedfag by KDOT. A sieve analysis was
performed and compared to the high and low passhges permitted by KDOT under the fine
aggregate specification FA-A. The sieve analyaislze seen in Table 3.1. The entire gradation

fell within accepted KDOT ranges. Figure 3.1 shomesgradation curve for the fine aggregate.

Table3.1: Sieve Analysisof Fine Aggregate

. Welght o cent | Percent UM L 50T Percent | KDOT Per cent
Sieve | Retained . . Per cent . . .
@ Retained = Passing Retained Passing - High | Passing - Low
1" 0 0.0 100.0 0.0 100.0 100.0
3/4" 0 0.0 100.0 0.0 100.0 100.0
1/2" 0 0.0 100.0 0.0 100.0 100.0
3/8" 0 0.0 100.0 0.0 100.0 100.0
#4 41 2.1 97.9 2.1 100.0 90.0
#8 207 104 87.5 12.5 100.0 73.0
#16 417 20.9 66.6 334 85.0 45.0
#30 530 26.6 40.0 60.0 60.0 23.0
#50 550 27.6 12.4 87.6 30.0 7.0
#100 213 10.7 1.7 98.3 10.0 0.0
Pan 33 1.7 0.0 100.0 0.0 0.0
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Figure3.1: Gradation Curve of Fine Aggr egate

Coarse aggregate used in this study was normalhivgiliceous gravel with a maximum
aggregate size of 3/4-inch by 3/8-inch and obtain@th a Midwest Concrete Materials local
guarry. A sieve analysis was performed and congptr¢he high and low passing values
permitted by KDOT under the coarse aggregate spatidn SCA-2. The sieve analysis can be
seen in Table 3.2. The entire gradation fell withccepted KDOT ranges. Figure 3.2 shows the

Coarse Aggregate

gradation curve for the coarse aggregate.
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Table3.2: Sieve Analysisof Coarse Aggregate

Sieve ggtii?]h;d Percent Percent CLIJDr;ucliltve KDOT Percent KDOT Percent
© Retained Passing Retained Passing - High  Passing - Low
1 0 0.0 100.0 0.0 100.0 100.0
3/4" 0 0.0 100.0 0.0 100.0 100.0
12" 762 12.7 87.3 12.7 100.0 65.0
3/8" 1478 24.6 62.7 37.3 70.0 30.0
#4 3324 55.4 7.2 92.8 25.0 0.0
#3 345 5.8 15 98.5 5.0 0.0
#16 52 0.9 0.6 99.4 0.0 0.0
#30 11 0.2 0.4 99.6 0.0 0.0
#50 5 0.1 0.4 99.6 0.0 0.0
#100 3 0.1 0.3 99.7 0.0 0.0
Pan 18 0.3 0.0 100.0 0.0 0.0
=4—Rock /; /
90% 1 —=KDOT SCA-2 High /
=8~ KDOT SCA-2 Low / }
80%
70% A /
(@]
% 60% -
% 50% /
c
8
B 40%-
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Figure 3.2: Gradation Curve of Coarse Aggregate

Mixed Aggregate
A mixed aggregate gradation was also performedhal &and error was used to determine

the proper ratio of fine-to-coarse aggregate. ékeianalysis was performed on the mixed
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aggregate and compared to the passing high anddmes permitted by KDOT under the mixed
aggregate specification MA-2. A final blend ratib50% fine aggregate by weight to 50%
coarse aggregate by weight was used and fell will@rparameters of the KDOT values. The
sieve analysis for the mixed aggregate can beigseEable 3.3, and the gradation curve for the

mixed aggregate can be seen in Figure 3.3.

Table3.3: Sieve Analysisof Mixed Aggregate

. We|ght Per cent Per cent Cumulative KDOT Percent KDOT Percent

Sieve Retained Retained Passing per cent Passing - High Passing - Low
(¢)] Retained

1" 0 0.0 100.0 0.0 100.0 100.0
3/4" 0 0.0 100.0 0.0 100.0 100.0
1/2" 635 6.4 93.6 6.4 97.0 85.0
3/8" 1232 12.3 81.3 18.7 85.0 70.0
#4 2874 28.7 52.6 47.4 67.0 50.0
#8 807 8.1 445 55.5 55.0 34.0
#16 1091 10.9 33.6 66.4 36.0 20.0
#30 1340 13.4 20.2 79.8 22.0 10.0
#50 1385 13.9 6.4 93.6 13.0 4.0
#100 537 5.4 1.0 99.0 5.0 0.0
Pan 98 1.C 0.0 100.( 0.0 0.C
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Figure 3.3: Gradation Curve of Mixed Aggregate

Absor ption, Specific Gravity, and Moisture Content

Absorption and specific gravity of the fine aggregaere determined using AASHTO T
84. Apparent specific gravity was found to be 2a68 absorption was found to be 0.44%. In
order to control moisture content, the fine aggteges completely dried in a convection oven,
resulting in a moisture content of 0.0%.

Absorption and specific gravity of the coarse aggte were determined using AASHTO
T 85. Apparent specific gravity was found to b&2and absorption was found to be 1.50%.
Just like the fine aggregate, moisture contenhefdoarse aggregate was controlled. The coarse
aggregate was completely submerged in water and/edl to soak for two days. This allowed it
to not only reach full absorption but also deterriime amount of water present on the outer
surface of the aggregate. Surface water deterromuaitas critical as it is used by the cement for

hydration during mixing and placement.
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Several samples of submerged aggregate were reraogestrained, and their wet
weights were measured. Samples were then placdonvection oven, completely dried, and
then reweighed. Moisture content of the coarseetgge was calculated for each sample and
then averaged. This resulted in a two-day moistargent of 4.25%. Moisture content

calculated consisted of both surface water andrabdowvater.

Cement
Type I/l blend cement was used for all trial mixeasl test specimens. Two shipments
were used throughout the research, both producésghbhyGrove Cement Company. There were
no noticeable differences between the two shipmefstspecific gravity of 3.15 was used in the

concrete mix design.

Admixtures
Two different admixtures were used throughout ttoggat. The first was an air-
entrainer, Daravair 1000, produced by W.R. Gradee second was a high-range water-reducer,
or Type F polycarboxylate-based superplasticizeyadCast 530, also produced by W.R. Grace.
The superplasticizer was chosen because of itsyatoilproduce a wide range of concrete
fluidity.
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CHAPTER 4 - Concrete Mixture Proportioning and Design

This chapter discusses the concrete mix desigrepsoaf the trial mixes. Test methods

performed on the fresh and hardened concrete swerailuded.

Absolute Volume M ethod

The absolute volume method of proportioning corecredis used to determine the mix
designs for the project. It is the most commonhoétused in concrete mix design. The basis of
this method is to design a cubic yard of concretgeld on the volume of the materials used in the
concrete. An air content of 6.5% was used in thedasign. Batch weights of the concrete

materials are determined by using the final volumeasurements and the materials’ respective

specific gravities. A sample mix design sheehisven in Figure 4.1.

Post-Tension Concrete
Mix: 50% Sand - 50% Pea Gravel by weight
% Unit
Moisture Specific  Weight  Design
Material Content % Absorption Gravity (Ib#%) (Ibiyd?)
Water - 1 62.4 252
Cement - 315 196.6 721
Pea Gravel 4250 150 265 165.4 1442
Sand 0 044 262 163.5 1442
Air Content
(1.6f.0z00 b 6.5 %
cement)
Daravair = mL AdvaCast =
Slump = in Air =
Spread = in Weight =

Mix #

Date:

wic Ratio =
Batch Size=

3.668

8.720

5.820

1.765

mL

%

L-Box =

J-Ring =

Temperature =

VSl =

Front

m
w
=]
-

Figure4.1: Sample Mix Design Sheet
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Trial Mix Design

The purpose of a trial mix design is to determipgmized mixture proportions. This
includes water-to-cement ratio, minimum cement eotaggregate ratio, and admixture
dosages. KDOT specification 401 provides valueshfe minimum amount of cement and
water/cement ratio that can be used in designingrarained concrete for structures.

A mix design approved and used by KDOT on anotf@¢1$ bridge deck was used for
this project and can be seen in Figure A.1 in AgipeA. The KDOT mix design was used on
KDOT Project K-3433-03, which was a local bridgplaeement, and was classified as using
Grade 3.5 (AE)(SA) designed concrete. This mdanttix was a structural concrete air-
entrained with select coarse aggregate for weaahadrption. Materials and proportions were
kept the same for this project, except for the adimnes. To verify the KDOT mix and
determine proper admixture dosages, one-cubictf@btmixes were batched in a 2.5-cubic-foot

pan mixer as shown in Figure 4.2.

Figure4.2: Pan Mixer
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Materials used in the trial mixes were weighedwe-{gallon buckets. Coarse aggregate
was soaked in buckets for two days, drained, aed Weighed. This allowed the two-day
moisture content to be used.

For larger batches bigger than what the pan migeldchold, a 1.25-cubic-yard drum-
mixer trailer was used as seen in Figure 4.3. s&oaggregate for these larger batches was
soaked in 55-gallon drums and drained prior to ngxiFigure 4.4 shows water being drained
for a large concrete batch.

Figure4.3: Drum-Mixer Trailer
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Figure4.4. Water Being Drained for Large Concrete Batch

A total of three final mixes were made from all thal mixes. The first was a
conventional concrete mix with a three- to fourhrstump. The second was a hybrid flowable
concrete mix with an 18- to 20-inch spread. Theltivas a fully flowable SCC mix with a 24-
inch spread. Conventional and hybrid mixes wowdibed as the main focus of the research
project, while the SCC mix was used only for theastfriction specimens.

