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EVALUATION OF RECYCLED CONCRETEAGGREGATE
PRODUCEDFROM DEMOLISHED RUNWAY PANELS
AS A SUBSTITUTE FOR COARSE AGGREGATES

IN NEW PORTLAND CEMENT PAVEMENTS

Abstract

by Timothy Charles Spry, M.S.
Washington State University
July 2013

Committee CeChairs: David McLean andaifangWen

The goas of this studywereto investigate the effects of substitutiregycled concrete
aggregate (RCA) fonatural aggregatdN@) in concrete intended for new portland cement
concrete pavements (PCCRBhd to investigate the effects of substitufiggash forportland
cement whilesimultaneously substitutingCA for NA. The RCA investigated in this studyas
producedrom demolished runway panels at Fairchild Air Force Base in eastern Washington.
Eight concrete mies were prepared in this study, based on the same referendesing which
incorporatedlifferent amounts of RCA as a substitute for coarse aggregate (0%, 15%, 30% and
45%) and fly ash as a substitute for portland cement (0% and 20%).

Theslump, air content and densitytbk freshconcretevere determinedCylinder andoeam
specimengrom each of theightmixeswere testedo investigate the effects of RCA and fly ash
on the hardened concrete properties, including compressive strength, modulus of MPR)e

coefficient of thermal expansiq€ TE) and drying shrinkag Properties of the RCA were also



determinedincluding specific gravityabsorption, lbbs Angelesbrasion loss, degradation, and
alkali-silica reactivity(ASR).

It is recommended that the RCA be washed and any fine materials removed prior to use to
meetthe Washington State Department of Transportation (WSDOT) degradation requirement.
The RCA used in this study did show signs of being alitdtia reactive, but further tests are
needed to confirm that this expansion is due to the adiada reactionlf the RCA is confirmed
to be reactive, this situation can be mitigated through the use @lkal cement or fly ash
substitutionIt was found that fresh concrete density decreased with the addition of RCA.
Substituting RCA for coarse aggregate atgafe to 45% was found to have no statistically
significant effects on compressive strength, MOR, and CTE values. It is recommended that
additional research be conducted with RCA substitution rates greater than 45%.

Based on the results of this study, tise of RCA as a substitute for natural coarse aggregate

seems promising for use in new PCCP in Washington State.
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CHAPTER 1: INTRODUCTION

1.1 Background

According to the American Society of Civil E
poor to medi ocr e c oThdrei$dnargeétmeed réh&blitkte or 2flate3 ) .
these roadway® ensure that quality and safety standards are maintdihede projects will
require an immense amount of aggregatgich is a concern as aggates are a nonrenewable
natural resourcand quality aggregates are becoming increasingly scarce

Roadwayowners and transportation agengtee ncer ned wi th our nati on
dwindling supply ofhatural aggregates (NAjgve been looking for effective waysrtutigate
this dependenc&Jsing recycled concrete aggregaiRGA) in portland cement conete
pavementgPCCB could prove to be an economical and sustainableto alleviate our
dependence on natural aggatesRCA is producedrom the rubble of demolished pavements
and structuredn addition to alleviating our dependence on nataggkegategecycling these
demolished pavementsuld greatly diminish the amount of waste that wawddmally be
dumped into landfills (FHWA, 2007).

Currently, RCA icommonlyused as basematerial for concrete pavemenksit it is
utilized much lessn new PCCRANderson et al., 20090\ number ofstates including Alabama,
Colorado, FloridaKansas, Minnesota, Nevada, Ohio, Tennessee, Texas, and West \itginia
allow the use of RCA in PCCP applicatippsovided thathe RCA meets thapplicable
requirements foaggregate propees Other states prohibit the use of RCA becahey have
not yet adequately evaluated the use of RCRQCR or becausehey have concerns regarding

the consistent performance of PCCP made with R&#lersonret al, 2009).



Reasonsvhy RCA iscurrently not widely useth PCCPinclude manytransportation
agenciegprohibitthe use of RCAthere are concerns with expansion causeddstramental
reaction known as the alkailica reaction (ASR)andthere areconcerns with the consistent
performancef concretes incorporating RCXhile some ofthese concerns aveell founded
there argotentialstepsthatcan be taken to mitigate any adverse effects that R&phave on

the strength and dability propertiesof concrete.