A constant problem with batching the concrete mixas not being able to consistently
achieve the target slump/spread. Many times thxesnivould result in a slump/spread lower
than the target slump/spread. It was found todséee to slightly overdose the concrete mixes
with superplasticizer and allow them to drop totdoget slump/spread.

Fresh Concrete Test Methods

Several tests were performed to determine the olgesal properties of the fresh concrete
mixes. Typical fresh concrete properties measwe@ slump, unit weight, and volumetric air

content. SCC undergoes typical fresh concreterteitods as well as additional tests including
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spread, J-ring, L-box, and VSI. Concrete cylinderdesting compressive strength of the trial

mixes were made for each mix. Specific tests peréal on each mix are listed below:

1. Conventional concrete mixes were subjected to sjumpp weight, and
volumetric air content tests.

2. Hybrid concrete mixes were subjected to spread,weight, and volumetric air
content tests.

3. SCC mixes were subjected to spread, unit weightywetric air content, J-ring,
L-box, and VSI tests.

Slump
The slump test was performed according to AASHTOLY. The slump cone was filled
in three layers of equal volume and rodded 25 tiaftes each layer. The cone was then slowly
lifted, which allowed the concrete to sink downjerted, and placed back on the base. The
slump was recorded as the distance from the tdipeotone to the center of the concrete. The

slump test is shown in Figure 4.5.
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Figure4.5: Slump Test

Unit Weight
Unit weight of the concrete was determined acc@g¢nAASHTO T 121. Arigid

container of known volume and weight was filledwibncrete in layers by volume, rodded 25
times after each layer, struck off at the top, aethhed. Unit weight was calculated by

subtracting the base weight from the total weight then dividing by the known volume. The
base of an airmeter pot was the rigid contained @isethis test. A picture of the airmeter base

on the scale can be seen in Figure 4.6.
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Figure4.6: Airmeter Baseon Scale

Volumetric Air Content

An airmeter pot, commonly called a rollometer, wiasd to determine the percentage of
air in the concrete according to AASHTO T 196 ara specification KT-19. The airmeter
pot is shown in Figure 4.7. After the unit weigdst had been performed, the concrete was left
in the base and the top of the airmeter pot waslagtd. A liter of isopropyl alcohol was poured
into the pot via a funnel. Water was then added the fluid line was filled up to a calibration
mark. A lid was attached and the airmeter wasehalkd inverted in order to break up the
concrete mix. The airmeter was then placed omgtbend at a 45° angle and rolled back and
forth while being hit with a rubber mallet. Afteeveral minutes, the airmeter was placed on a
level surface which allowed the air to settle otihe final fluid line was recorded as the air

content percent. KDOT specification 401 allowseaaitrained concrete to have 6.5+1.5% air.
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Figure4.7: Airmeter Pot

Spread
The spread test was performed according to the iareSociety for Testing and
Materials (ASTM)Standard Specification2008) test ASTM C1611. The slump cone was

inverted, placed on a large flat surface, filledhree layers of equal volume, and rodded 25
times after each layer. The cone was then slowtgdland the concrete was allowed to flow out
and form a patty. The diameter of the concreteypehs measured and recorded as the spread.

Figure 4.8 shows a picture of the spread test.
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Figure4.8. Spread Test

J-Ring

The J-ring test was performed according to ASTM Z116lt measured the lateral flow of

the concrete patty through rebar. A ring with btebar attached was placed around the inverted
slump cone. The cone was filled according to firead test, lifted, and the concrete was
allowed to flow through the rebar. The diametethaf resulting concrete patty was measured.

A picture of the J-ring test can be seen in Figuée
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Figure4.9: J-Ring Test

L-Box

The L-box test measured the filling and passingjtglmf the concrete through rebar in an

L-shaped rigid box. The vertical end of the L-ws filled with concrete, a door at the bottom
was opened, and the concrete was allowed to fldwhoaugh rebar into the horizontal end of
the L-box. A picture of the L-box test is illusked in Figure 4.10. Vertical distance was
measured from the top of the horizontal end oftitve down to the concrete at both the front and
back of the box. Theoretically, the height measwmets should be equal, which meant the

concrete was truly self-leveling.
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Figure4.10: L-Box Test

VSl Rating

The Visual Stability Index (VSI) rating measuredlslity and segregation of the concrete

mix through visual observation. The VSI rating vp@sformed on the concrete patty after the
spread test and given a rating on a scale of 8-3)” meant the concrete was completely stable
with no signs of water bleeding or mix segregatishile a “3” meant the concrete was

completely unstable with several signs of wateetlieg and/or mix segregation.

Concrete Cylinders

Concrete cylinders were made according to AASHTD28. Concrete cylinder molds
were filled in three layers by volume and roddedi@tes after each layer. The tops of the
cylinders were smoothed out using a concrete flaatered with plastic sacks to prevent
moisture loss, and carefully placed in a moist rodkfter 24 hours, the molds were removed
and the cylinders were placed back in the moistr.odhe concrete cylinder molds were either
4-inch diameter by 8-inch height or 6-inch diaméterl2-inch height. Figure 4.11 shows 4-inch
by 8-inch cylinders being made.
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Figure4.11: Making Concrete Cylinders

Hardened Concrete Test M ethods
Several tests were performed on the hardened denuiges to determine if they were
acceptable for structural applications. The cosgike strength test was performed on all trial
mixes, while the rest of the tests were performedmly the final conventional and hybrid

concrete mixes.

Compressive Strength
Concrete cylinders were tested according to AASHTZ2. Three, 4-inch by 8-inch
cylinders were used for this test. The cylindeesewemoved from the moist room and their
average diameter was measured. Each cylinder laescpbetween neoprene pads that were
inside steel end caps and loosely wrapped witmaasacover as shown in Figure 4.12. Then it
was placed vertically in a hydraulic testing maehamd loaded until failure. Compressive
strength was calculated by dividing the maximundlbg the cross-sectional area of the

cylinder. Average compressive strength of thedloginders was recorded.
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Figure4.12: Compressive Strength Test

Tensile Strength
The split-tensile test was performed according ASATO T 198. Three, 6-inch by 12-
inch cylinders were used for this test. The cydirsdwere removed from the moist room and
their average diameter and length were measuradh &ylinder was placed horizontally in a
split-tensile load fixture and loaded until failursing a hydraulic testing machine. Equation 4.1
was used to determine the split-tensile strengtverage split-tensile strength of the three

cylinders was recorded. Figure 4.13 shows thé-tpisile test.

_2P
Ad

T = Tensile Strength (psi)

T (4.1)

P = Maximum Load (lbs)
| = Length of Specimen (in)

d = Diameter of Specimen (in)

30



Figure4.13: Split-Tensile Test

Modulus of Elasticity
The modulus of elasticity test was performed adogrtb ASTM C 469. The diameter

of three, 4-inch by 8-inch cylinders was measurélde cylinders were then capped with sulfur,
mounted with a digital compressometer, and planethiMTS-controlled hydraulic testing
machine. Figure 4.14 shows a cylinder mounted thighcompressometer. The cylinders
underwent three load cycles not exceeding 40%edf tompressive strength. The first cycle
seated the compressometer and cylinder, whilettier éwo cycles were used to calculate the
modulus of elasticity. The MTS system recordedilaad displacement of the compressometer.
This data was graphed in Microsoft Excel and therage modulus of elasticity & was

calculated. The chord modulus of elasticity,(i) was calculated using Equation 4.2.

__(5-9)
o = (£, - 0.000050 (42)

E

chord

= Chord Modulus of Elasticity (psi)

S, = Stress Corresponding to Maximum Load (psi)
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S = Stress Corresponding to Strain of 0.000050 (psi)
&, = Longitudinal Strain Produced by 8n/in)

Figure4.14: Cylinder Mounted with Compressometer

Permeability

TheElectrical Indication of Concrete’s Ability to ResiChloride-lon Penetratiotest
was used to determine permeability of the finalozete mixes. The test was performed
according to AASHTO T 277 and involved taking 2hratices of a 4-inch by 8-inch cylinder
and passing current through them during a six-peuiod. The slices were submerged in a
sodium-chloride solution on one end and a sodiudrdiide solution on the other end. The test
was performed at the KDOT materials lab by KDOTspenel. Volume of permeable voids was
measured at 28 days and permeability was meastubg&ddays. Correlation of chloride-ion
permeability based on charge passed in this testaan in Table 4.1.
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Table4.1: Chloride-lon Permeability

ChargePassed | Chloride-lon
(coulombs) Penetr ability

> 4000 High

> 2000 - 4000 Moderate

> 1000 - 2000 Low
100 - 1000 Very Low

<100 Negligible

Freeze-Thaw Resistance

TheResistance of Concrete to Rapid Freezing and Thatest was performed
according to AASHTO T 161 and KDOT specification MRR-22. The purpose of the test was
to determine resistance of the concrete mixes wghbéjected to freezing and thawing cycles.
Procedure B was used for this project. Six, 4-imgl3-inch by 16-inch beams were made from
finalized conventional and hybrid concrete mix@&sie beams were brought to the KDOT
materials lab where they were tested by KDOT perebnFigure 4.15 shows the freeze-thaw
chamber used by KDOT for the test. According to®XDspecification 1102, acceptable values
for free-thaw resistance is a durability facto®&for higher and an expansion not greater than
0.025%. Relative dynamic modulus of elasticity wakulated using Equation 4.3. The
durability factor was calculated using Equation 4.4

n 2
P = [%]*100 (4.3)
n

P. = Relative Dynamic Modulus of Elasticity after ¢ &3 of freezing and thawing (%)

nl2 = Fundamental Transverse Frequency at 0 cyclegetiing and thawing

n® = Fundamental Transverse Frequency after c cycléseding and thawing

_PN
M

DF = Durability Factor

DF (4.4)

P = Relative Dynamic Modulus of Elasticity Btcycles (%)
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N = Number of cycles at which reaches the specified minimum value for
discontinuing the test or the specified numberyales at which the exposure is to

be terminated, whichever is less

M = Specified number of cycles at which the expossite be terminated

Figure4.15: Freeze-Thaw Chamber

Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) was dateed for the concrete mixes. Six,
4-inch by 3-inch by 16-inch beams were cast witlokaa vibrating wire strain gages (VWSG).
The VWSG were placed horizontally on bar chairgd@she beam molds as shown in Figure
4.16. The VWSG were aligned with the longitudiogaéntation of the mold prior to casting.
Concrete was placed inside the mold and carefatiged around the VWSG to ensure proper
consolidation. The beams were cured for 28 dagisiéna moist room and then submerged in a
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lime-water bath for another 28 days. The lime-whtgh ensured the beams would not undergo
length deformation due to swelling.

An initial reading of the beams was taken at roemgerature (approximately 72°) while
submerged in the lime-water bath inside the moistr. The beams were then removed from
the moist room and submerged in water in an insdltnk. Temperature of the water in the
tank was lowered to 33° using ice. Temperaturesarain was measured using a Geokon
VWSG reader every hour until the readings had ktabi. The beams were then removed and
placed back in the lime-water bath inside the mmistm where they were left to stabilize
overnight, and then the process was repeated #tialag. Temperature of the bath on the
second day was raised to 133° using a heating eleme

Strain values measured were of the VWSG, so thebstrain values of the concrete had
to be calculated. This was done using equatioogigeed by Geokon. The CTE values were

then calculated from the actual strains and aver&mgethe mixes.

Figure4.16: Beam Mold with VWSG
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Slump/Spread Loss Test

The SCC mix was chosen to be studied for effectdushp/spread loss vs. time. It was
determined the SCC mix would represent a worst-seseario where the hybrid flowable mix
was overdosed with a superplasticizer admixturaririyy the hydration process, concrete loses
slump/spread as time passes. Temperature of thevas measured to determine exactly how
fast the mix lost slump/spread. The starting @dahe mixtures would be a 24-inch spread and
the end goal would be a 3-inch slump.

A SCC mix was made, and after the mixing process saanpleted, an initial slump and
spread test was performed. Data was recorded aldthdemperature of the mix. A stopwatch
was used to time the mix from the start of thestéstthe finish. It took roughly two minutes to
properly conduct a spread and slump test. Theretswas then allowed to mix for two
additional minutes, which created a four-minuteingscycle.

After each test was performed, the concrete wasedlaack into the mixer and the mixer
was turned on. Slump and spread boards were watittéxcess water was removed so as not to
introduce it into the concrete mix. Temperatuheng, and spread were measured until the end
goal was reached. The spread test was stoppedtivaeoncrete reached a 10-inch spread, and
the slump test was stopped when the concrete rédmlew a 4-inch slump.

The concrete mix was made at three different teatpegs: hot, room, and cold. The hot
mix used warm fine aggregate from the oven, hoewaind room-temperature coarse aggregate.
The cold mix used room-temperature fine aggregate, water, and coarse aggregate soaked in
ice water. All materials were kept at room tempaebefore mixing for the room-temperature

mix.
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CHAPTER 5 - Concrete Experimental Results

This chapter gives experimental results of thel fooacrete mix designs. This includes
conventional, hybrid, and SCC mixes. Hardened mdadest results and slump/spread loss

results are included.

Concrete Mix Designs

All three mix designs used a water-to-cement ratif.35, cement content of 721 Ibfyd
and a 50%-50% fine-to-coarse aggregate ratio. cbhgentional concrete mix used an air-
entrainer dosage rate of 0.19 0z/100 Ib of cemedhtaasuperplasticizer dosage rate of 4.43
0z/100 Ib of cement. The hybrid concrete mix useair-entrainer dosage rate of 0.18 0z/100 Ib
of cement and a superplasticizer dosage rate 8f@&A.00 Ib of cement. The SCC mix used an
air-entrainer dosage rate of 0.16 0z/100 |b of cdraad a superplasticizer dosage rate of 7.60
0z/100 Ib of cement.

Dosage rates for the above mix designs are forretmbatches of one cubic foot. It was
discovered dosage rates for the admixtures didcade up properly. Larger concrete batches
had dosage rates adjusted accordingly. It wasdideovered superplasticizer increased the air
content of the concrete mix. Smaller dosage maites-entrainer were used when larger dosage

rates of superplasticizer were used.

Hardened Concrete Test Results

This section gives experimental results of the éaed concrete tests as discussed in

Chapter 4. These results only represent the caioveth and hybrid concrete mixes.

Compressive Strength
Compressive strengths were determined at 1, 34,21, and 28 days. Specimens for the
compressive strength, split-tensile strength, pabiiéy, and modulus of elasticity were made
from the same mixes. Procedure details and tagbsare outlined in Chapter 4. Fresh concrete
properties of the final mixes are shown in Tablke SAverage compressive strength results are
shown in Table 5.2.
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Table5.1: Fresh Concrete Propertiesof Final Mixes (Set 1)

Spread Unit Weight ~ Volumetric Air
Slump (in) (in) (pcf) Content (%)
Conventional 4 137.8 6
Hybrid 19 135.t 6.7

Table5.2: Average Compressive Strengths of Final Mixes

Compressive Strength (psi)

Day Conventional Hybrid

1 3120 3850

3 4520 4900

7 4950 5720

14 5220 6220

21 5730 6580
28 617(C 680(

Tensile Strength
Split-tensile strengths were determined at 1, 34721, and 28 days. Specimens for
compressive strength, split-tensile strength, maslof elasticity, and permeability tests were
made from the same concrete batches. Fresh cemgierties are given in Table 5.1.
Procedure details and test setups are outlinedhapter 4. Average split-tensile strengths are

given in Table 5.3.

Table5.3: Average Split-Tensile Strength of Final Mixes

Tensile Strength (psi)
Day Conventional Hybrid

1 356 351
3 398 410
7 456 468
14 459 479
21 484 502
28 497 51&
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Modulus of Elasticity
The modulus of elasticity was determined at 1,,3,47 21, and 28 days. Specimens for
compressive strength, split-tensile strength, maslof elasticity, and permeability tests were
made from the same concrete batches. Fresh cenmgierties are given in Table 5.1.

Procedure details and test setups are outlinedthapter 4. Average modulus of elasticity values
are given in Table 5.4.

Table5.4: Average Modulus of Elasticity of Final Mixes

M odulus of Elasticity (ksi)
Conventional  Conventional Hybrid Hybrid
Day

Echord Egraph Echord Egraph
1 2160 2140 2320 2310
3 2800 2810 2970 2990
7 2960 2980 3010 3010
14 2950 2930 3170 3200
21 3240 3290 3460 3500

28 357C 344( 368( 370C

For these mixes to be used in a composite bridgk, diee modulus of elasticity for each
mix needs to be similar. As shown in the tablé@s of Enogand Erapnare not only similar to
each other within each mix, but similar across mias well. Medium-strength concrete has a
28-day modulus of elasticity value of 3600 ksi adaag to Beer et al. (2001).

Permeability
TheElectrical Indication of Concrete’s Ability to ResiChloride-lon Penetratiotest
was conducted to determine permeability of thel imixes. Specimens for compressive
strength, split-tensile strength, modulus of etitsti and permeability tests were made from the
same concrete batches. Fresh concrete propemtigsvan in Table 5.1. Procedure details and
test setups are outlined in Chapter 4. Permegpbtilues are given in Table 5.5.
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Table5.5: Permeability of Final Mixes

Permeability Permeability
(coulombs)  Voids (%)
Conventional 3317 12.6
Hybrid 3315 12.3

The correlation of chloride-ion permeability basedcharge passed is shown in Table
4.1. Values from Table 5.5 show both mixes ar@éiwithe moderate range (>2000 — 4000
Coulombs) of Table 4.1. According to KDOT speadation 401, either a maximum volume of
permeability voids of 12.5% or a maximum rapid cide permeability of 3500 coulombs is
allowed. Results of Table 5.5 show the valuesateonly similar to each other, but most fall
under KDOT maximum values as well. Permeabilitidgmf the conventional mix are slightly

over the maximum value.

Freeze-Thaw Resistance
TheResistance of Concrete to Rapid Freezing and Thatest was conducted on the
final mixes. Specimens for freeze-thaw resistank coefficient of thermal expansion tests
were made from the same concrete batches. Freshete properties are given in Table 5.6.
Procedure details and test setups are outlinedhapter 4. Durability factors and percent

expansion for the final mixes are given in Tabl 5.