1.2 Scope and Objectives

The goas of this studyweretwo-fold: to investigate the effects substituting NA with
different amounts dRCA; and to investigate the effects of substituting portieer@ent with fly
ash while simultaneously substituting NA with RCA. The RCA investigated in this stasly
producedrom demolishedunwaypanels at Fairchild Air Force Baseeastern Washingtom
addition to the study reported in this thesis, two cemgntary investigatiorsreunderway
examining concrete incorporating RCA framo other sources in Washington Stafée three
studies argart of a biggeproject fundedy the Washington State Department of Transportation
and the Pacific Northwest Trgrartation ConsortiumAll three studiesised the same materials
(apart from the RCA, which came from different regions of Washingtodjollowedthe same
batching procedure and testipgpcedures

In an attempt to better understand the effects that R@Alg ash have on new PCCP, each
studyevaluateceightmixes of concretprepareased orthe same mix desigout incorporating
RCA from thethreedifferent sourced~or each of theeightmixes, a number of fresh concrete
tests were performed, includimgeasuring thelump, air content, and density afncrete Tess

of cylinders and beanfsom each of theightmixeswere performedh order to investigate the



effects of RCA and fly ash on the hardened concrete properties, including compressive strength,
modulus of rupturéMOR), coefficient of thermal expansi¢@TE), and drying shrinkage.
Properties of the RCA wemdsoinvestigatedincludingspecific gravity and absorption, Los
Angeles(LA) abrasion loss, degradation, and aHlsdica reactivity(ASR).

The overallobjectiveof this project is to investigate the viability of incorporating RCA in
new PPCP in Washington StaRecommendations regarding the use of R€CAew PCCRare

given at the end of thibesis



CHAPTER 2: LITERATURE REVIEW
2.1 Introduction
This chapter discusses the findings from other research projettts propertieef RCA and
how RCA substitution foNA and fly ash substitution for portland cement affects the fresh and

hardened properties of concrete.

2.2 Properties of RCA
This section discusseveral of theelevant properties of RCicluding specific gravity,

LA abrasion loss, degradation value, and alkdica reactivity.

2.2.1 Specific Gravity

Specific gravity is a property of an aggregate that describes its densityerétetinat of
water. RCA tends to havewer specific graviesthan NA due to the aentrainedadhered
mortarportion of the RCAA literature reviewby the Washington State Department of
Transportation (WSDOT) reports thae specific gravity oRCA rangesetween 2.1 and 2.4,
while the specific gravity oNA ranges between 2.4 and 2.9 (Anderson et al., 2005¢lde
(2013)reported a specific gravif 2.52 for RCAobtained from demolished pals of Interstate
90 near RoslynWashington

If RCA is substituted by weight without accounting for the specific gravity, the total volume
of batched concrete will be larger thatended When the specific gravity is accounted for, the
substitution is made on a volumetric basis while the total weight ofjiregates fluctuates

resulting in a consisterblumeyield of the concrete



2.2.2 LA Abrasion Loss

TheLA abrasion loss test is used to determine how much material loss will occur when an
aggregate is abraded by steel balls in a rotating drum. The hardtiessagfregate determines
the outcome of this test.

Typical values of LA abrasion loss for RCA range between 20% to 45%, while the loss range
is between 15% to 30% for NA (Anderson et al., 2009¢lde (2013)reported an LA abrasion
loss of 29% fothe RQA used in his studyThis increase in material loss for RCA has been
attributed to the weak bond between the mortar and aggregate, while NA has a stronger inner
structure (Amorim et al., 2012). In order to be approved for use in pavements, WSDOT requires

coarse aggregate to have a LA abrasion éoggl to or less tha8b% (WSDOT, 2012).

2.2.3 Degradation Value

The degradation value is a number that quantifies the amount of material loss due to abrasion
of an aggregate in the presence of water (WSDOT, 2012).QVSBquires that aggregates have
adegradation value that equals or excex@lgn order to be approved for use in pavements
(WSDOT, 2012)Mjelde (2013)reporteddegradation values of 15 and 55 floe asdelivered
RCA (containng fine and coarse RCA mai&l no NA) andtheprocessed RCAcpntaining

only coarse RCA material, no NArespectivelyused in his study

2.2.4 ASR
ASRis a chemical process that occurs when the alkali present in cement reacts with a
reactive form of silica present in the aggred&tesmatka and Panarese, 1988)addition to

these two components, a high moisture content and warm environment must also be present in



order for the reaction to occ(ikosmatka and Panarese, 1988hen all of these components
are present, an expansivd geformed within the concrete. This gel swells as it absorbs water
from its surroundingnaterials causing internal pressure to grow within the concrete until it is
relieved by the concrete cracki@i§osmatka and Panarese, 198B)is reaction can be
detimental to the durability of concrete if actions are not taken to mitigate it.