Table5.6: Fresh Concrete Propertiesof Final Mixes (Set 2)

Spread Unit Weight  Volumetric Air

Slump (in) (in) (pcf) Content (%)
Conventional 3.5 142.8
Hybrid 20 140.¢ 5

Table5.7: Durability Factor and Percent Expansion of Final Mixes

Durability Percent
Factor Expansion

Conventional 67 0.125
Hybrid 99 0.00«
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According to KDOT specification 1102, acceptabliuea for freeze-thaw resistance are

a durability factor of 95 or higher and an expansiot greater than 0.025%. The hybrid mix
showed acceptable passing levels, while the comraitmix did not. One of the reasons the
conventional mix failed is that during the castprgcess, a problem occurred while determining
volumetric air content. The airmeter leaked aretétwas not enough concrete to redo the test.
Based on unit weights in Table 5.6, volumetriccaintent can be estimated as being lower than
5%, which is below the acceptable KDOT threshdahother possible reason for failure could
be the beams were not properly consolidated duhegasting process. Replacement beams

were not recast for the conventional mix.

Coefficient of Thermal Expansion
The coefficient of thermal expansion (CTE) was dateed for the final mixes.
Specimens for the freeze-thaw resistance and cagftiof thermal expansion tests were made
from the same concrete batches. Fresh concrepenpies are given in Table 5.6. Procedure
details and test setups are outlined in Chapt&™®E values for the final mixes are given in
Table 5.8.

Table5.8: Coefficient of Thermal Expansion of Final Mixes

Coefficient of
Thermal Expansion
(ME/°F)
Conventional 5.6
Hybrid 5.E

CTE values were initially calculated in Celsius d@hein converted to Fahrenheit. For
these mixes to be used in a composite bridge d&EE, values for each mix needs to be similar.
According to Beer et al. (2001), the CTE of medistrength concrete is 5i&/°F.
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Slump/Spread L oss Results
The slump/spread loss was conducted on the SCGintixee different temperatures.
Procedure details are discussed in Chapter 4.eas a hot, room temperature, and cold mix.
The hot mix was measured at 90°F, room temperatixevas measured at 74°F, and cold mix
was measured at 56°F. Figure 5.1 shows slummplesstime and Figure 5.2 shows spread loss

over time. Figure 5.3 illustrates spread vs. slanyparious temperatures.
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Figure5.1: Slump LossOver Time
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Figure5.3: Spread vs. Slump at Various Temperatures
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According to KDOT specification 401, temperaturemoked concrete shall be between
50° and 90°F when being placed. All three mixakwithin the acceptable temperature range.
Maximum slump that could be recorded was heiglithefslump cone minus the maximum
coarse aggregate size. Conversely, the minimuegadphat could be recorded was the diameter
of the base of the slump cone.

Figures 5.1 and 5.2 show slump/spread loss ovey, @tndifferent temperatures, follows
the same basic trend pattern. The figures alse she higher the concrete temperature, the
faster it loses slump/spread, while the coldercthrecrete temperature, the slower it loses
slump/spread. This is because heat increaseythation process. Figure 5.3 shows the curves
of all three mixes mostly fall on top of each othéithough the spread was stopped at 10 inches
and the slump at 3 inches, the curves of Figurever@ projected to the minimum possible
spread and slump readings.

The graphs also show that an 18- to 20-inch spgeaduivalent to a 9.5- to 10.5-inch
slump. KDOT specification 401 states the maximuiowaable slump for concrete with
plasticizing admixture is 7 inches. Equation 5dswleveloped from data in Figure 5.3 to

determine spread based on a given slump.

Spread= 0.0025" — 0.0311x* + 0.1482x* + 0.227X + 8 (5.1)

x = Slump
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CHAPTER 6 - Concrete-to-Concrete Bond

This chapter outlines the design, fabrication, emtng of concrete core blocks. Results

of the core breaks are also included.

Background
The split-tensile test uses a shear force to deterthe approximate tensile strength of
concrete. In order for a split-tensile test tqoeeformed on concrete made from two different
mixes, a core block was constructed and cores dracted from it. The cores were then

tested as split-tensile specimens and the resull®dwo concrete mixes were compared.

Core Block Design

The first step in determining the bond of two c@terayers was to design a core block.
A large core block was designed with a height ofr@bies, a width of 30 inches, and a depth of
12 inches. The bottom half of the block would bstavith hybrid concrete mix, while the top
half would be cast with conventional concrete nbize of the block would allow for nine
separate specimens to be cored. There would e #ach from the hybrid and conventional
mixes, and three that were composite. Each cqredrmen was 6 inches in diameter and 12
inches in height, or the same as the split-tersgieeimens discussed in Chapter 4. Figure 6.1

shows the large core block dimensions.
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Figure6.1: Large CoreBlock Dimensions

A sample large core block was made to compare ¢avasconventional and hybrid
mixes to cylinders made from the same mixes. Wais done to see if tensile strength of the
cores and cylinders were similar. If the caseus,tthen size of the core block can be reduced
and only three core samples will be needed insté#te original nine. Results of the sample
big core block found the cylinders had higher tiensirengths than their respective cores, but the
difference in tensile strength was 3% or less.ukgd.2 shows the coring of the large core
block.
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Figure6.2: Coring of aLarge Core Block

Size of the big core block was reduced. A smaidock was designed with a height of
12 inches, a width of 30 inches, and a depth ahtBes. Only three composite cores would be
extracted from the small core block along the fiais of the two concrete mixes. Cylinders
would be made to determine tensile strength of eaclkerete mix. The small core block

dimensions are shown in Figure 6.3.
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Figure6.3: Small Core Block Dimensions

CoreBlock Casting

Wooden forms were designed and built to be reuseseveral castings. Additional
pieces of wood were attached to the inside of dne$ as midpoint markers. The forms were
coated with form-release agent before castingsdimne sealant was used to fill any cracks or
voids in the forms.

Conventional and hybrid concrete mix designs asewtised in Chapter 5. The hybrid
concrete was mixed in the drum-mixer trailer argtdarged into wheelbarrows. The concrete
was then placed into the forms by hand and fillpdauthe midpoint markers. Any excess
concrete was removed. A concrete vibrator was tsedsure proper consolidation and the
concrete surface was left as-cast. The forms thene covered with wet burlap and a layer of
polyethylene plastic to prevent moisture loss. firtieer was cleaned and the conventional
concrete was then mixed. The conventional condratiea concrete dye mixed in to help
differentiate between the two concrete layers. ddmeventional concrete was mixed in the
drum-mixer trailer and discharged into wheelbarrovibe forms were uncovered and the
conventional concrete was placed on top the hydoittrete by hand. The time between
concrete placements varied from 47 to 63 minukagure 6.4 shows placement of the concrete

for a small core block.
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Figure 6.4. Concrete Placement for Small Cor e Block

The conventional concrete was vibrated in two walse first method was to just vibrate
the top layer of conventional concrete withoutulising the bottom layer. This would provide
concrete cores that were not vibrated betweendayEhe second method was to vibrate the top
layer while dipping the vibrator into the bottonydéa. This would provide concrete cores that
had blending occur between the layers. Theorétjdhle cores that had no vibration between
layers should have lower tensile strengths thaselioat had vibration between layers, as the
blending process creates a more homogenous core.

After the cores had been vibrated, the tops \ieighed with a wood float and steel
inserts were placed into the concrete to aid wiftimg). When the concrete reached initial set,
the forms were recovered with wet burlap and polylene plastic. Three, 6-inch by 12-inch
split-tensile specimens and several 4-inch by 8&rampressive strength specimens were made
for each mix. The next day the core blocks wenmeaveed from their forms and placed in the
moist room with the split-tensile and compressiversyth cylinders.

A total of four small core blocks were cast. Thietfand second blocks were cast at
separate times. The third and fourth blocks west at the same time. Only one set of cylinders
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was made for the third and fourth core blocks. fiits¢ and third blocks had no vibration
between concrete layers. The second and fourttkkbliead vibration between concrete layers.
The concrete casting did not always go to plane @fithe persistent problems was not
hitting the target spread/slump. In the end, it @Wescovered to be easier to slightly overdose the
concrete with superplasticizer and overshoot thgetesspread/slump. The concrete was allowed
to mix until the target spread/slump was achiev@dly then was the concrete discharged and

placed into the forms.

Coring

The blocks were cored after 28 days. They werkdaitheir sides and a core drill with a
6-inch core bit was used for extracting the cor@pecial care was taken during the coring
process to insure the cores were drilled direabhywml the middle of the two concrete layers.
Figure 6.5 shows the coring of a small core blo€he core blocks were kept wet to prevent the
concrete from drying.

Cores were marked after they were removed fronbkbek. They were then
immediately placed in the moist room. Three covese removed from each block. Several
core bits were used during the coring process sorerthe cutting teeth remained sharp and
created cores with smooth sides for the split-teriest.
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Figure6.5: Coring of a Small Core Block

Core Split-Tensile Results
The cores were removed from the moist room aneédassing the split-tensile test.
Procedure details of the test are outlined in Gitapt Fresh concrete properties of the mixes are
given in Table 6.1. Cylinders made from each repe mix were also tested. Average tensile-
strengths of the cylinders and cores are giverainld 6.2. Figure 6.6 shows a core after the

split-tensile test.
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Table6.1: Fresh Concrete Propertiesof Core Blocks

Slump Spread Unit Weight Volumetric Air
(in) (in) (pcf) Content (%)

Block 1 Conventional 3 136.5 7.25

(No Vibration Between Layers) Hybrid 19 138.4 6.5
Block 2 Conventional 3.5 137.8 7

(Vibration Between Layers) Hybrid L 20 139.1 55
Block 3 Conventional 3.25 140.6 5

(No Vibration Between Layers) Hybrid 185 138.4 6.75
Block 4 Conventional 3.25 140.6 5

(Vibration Between L ayers) Hybrid 18.5 138.4 6.75

Table6.2: Average Tensile Strength of Cylindersand Cores

Average Tensile
Strength (psi)

R

(No Vibration Between Layers) Composite 358
Cometen | B0
(Vibration Between Layers) Composite 417
soscs | convetona |

(No Vibration Between Layers) Composite 320
Gl |8
(Vibration Between Layers) Composite 494
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Figure6.6: Coreafter Split-Tensile Test

According to results in Table 6.2, tensile strengjtthe composite cores was lower than
the strength of the cylinders made from the pam@xres. Tensile strength of the composite
cores is increased when vibration between layargrneduced. Blocks 1 and 3 had no vibration
between concrete layers and strength of the cortgposies was found to be 64-72% the
strength of the cylinders made from each mix. B$2 and 4 had vibration between concrete
layers and strength of the composite cores wasiftaibe 82-87% the strength of the cylinders
made from each mix.

The time between concrete placements restrictedasieng and coring of more blocks.
The approximate one-hour time frame could not beiced. The first layer of concrete was
beginning to stiffen as the second layer was pladtthe time between concrete placements
could have been reduced, then the two layers mag bl@nded better. This would likely result

in higher tensile strengths for the composite cores
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CHAPTER 7 - Shear Friction Specimens

This chapter outlines procedures followed for desfgbrication, and testing of the shear
friction specimens.

Background

Shear friction was first recognized and presentede than 40 years ago (Birkeland and
Birkeland, 1966). It was originally hypothesizeasbd on research of shear connections in
composite concrete beams. The research stateshibat is transferred across the joint of a
composite beam only by friction between the twoatete surfaces.

Slip occurs when a shear force is applied to apdépe. Steel reinforcement crossing the
slip plane yields in tension at an ultimate load produces a clamping force,ffA Shear
friction is calculated using Equation 7.1 (ACI 3@8}. Dividing the shear friction equation by
the area of concrete gets the shear stress. Siness allows for flexibility in the data

interpolation (Kahn and Mitchell, 2002). Sheaest is calculated using Equation 7.2.

V, = uAf, (7.1)
V, = Nominal shear strength

u = Coefficient of friction: 1.4 for concrete placed monolithically; Q.€or concrete

placed against hardened concrete not intentionallghened). = 1.0 for normal-

weight concrete

A, = Area of shear reinforcement across shear plane

f, = Yield stress of reinforcement 60 ksi)

v, = up, f, (7.2)
v, = Nominal shear stresy¥, / A. (< 800 psi)
A = Area of concrete interface

p, = Shear friction reinforcement ratid, / A,
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Shear stress shall not be greater than the follpVinnits:
1. 02f",

2. 480+ 008f",
3. 1600

f'_= Compressive strength of concrete at time dfrigswhen two concrete layers are

C

cast together, §is the smaller of the two

AASHTO code equations were not used for sheaiidrict The American Concrete
Institute (ACI) code included newer limits for thlkear friction equations.

Push-off tests have been the primary test specimed to evaluate shear friction. The
main advantage of using push-off tests over compdsam tests is the ability to clearly control
the forces as well as the failure mechanism. ®hgcause the shear plane can be tested not
only in pure shear, but can be combined with exilenormal forces or a moment. Shear
capacity can be evaluated by changing the surfaeditton. A monolithic specimen can be
tested in either an uncracked or pre-cracked stlte. pre-cracked state represents the worst-
case scenario situation where a crack would egiguaposed by Mast (1968). A composite
cold-joint can be used to simulate the interfadevben two different layers of cast-in-place

concrete.

Push-Off Specimen Design

The push-off specimens were chosen as the begtsegation of the behavior of a shear
interface between two different layers of concretieich would occur in the deck of a PTHS
bridge as outlined in this project. The specimeagse designed identically to the specimens
from previous research (Kahn and Mitchell, 2002§ept for the gap spacing. They were tested
with three different joint conditions at the shpéane: pre-cracked, uncracked, and cold-joint.
The uncracked monolithic specimens would provide@mer bound of shear capacity, while the
pre-cracked monolithic specimens would provideveelobound of shear capacity. The cold-
joint composite specimens were used because tletyd@esented the interface of the
composite concrete bridge deck. The cold-joinfasag condition would be left as-cast and

unaltered, which would result in a roughness amgétof % inch.
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Design of the push-off specimens is shown in Figut& and 7.2. The shear plane was a
rectangle with dimensions 5 inches wide by 12 isdbag. This created a shear plang,@ 60
in%. Stirrup reinforcement crossing the shear plaas varied between a single #3 stirrup to four
#3 stirrups. This allowed the reinforcement radiovary from 0.37% to 1.47%. The shear

stirrups were equally distributed across the speare.
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Pre-cracked and uncracked monolithic specimens lbistdepoxy- and non-epoxy-
coated stirrups. This would allow for data to benpared for specimens with similar
reinforcement ratios but different stirrup coatingshe cold-joint composite specimens would
use only epoxy-coated stirrups and have threerdifteshear-face conditions. A total of seven
different sets of push-off specimens, with 12 smetis per set, were tested. Overall design data
of the 84 push-off specimens is illustrated in Babl.1 and 7.2. The table shows the area of the
reinforcement crossing the shear plane and thé goimdition of each specimen.

The letter “B” indicates the specimen used a nooxggoated (black) stirrup, while the
letter “E” indicates the specimen used an epoxyambatirrup. The letter “P” indicates the
specimen had a pre-cracked shear plane, whileettes 'U” indicates the specimen had an
uncracked shear plane. The letters “OH” indichgedpecimen had a one-hour cold-joint
between castings. The letters “CJC” indicate ffexBnen had a seven-day cold-joint with a
clean shear-face surface condition, while thedett€JO” indicate the specimens had a seven-
day cold-joint with an oiled shear-face surfacedibon. Numbers “1” through “4” represent
the number of stirrups crossing the shear planeallly, letters “A” through “C” indicate

specimens constructed with identical charactesstic
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Table7.1: Shear Friction Design Data of M onolithic Specimens

Area of Shear Area of Shear
Stirrups, A, | Joint Condition Stirrups, A, | Joint Condition
(in®) (in’)
BP-1A 0.22 Pre-cracked BU-1A 0.22 Uncracked
BP-1B 0.22 Pre-cracked BU-1B 0.22 Uncracked
BP-1C 0.22 Pre-cracked BU-1C 0.22 Uncracked
BP-2A 0.44 Pre-cracked BU-2A 0.44 Uncracked
BP-2B 0.44 Pre-cracked BU-2B 0.44 Uncracked
BP-2C 0.44 Pre-cracked BU-2C 0.44 Uncracked
BP-3A 0.66 Pre-cracked BU-3A 0.66 Uncracked
BP-3B 0.66 Pre-cracked BU-3B 0.66 Uncracked
BP-3C 0.66 Pre-cracked BU-3C 0.66 Uncracked
BP-4A 0.88 Pre-cracked BU-4A 0.88 Uncracked
BP-4B 0.88 Pre-cracked BU-4B 0.88 Uncracked
BP-4C 0.88 Pre-cracked BU-4C 0.88 Uncracked
EP-1A 0.22 Pre-cracked EU-1A 0.22 Uncracked
EP-1B 0.22 Pre-cracked EU-1B 0.22 Uncracked
EP-1C 0.22 Pre-cracked EU-1C 0.22 Uncracked
EP-2A 0.44 Pre-cracked EU-2A 0.44 Uncracked
EP-2B 0.44 Pre-cracked EU-2B 0.44 Uncracked
EP-2C 0.44 Pre-cracked EU-2C 0.44 Uncracked
EP-3A 0.66 Pre-cracked EU-3A 0.66 Uncracked
EP-3B 0.66 Pre-cracked EU-3B 0.66 Uncracked
EP-3C 0.66 Pre-cracked EU-3C 0.66 Uncracked
EP-4A 0.88 Pre-cracked EU-4A 0.88 Uncracked
EP-4B 0.88 Pre-cracked EU-4B 0.88 Uncracked
EP-4C 0.8¢ Pre-cracke EU-4C 0.8¢ Uncracke
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Table7.2: Shear Friction Design Data of Composite Specimens

Area of Shear
Stirrups, Ay Joint Condition
(in)

OH-1A 0.22 One-Hour Cold-Joint
OH-1B 0.22 One-Hour Cold-Joint
OH-1C 0.22 One-Hour Cold-Joint
OH-2A 0.44 One-Hour Cold-Joint
OH-2B 0.44 One-Hour Cold-Joint
OH-2C 0.44 One-Hour Cold-Joint
OH-3A 0.66 One-Hour Cold-Joint
OH-3B 0.66 One-Hour Cold-Joint
OH-3C 0.66 One-Hour Cold-Joint
OH-4A 0.88 One-Hour Cold-Joint
OH-4B 0.88 One-Hour Cold-Joint
OH-4C 0.88 One-Hour Cold-Joint
CJC-1A 0.22 7-Day Cold-Joint (Clean)
CJC-1B 0.22 7-Day Cold-Joint (Clean)
CJC-1C 0.22 7-Day Cold-Joint (Clean)
CJC-2A 0.44 7-Day Cold-Joint (Clean)
CJC-2B 0.44 7-Day Cold-Joint (Clean)
cJc-2C 0.44 7-Day Cold-Joint (Clean)
CJC-3A 0.66 7-Day Cold-Joint (Clean)
CJC-3B 0.66 7-Day Cold-Joint (Clean)
CJC-3C 0.66 7-Day Cold-Joint (Clean)
CJC-4A 0.88 7-Day Cold-Joint (Clean)
CJC-4B 0.88 7-Day Cold-Joint (Clean)
cJc-4Cc 0.8¢ 7-Day Cold-Joint (Clea
CJO-1A 0.22 7-Day Cold-Joint (Oiled)
CJO-1B 0.22 7-Day Cold-Joint (Oiled)
CJO-1C 0.22 7-Day Cold-Joint (Oiled)
CJO-2A 0.44 7-Day Cold-Joint (Oiled)
CJO-2B 0.44 7-Day Cold-Joint (Oiled)
CJO-2C 0.44 7-Day Cold-Joint (Oiled)
CJO-3A 0.66 7-Day Cold-Joint (Oiled)
CJO-3B 0.66 7-Day Cold-Joint (Oiled)
CJO-3C 0.66 7-Day Cold-Joint (Oiled)
CJO-4A 0.88 7-Day Cold-Joint (Oiled)
CJO-4B 0.88 7-Day Cold-Joint (Oiled)
CJO-4C 0.8¢ 7-Day Cold-Joint (Oilec
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Materials

This section describes materials used in the dhietion push-off specimens. It includes

steel reinforcement and concrete mix designs.