Concrete incorporating RCA has been reported to run a higher risk of experiencing problems
with ASR (Anderson et al., 2009Yhe crushing process used to break down the RCAsexp
more surface area for the reaction to oaehencompared to NAHowever, there are effective
ways to mitigate the ASR reaction when necess
Type Il cement, blending the RCA with quality conventional aggregatesd usi ng fl y as
substitute for cement (Anderson et al., 2009). Expansion due to ASR reactivity is reported to be
reduced by up to 70% when Type F fly ash is used in congfetamatka and Panarese, 1988)
Mjelde (2013)reporteda 14day ASR expansion of 0.088 for mortar bars containingrocessed
and crushe@®CA. This value idelow 0.10%, which is the maximum allowable expansion,
specified by AASHTO T 303, NRnAccel erated Detec

Mortar Bars Dueto Al&li-Si | i ca .Reacti ono

2.3 Properties of Fresh Concrete
This section discusses the effeat RCA substitution oseveral otherelevantproperties of

fresh concretencludingworkability, air content, and density.



2.3.1 Workability

Concreteworkability can be aancernregardless of whether or not RCA is used to replace
NA, but a mix with RCA Atends to | ose workabi
al., 2011). This harshness is due to the more angular surface typical of RCA, compared to NA,
which is a result of the crushing process used to obtaimé.study foundthatt he RCAO s
average shape index is 120% hi gth)eameaningtltlan t he N
RCA is more angul at ed .t2018)nThd workabiNy®ORaomix@ffectso r i m e
slump, how easily the concrete can be plaeaedhow well it will consolidate

While adding more water isgossiblesolution to this problemt can become detrimental if
the watercement ratio becomes too high, negatively impacting the strength properties of the
hardened concretés an alternativea waterreducing admixture (WRAganbe addd during
the batching proces$his admixture acts tonprove the workability of the mix while not adding
any additional water to thaix. While not always the case, fly ash substitution for cement is also
reportedio decrease the effective water requirement from one to ten percent in order to achieve a
target slump(Kosmatka and Panarese, 1988he or both oftiesetwo additions to the miare

often necessarpr controlling slump andhaintaining a proper water/cement ratio

2.3.2 Air Content

Mi xes containing RCA tend to have higher air
higher porosity of the recycled aggregates themselves and to the entrained air in the original
mortar mixo (Anderson et al . ,lowkOcOnBr¢te strangthg,h er a
as there is less net concrete volume to transfer loads within the cdiaeteatka and

Panarese, 1988)



To mitigate the highethannormal air content of concrete with RCiAis recommended that
as much of the mortar memoved as is reasonably possible from the RCA before it is

incorporated into the mix (Anderson et al., 2009).

2.3.3 Density

Concrete mixes with RCA will typically have a lower density than mixes using only NA
(Anderson et al., 2009). This is due to the logzcific gravity of RCA compared to NA.
Mjelde (2013) reported fresh concrete densities in the range of 142.8 pcf to 1464 pcf

concretes with partial RCA substitution.

2.4 Properties of Hardened Concrete
This section discusses the effeat RCA substitubn for NA onseveral othe relevant
properties of hardened concrete including compressive strength, modulus of (MRe

coefficient of thermal expansid@TE), drying shrinkage, and freetleaw durability.

2.4.1 Compressive Strength

According tothe literature review byhe WSDOT, concrete containing RCA will have a
slightly lower compressive strength than normal concrete assuming that theeratat ratio
and air contenaresimilar (Anderson et al., 20090 he literature revieweported that the elastic
modulus of the RCA is on the averagé&2® 40% less than mixes utilizing only NA with the
same watecement ratiogAnderson et al., 2009T herefore, a mix containing RCA with a lot of

mortar on it is likely to have lower congssive strength than a normal concrete mix.