Steel Reinforcement

Steel reinforcement used in the push-off specimeassordered as Grade 60. All steel
was requested to be of the same heat batch, buliffecent batches were delivered. The non-
epoxy-coated reinforcement and stirrups were meata bne heat batch, and the epoxy-coated
stirrups were made from another. A tensile tes pexformed to determine the average yield
stress of the epoxy- and non-epoxy-coated stirrups.

Three stirrups from each type were randomly cho$gach stirrup was cut into two
straight tensile specimens and mounted with arsggage. Load and strain were recorded from
each test, and stress-strain curves were madethemecorded data. An example of a stress-
strain curve can be seen in Figure 7.3. All ste¢smn curves can be found in Appendix B.
Average yield stress was determined by using tb&mffset method outlined by ASTM 370.
Average yield stress for the non-epoxy-coatedwgiswas 80.1 ksi. Average yield stress for the
epoxy-coated stirrups was 65.3 ksi. Both yieléstes were higher than the maximum allowed
limit of 60 ksi.

Thickness of the epoxy coating was also determifddee, random epoxy-coated
stirrups were chosen and tested using a non-désgu@ndheld device. Several measurements

were taken on each stirrup and averaged. Averegelbepoxy thickness was 8.79 mils.
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Figure7.3: Stress-Strain Curve (B-1A)

Concrete
Since most of the previous shear friction rese&athnot been conducted with SCC, a
true SCC mix with a target spread of 24 inches wssl for the push-off specimens. Another
reason for use of the true SCC mix was as a wast-scenario in which the concrete had been
overdosed with superplasticizer and placed in tiggb superstructure. Uncracked and pre-
cracked monolithic specimens were fully cast with 8CC mix. For the cold-joint composite
specimens, the bottom half of the specimens use&@C mix, and the top half used the

conventional concrete mix. Both concrete mix desigere the same, as discussed earlier in

Chapter 5.

Fabrication and Casting
Reinforcing cages of the push-off specimens weserabled according to the designs.
The cage was assembled and rigidly held togetheg wgre ties. Jigs were made to ensure

proper bar spacing and assist in the fabricatiigure 7.4 shows a completed steel cage.
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Figure7.4. Completed Rebar Cage

Two types of wood forms were designed and builigoeused throughout the entire
casting process. The first set was used for aagtia-cracked and uncracked specimens
monolithically on their sides, and can be seenigufeé 7.5. The second set was used for casting
cold-joint specimens in an upright position, and ba seen in Figure 7.6. The forms were
coated with a form-release agent before castintly, gadre taken not to get any on the reinforcing
cages. The cages were set on rebar chairs toaimaproper clear cover and placement inside
the forms. Wood inserts covered with Styrofoamengaced in the forms to define the shear
plane. They were attached to the forms to prerevement during the casting process.

Silicone sealant was used to fill any cracks odsan the forms.
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Figure7.6: Cold-Joint Specimen Prior to Casting
Concrete was mixed in the drum-mixer trailer ancgtwthe proper spread/slump was

achieved, it was discharged into wheelbarrows dackg into the forms by hand. The

monolithic specimens were cast using SCC and viginéy rodded to ensure proper concrete
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consolidation. A wood float was then used to finise specimens. Several concrete cylinders
were made to test the compressive strength.

After the specimens reached initial set, wet budag polyethylene plastic were placed
over the tops of the forms. The next day, the ®amnd wood inserts were removed. The
specimens were then placed in the moist room alatigtheir cylinders.

The cold-joint specimens were cast differently gdime vertical forms. The OH
specimens were first cast with only SCC on thedmothalf. Then the conventional concrete was
mixed and poured for the top half of the specimeRse time between concrete placements took
approximately one hour. This time frame was eghbd during the casting of the core blocks
in Chapter 6. The specimens were then finishédérsame manner as the monolithic
specimens. Concrete cylinders were made for batbsras well.

For the other cold-joint specimens (CJC and CJ@lj,df the rebar cage with stirrups
was tied and placed into the vertical forms. Th#dm half of the specimens were cast using
SCC. The shear surface was left as-cast andastefl. Wet burlap and polyethylene plastic
were placed over the forms and the burlap was\eptluring the next seven days. Figure 7.7
shows a specimen after the bottom half has beeregdou

Figure7.7: Bottom Half of Cold-Joint Specimen
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After seven days, the shear surface of the specimwes cleaned to remove any foreign
materials and impurities such as laitance. FoiGh€ specimens, a thin layer of form-release
agent was applied to the shear surface to acbas@breaker. Care was taken to avoid getting
the form-release agent on the rebar cage or ssirriijpe top half of the cage was then slid into
the form and tied into place. Conventional coreratx was poured for the upper half of the
specimens and vibrated to ensure consolidationer Afsting, the specimens were floated and
finished just like the monolithic specimens.

The concrete casting did not always go to plane Gfithe persistent problems was not
hitting the target spread/slump. In the end, is Wescovered to be easier to slightly overdose the
concrete with superplasticizer and overshoot thgetaspread/slump. The concrete was allowed
to mix until the target spread/slump was achievitdvas only then that the concrete was
discharged and placed into the forms. Another leralwas minor honeycombing on the surface

of the cold-joint specimens where conventional cetecwas used.

Specimen Testing

According to KDOT specification 716, the deck d?&HS bridge is tensioned between
three and seven days of the slab pour. Howevemptish-off specimens were tested at 28-day
compressive strength. The reason being the bddgk would not experience normal loading
caused by traffic until at least 28 days.

Monolithic and OH cold-joint specimens were tesae@8 days. The CJC and CJO cold-
joint specimens were tested at 35 days from fiosirp This was done to allow the second
casting to reach the 28-day compressive strength.

To pre-crack the specimens, the procedure wasieticas outlined by Hofbeck et al.
(1969). Two knife-edge apparatus’ were construtwedhis procedure. The specimens were
placed on their sides in between the knife-edgeuatps’ in a hydraulic testing machine. A load
was applied to the specimens until a visible citzat appeared along the entire shear plane. A
load popping noise could be heard as the specimihs lower reinforcement ratio cracked.
Wooden blocks were used to stabilize each specim#ha sufficient load was applied. Figure
7.8 shows the pre-cracking procedure.
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Figure7.8. Pre-Cracking Procedure

Instrumentation and setup of the specimens waditdn Two, linear variable
differential transformers (LVDTSs) were used to meashe slip across the shear interface on the
specimen. Two LVDTs were used in case one recaraexdrectly. The LVDTs were mounted
to inserts attached to the forms during the cagihogess. Each LVDT was mounted across the
gap at either the top or bottom of each specimarthird LVDT was mounted to the load table.
The LVDTs were attached to a Keithley Data AcqiosittDAQ) Device. The LVDTs were all
10-volt Schaevitz DC-EC-2000 LVDTs.

The specimens were placed vertically in the samstntg machine used in the pre-
cracking procedure. A pin connection was used#t bnds of the specimen to eliminate
outside moments and ensure a pure shear failungn-flate was attached to the bottom and a
steel plate was attached to the top of each specinsing hydrocal cement. The reason for
using the steel plate at the top, instead of amgtimeplate, was because the testing machine had
a swiveled loading head which acted like a pin emtion. Wood blocks were used to stabilize
the specimen until a sufficient load was appli€yure 7.9 shows a push-off specimen

instrumented and ready for loading.
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Figure7.9: Specimen Prior to Loading

A load was applied to the specimens at a ratetofI® kips/min. Specimens with a
lower reinforcement ratio were loaded at the loveée, and specimens with a higher
reinforcement ratio were loaded at the higher rdtee slip from the LVDTs and load from the
testing machine’s load cell were measured and decbevery second by the DAQ. The testing
machine had an independent load readout which sed 1 verify the load cell data being
recorded by the DAQ. Testing was stopped aftespieeimens had reached plastic yielding at

the joint. This occurred after roughly 0.3 incloéslip at the shear plane.
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CHAPTER 8 - Shear Friction Results

This chapter gives results from the shear frictests performed in Chapter 7. Load-slip

curves were graphed and shear stresses were ¢attaled compared to the ACI code.

Concrete Properties
Fresh concrete properties of the mixes used fosltlear friction specimens are given in
Table 8.1. Cold-joint composite specimens usimgdésignation “a” means the SCC mix was
used, while the designation “b” means the convealiconcrete mix was used. The J-ring test

found the SCC mixes to pass with minimal blocking.

Table8.1: Fresh Concrete Propertiesof Shear Friction Mixes

Slump Spread  Unit Weight Volumetric Air N
(in) (in) (pcf) Content (%)

BP 24 140.1 5.00 1

EP 235 141.3 4,50 1

BU 24 134.0 8.25 1

EU 23 144.0 2.00 2
OH (a) 24.5 140.9 4.50 0
OH (b) 3.5 137.8 6.00
CJC (a) 24 137.4 6.00 0
CJC (b) 3 139.1 5.50
CJO (a) 24 136.6 6.50 1
CJO (b) 3.t 133.( 8.5(C

Results of Table 8.1 are acceptable except fomtxeused for the epoxy uncracked
specimens. That specific concrete batch startsédoegate and air bubbles were forced from
the mix because the air entrainer and superplastigiere added at the same time. That is the
reason for the low air content and high VSI readiiige air entrainer was normally added first
to the mix, and then the superplasticizer was adaethe concrete seemed to accept and mix the

admixtures better that way.
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Cylinders for the shear friction specimens werésaccording to the compressive
strength test. Three cylinders were tested foh eaacrete batch and their strengths were
averaged. All monolithic specimen cylinders werstéd at 28 days. Cold-joint composite
specimen cylinders with the designation “a” wergdd at 35 days, while cylinders with the
designation “b” were tested at 28 days. Averagemessive strength of the shear friction

specimens are given in Table 8.2.

Table8.2: Average Compressive Strength of Shear Friction Specimens

Compressive Strength

(ps)

BP 6560
EP 6660
BU 6380
EU 6730
OH (a) 6450
OH (b) 6000
CJC (a) 6660
CJC (b) 6030
CJO (a) 6580
CJO (b) 609(

Values of Table 8.2 can be compared to those frabiel5.2. Compressive strengths of
the conventional mixes are similar to the valuesifiTable 5.2. Compressive strengths of the
SCC mixes are also comparable to those of the thybixes from Table 5.2.

Observed Failure

The crack on the pre-cracked specimens beganwdystaden until the specimen
reached maximum shear load. Uncracked specimeayalie show a crack along the shear
plane and then a popping noise could be heardeaspecimen surpassed maximum shear load.
Cold-joint specimens behaved similarly to the unkeal specimens. Concrete spalling occurred
on all specimens as they underwent plastic yieldi@gecimens with higher reinforcement ratios
had more severe concrete spalling than specimdahdawer reinforcement ratios. Several

smaller diagonal cracks propagated from the shieaemt angles up to 45 degrees. Figure 8.1
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shows a specimen after the testing procedure waglete. Steel reinforcement is visible at

points where the concrete spalled.

Figure8.1: Specimen after Testing

Load-Slip Curves
Load and slip recorded by the DAQ was graphedaadslip curves. Slip measured by
the two LVDTs mounted to the specimens was avera@ig measured by the LVDT mounted
to the loading table was included in the grapha backup for maximum shear load and

determination of plastic yielding. Figure 8.2 shsoan example of a typical load-slip curve. All
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load-slip curves can be found in Appendix C. Thieence in the curves of the average LVDT
and table LVDT is due to slack in the load tabiter the specimens reached plastic yielding

the slack in the load table disappeared and theeswverlapped.
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Figure8.2: Typical Load-Slip Curve (BU-2A)

Load slip curves for the pre-cracked and uncrackedolithic specimens follow the
same trend pattern. The load is slowly increas#ill a peak or maximum shear is obtained and
then the curve drops to a constant residual I&mecimens with higher reinforcement ratios had
a smoother peak than specimens with lower reinfoecd ratios. Maximum shear and residual
load increased as the reinforcement ratio increaSgecimens with non-epoxy-coated stirrups
showed higher shear loads when compared to threpeotive specimens using epoxy-coated
stirrups. All monolithic specimens reached maximghear before 0.06 inches of slip occurred.

Curves for the OH cold-joint specimens behavedIanhyito the monolithic specimens.
Curves for the CJC specimens were somewhat sitoitdre monolithic specimens, except each
time the maximum shear was obtained, the curvenezha sharp peak. Even as the

reinforcement ratio increased, the curves stillnteaned the sharp peak and did not soften.
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Drop-off from maximum shear to the residual loadswess dramatic as compared to the
monolithic specimens.

Several CJC curves showed minor fluctuations orptedailure load slope. The load
would slightly drop and then increase again. Taigld be the result of minor slipping occurring
due to the cold-joint surface condition. Both Oktla&CJC cold-joint composite specimens
reached maximum shear before 0.05 inches of stproed. The cold-joint composite
specimens reached maximum shear faster than thelithdmspecimens.

A majority of the CJO specimens behaved completdéfgrent than their CJC cold-joint
counterparts. The curves increased until a distiietd point was reached. At that point, the
loading did not drop and a yield plateau occurrednd) the residual load. This is most likely
due to use of the bond-breaker along the sheaeplarfew of the CJO specimens did show a
small but sharp peak at maximum shear. All CJ@-gaiht composite specimens reached

maximum shear before 0.05 inches of slip occurred.

Specimen Results

Maximum shear loads were determined using the $badgraphs. They were compared
as a redundancy check to values from the indepé okt readout attached to the testing
machine. Maximum shear loads were divided by tka af concrete to get the maximum shear
stresses. The clamping force provided by the ste@afiorcement was divided by the area of
concrete to get the clamping stress. The clamfonge and clamping stress used the maximum
yield stress allowed for the reinforcement whicls\@8 ksi. Results for the pre-cracked and
uncracked monolithic specimens are given in Ta8ldsand 8.4, respectively. Results for the
cold-joint composite specimens are given in Tabe &verage shear stress for the shear

friction specimens is provided in Table 8.6.
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Table 8.3: Pre-Cracked Monolithic Specimen Results

M aximum Maximum Clamping | Clamping
Shear Load | Shear Stress Force Stress
V, vy, Af, pfy
(kips) (psi) (kips) (psi)

BP-1A 39.2 654 13.2 220
BP-1B 40.8 681 13.2 220
BP-1C 45.1 752 13.2 220
BP-2A 66.3 1105 26.4 440
BP-2B 68.8 1146 26.4 440
BP-2C 47.4 790 26.4 440
BP-3A 83.0 1384 39.6 660
BP-3B 80.1 1335 39.6 660
BP-3C 88.3 1472 39.6 660
BP-4A 95.4 1589 52.8 880
BP-4B 93.9 1565 52.8 880
BP-4C 94.9 1582 52.8 880
EP-1A 29.9 499 13.2 220
EP-1B 44.5 742 13.2 220
EP-1C 28.6 476 13.2 220
EP-2A 52.5 876 26.4 440
EP-2B 55.5 926 26.4 440
EP-2C 55.3 922 26.4 440
EP-3A 69.3 1154 39.6 660
EP-3B 66.9 1115 39.6 660
EP-3C 71.4 1190 39.6 660
EP-4A 83.5 1391 52.8 880
EP-4B 78.4 1307 52.8 880
EP-4C 76.4 1274 52.8 880
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Table 8.4: Uncracked Monolithic Specimen Results

Maximum M aximum Clamping | Clamping
Shear Load | Shear Stress Force Stress
V. vy Aty p.fy
(kips) (psi) (kips) (psi)

BU-1A 62.7 1046 13.2 220
BU-1B 56.9 949 13.2 220
BU-1C 63.3 1055 13.2 220
BU-2A 83.3 1388 26.4 440
BU-2B 76.4 1273 26.4 440
BU-2C 81.0 1351 26.4 440
BU-3A 86.7 1445 39.6 660
BU-3B 91.5 1524 39.6 660
BU-3C 89.1 1486 39.6 660
BU-4A 109.6 1827 52.8 880
BU-4B 108.4 1807 52.8 880
BU-4C 98.3 1639 52.8 880
EU-1A 68.1 1134 13.2 220
EU-1B 65.4 1090 13.2 220
EU-1C 72.6 1210 13.2 220
EU-2A 76.8 1280 26.4 440
EU-2B 86.8 1447 26.4 440
EU-2C 83.5 1392 26.4 440
EU-3A 86.3 1438 39.6 660
EU-3B 89.1 1484 39.6 660
EU-3C 89.6 1493 39.6 660
EU-4A 95.4 1591 52.8 880
EU-4B 93.0 1550 52.8 880
EU-4C 92.9 1548 52.8 880
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Table 8.5: Cold-Joint Composite Specimen Results

M aximum Maximum Clamping | Clamping
Shear Load | Shear Stress Force Stress
V. vy Afy pfy
(kips) (psi) (kips) (psi)

OH-1A 63.8 1064 13.2 220
OH-1B 62.8 1047 13.2 220
OH-1C 60.2 1004 13.2 220
OH-2A 74.6 1243 26.4 440
OH-2B 75.1 1252 26.4 440
OH-2C 73.8 1231 26.4 440
OH-3A 86.5 1442 39.6 660
OH-3B 87.1 1452 39.6 660
OH-3C 91.5 1525 39.6 660
OH-4A 95.3 1588 52.8 880
OH-4B 99.5 1658 52.8 880
OH-4C 98.8 1647 52.8 880
CJC-1A 36.4 607 13.2 220
CJC-1B 35.6 594 13.2 220
CcJC-1C 36.5 608 13.2 220
CJC-2A 42.6 710 26.4 440
cJC-2B 45.3 754 26.4 440
cJCc-2C 43.6 726 26.4 440
CJC-3A 48.1 801 39.6 660
CJC-3B 48.3 805 39.6 660
CJC-3C 47.5 791 39.6 660
CJC-4A 54.4 906 52.8 880
CcJC-4B 58.0 967 52.8 880
CJC-4C 60.1 1001 52.8 880
CJO-1A 9.3 154 13.2 220
CJO-1B 12.7 211 13.2 220
CJO-1C 16.9 282 13.2 220
CJO-2A 22.4 374 26.4 440
CJO-2B 21.2 354 26.4 440
CJO-2C 19.8 330 26.4 440
CJO-3A 23.6 393 39.6 660
CJO-3B 27.1 451 39.6 660
CJO-3C 27.1 452 39.6 660
CJO-4A 28.8 479 52.8 880
CJO-4B 36.3 605 52.8 880
CJO-4C 33.1 551 52.8 880
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Table 8.6: Average Shear Stressof Shear Friction Specimens

Average Shear _Stress (psi)
A,=022in> A,=044in* A,=0.66in> A,=0.88in

BP 695 1013 1397 1579
EP 572 908 1153 1324
BU 1016 1337 1485 1758
EU 1145 1373 1472 1563
OH 1038 1242 1473 1631
cJc 603 730 799 958
cJO 216 352 432 545

Ultimate shear stress vs. clamping stress of theafithic specimens is illustrated in
Figure 8.3. Figure 8.3 shows shear stresses foraaked specimens were higher than shear
stresses of their comparable pre-cracked countsrpd@he uncracked non-epoxy specimens
initially had slightly lower shear stresses thaosth of the uncracked epoxy specimens. When
the reinforcement ratio increased, the uncrackedepoxy specimens resulted in higher shear
stresses than those of the uncracked epoxy spesinfdns was to be expected as epoxy coating
reduces bond strength. The non-epoxy pre-cragkecirmens were all higher than their
counterpart epoxy pre-cracked specimens.

All shear stresses for similar specimens were gedupgether except for two outliers.
The first outlier was specimen BP-2C, which hadvadr shear stress than the other two
specimens of the same type. The reason for thikldze the pre-cracking procedure was taken
too far, which resulted in a much larger crack.e Becond outlier was specimen EP-1B, which
had a higher shear stress than the other two spasinf the same type. The reason for this
could be the pre-cracking procedure was not fubiypleted, which resulted in a partial crack
forming through the shear plane instead of a fiztk.

Equation 7.2 is graphed in Figure 8.3 along wi#hdhear stresses. A coefficient of
friction of 1.4 was used as all specimens were rttncally cast. All monolithic specimens
exceeded the minimum limit of Equation 7.2. Thisams if the hybrid concrete mix was
overdosed with superplasticizer and a full SCC wis poured into the bridge deck, the limits

set forth by the ACI code equation for shear fostivould be passed.
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Figure 8.3: Ultimate Shear Stressvs. Clamping Stressfor M onolithic Specimens

Ultimate shear stress vs. clamping stress of thejoint composite specimens is
illustrated in Figure 8.4. Figure 8.4 shows theaststresses for specimens with a one-hour cold-
joint were higher than the specimens with a sewegneld-joint. All shear stresses for similar
specimens were grouped together with no outliers.

The one-hour cold-joint specimens were thoughtetsilmilar in nature to the uncracked
monolithic specimens, as the two concrete layezmed to bond together monolithically
without a crack. Shear stresses of the one-hddrjemts in Figure 8.4 were higher than both
the shear stresses of the monolithic pre-crackedyegnd non-epoxy specimens of Figure 8.3,
but lower than the shear stresses of the monolithecacked epoxy and non-epoxy specimens in
Figure 8.3. The uncracked monolithic specimensigeal an upper range for the shear capacity
while the pre-cracked monolithic specimens providddwer range for the shear capacity.

The seven-day cold-joint specimens with a cleamsinterface had higher shear stresses
than the seven-day cold-joint specimens with aedoghear interface. This was expected, as the
oil on the shear interface acted as a bond brdadtareen the two concrete layers.
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Equation 7.2 is graphed in Figure 8.4 along withshear stresses. A coefficient of
friction of 1.4 was used for the one-hour cold-jspecimens and a coefficient of friction of 0.6
was used for the seven-day cold-joint specimerisomfe-hour cold-joint specimens surpassed
the minimum limit of Equation 7.2.

The seven-day cold-joint specimens with a cleamisinterface also exceeded the
minimum limit of Equation 7.2. The 7-day cold-jbspecimens with an oiled shear interface
hovered above the minimum limit of Equation 7.2nlyOtwo of the specimens fell below the
limit. Even though specimens had a seven-day jootd-between concrete castings and the
shear interface was coated with a bond breakerggdting average ultimate shear stresses still

passed the minimum limits for shear friction of €l code equation.
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Figure8.4: Ultimate Shear Stressvs. Clamping Stressfor Cold-Joint Composite Specimens
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CHAPTER 9 - Conclusions and Recommendations

Summary and Conclusions

The following conclusions can be made based onaattined in this project:

1.

Conventional and hybrid concrete bridge deck misigles containing a 0.35
water-to-cement ratio, 721 Ib@ype I/ll cement, and a 50%-50% fine-to-coarse
aggregate ratio meet requirements of the project.

An air-entrainer dosage rate of 0.19 0z/100 lbevhent and a superplasticizer
dosage rate of 4.43 0z/100 Ib of cement for thezentional concrete bridge deck
mix; an air-entrainer dosage rate of 0.18 0z/106flbement and a
superplasticizer dosage rate of 6.33 0z/100 lkeafent for the hybrid concrete
bridge deck mix meet requirements of the project.

Fresh concrete properties show conventional anddhgbncrete mixes to have
values that satisfy requirements of this project EDOT. This includes slump,
spread, air content, and workability.

Hardened concrete properties show conventionahghdd concrete mixes have
values that satisfy KDOT requirements. This inelsidompressive strength,
tensile strength, modulus of elasticity, permeghifreeze/thaw resistance, and
coefficient of thermal expansion.

A bridge deck using conventional and hybrid coreratxes should be
considered a monolithic piece. Therefore, hardexvedrete properties should
either be the same or very similar. It was discestdhardened concrete properties
of conventional and hybrid concrete mixes do haasy gimilar results. This
satisfies some of the requirements of this project.

Core testing showed bonding of the two concreterlayo be more successful
with vibration between the two concrete layerslit@ensile test results on the
cores with vibration between layers were closepid-tensile test results of the
respective cylinders.

Monolithic shear friction tests revealed the warase scenario mix of SCC to

pass shear friction limits of the ACI code equati@vld-joint shear friction tests
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using the SCC and conventional concrete mix alssgashear friction limits of
the ACI code equation. This included specimeng wibne-hour cold-joint, a
seven-day cold-joint with a clean shear interfacel a seven-day cold-joint with
an oiled (bond breaker) shear interface.

Recommendations
The following are recommendations to KDOT:

1. The freeze/thaw resistance test should be redartedaonventional concrete
mix. Beams made for the test failed to pass KD@&juirements. Note, unit
weight for the mix indicated the air content wasyabout 3.25%.

2. A small core block with a shorter time between ¢eteplacements should be
cast, cored, and tested. Equipment restrictioaggmted faster concrete
placements. A quicker placement between concestengs would help increase
the bond of the two concrete layers.

3. The superplasticizer admixture should be addedlgltmthe concrete mixes after
the air-entrainer has been added. It was fourteasier to slightly overdose the
concrete mixes with superplasticizer and overshootarget slump/spread than it
was to precisely hit the target slump/spread eiach & concrete batch was made.

4. This paper constituted Phase 1 of a two-phase grofgased on the findings

from this work, the author recommends moving fodwarth Phase 2.
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Appendix A - KDOT Data
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. -
DTMT252 Kansas Department Of Transportation PAGE - 1
Run Date: 06 07 07 PCC Design Mix
Run Time: 11:57 aM
PC Mix #: 1PWDO40A E Matrl Code: PCC000059 Name: CONC (CF/GR35/AE/SA) W/C Max: 0.35
Spec Min CF: 602 Design CF: 721 % Air: 6.5 Design Slump: 2.95 Design: 0.35
Water Scurce: PRIVATE WELL Eff Date: 07 18 05 Term Date: 01 01 10
Material Name Prod # Prod Name spg % Blend
001110008 FA-A NATURAL SAND 00817104 MIDWEST CONC CO(081) 2.59 50.0
001030013 CA-4 GRAVEL 00817104 MIDWEST CONC CO(081) 258 50.0
Cement Name Prod # Prod Name spg % Blend
161060100 CEMENT TY 1/2 BL/BAG 00003001 ASH GROVE (CHANUTE) 3.15 100.0
Lbs Per Cubic Yard Material Name Prod # oz/cy
Aggl= 1,408 Water= 253 AEA 041000000 ATIR-ENTRAINING AGENT 00000201 3.1
Agg2= 1,409 Cmntl: 721 ADMIX1 042010004 TYPE A (WATER REDUCE 00000201 48.3
Agg3= Cmnt2: ADMTX2 04203000D TYPE-D ADMIXTURE Q000201 48.3
hggd= Cmnt3: ADMIX3 04204000F TYPE-F ADMIXTURE 00000201 40.1
Total: 3,791 Conc Unit Wk: 140.41 Air Free Unit Wt: 150.17
Remarks: MCM PLANT #5 00601503, AIRPORT

FigureA.1l: KDOT Project K-

3433-03 Bridge Mix Design

86




Appendix B - Shear Friction Stirrup Stress-Strain Curves
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Appendix C - Shear Friction Specimen Load-Slip Curves
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