Contrary to these findings, other studies hfmeendthat there are no significant differences
between the compressive strengtmofmal concrete and RCA concrékdjelde, 2013) The
report by Amorimet al. (202 ) specul ates that #AThe fact that
transition zone with the new cement paste and the possible presence of unhydrated cement on the
RCA are considered as possi bl e | usAliofthecati ons
compressive strengtiis M| e | stuelydvere abovehe WSDOT requirement &f000 psi at an
age of 28 day#or concrete incorporating up to 45% coarse RCA (Mjelde, 2013).

Fly ash ha®eenshown to increase the loitgrm compressive strengthigaf concrete
(Kosmatka and Panarese, 198€)elde (2013)reported that fly ash decreagbeé earlyage

strendh gain of concrete without affecting the letegm strength gain

2.4.2 Modulus of Rupture

Modulus of ruptureNIOR) is thetensilestrength of concrete when subjected to flexural
loading. The WSDOT report by Anderson et(2D09) states that tHdOR can be reduced by up
to eightpercentwvhenRCA is substitute focoarse aggregate. It is thought that there is a direct
correlation betwen the reduction in flexural strength and the quality of the magigiregate
bond of the RCA (Anderson et @2009) (Limbachiya et al., 20L.2Vljelde (2013)reported 14
day MOR values, for concrete incorporating up to 45% RiG#t, wereall above thaVSDOT
requirement of 650 psHe also foundhat RCA had littleor no effect on the MOR of concrete

Just as with the compressive strength, fly ash has been found to increase-teentong
flexural strength gain of concretikosmatka and Panarese, 1988)is increase in flexural
strengthcould provide the concrete with greater resistance to cracking, as cracking is directly

related to the tensile strength of the concrete.



2.4.3 Coefficient of Thermal Expansion

Thecoefficient of thermal expansio@TE) is a property of the aggregate that defines how
mucha material will expand or contract when subjected to temperature change. A recent study
found that RCA substitution has the effect of lowering the CTE of concrete (Smith and Tighe,
2009). Tlke CTEof theconcretehas also been reported torbainly affected by the type of
aggregates used in the concrgdesmatka and Panarese, 1988TE values for normal concrete
arereported to range fro®.2 to 7.0 millionths per degree Fahrenligismatka and Panaess

1988)

2.4.4 Drying Shrinkage
Normal concrete exposed to air with 50% relative humidity is reported to experience drying
shrinkage from 400 to 800 milliontligKosmatka and Panarese, 198&)cording to Anderson et
al. (2009), concrete with RCA undergageater amounts of drying shrinkage than concrete with
only NA due to excess water that is present in the fresh cement paste. The increased porosity
introduced by the RCA also lowers the stiffness of the concrete, rendering it less able to restrain
deformdion when compared to normal concrete (Amorim et al., 2012). Furthermore, RCA mixes
arereported to baffected the most in dry regions when compared to the durability of a NA mix
(Amorim et al., 2012). This iskely due to the high porosity of RCihatallows water to
evaporate much more readily than NA, increasing the amount of drying shrinkage experienced.
Regarding the effects of fly ash substitution on drying shrinkage, two seemingly conflicting
conclusions have been reported. According to Limbachtiyd. (2012) Aal l fly ash co
have exhibited a | ower magnitude of drying sh

capability to reduce shrinkage s& i nHo@ever, the PCA reports that below a 40%

10



substitution rate of fly ash for cement, thesdittle to no observable effect on the drying

shrinkaggKosmatka and Panarese, 1988)

2.4.5 FreezeThaw Durability

Freezethaw durabilitydescribeghe ability of a concrete to resgamagevhen undergoing
expansion and contraction due to cycles of freeamtjthawingFreezethaw durability is
largely dependent atheair void system and the amount of entrained air present in the concrete
(FHWA, 2007).The literature revievoy the WSDOT postulatedhat RCA concretavill be more
resistant to freezthaw effects due to the increased porosity of the RCA, wdllolws for more
air-entraining admixture (AEAfo settle into the pores of the cement paste (Anderson et al
2009).Including AEA in the mix will alsoimprove freezehaw durability According to
Kosmatkaand Panaregd 988, air entrained concrete is highly resigtemfreezethaw
deteriorationTheyfurther explain, saying hat fAwater di splaced by i ce
accommodated so that it is not disruptive; the microscopic air bubbles in the paste provide
chambers for the water to enter and thus relievathed r aul i ¢ pr €Kkosnatkae gener e

and Panarese, 889).

246 Summary of Mjeldeds Resul ts

The following is a summary ahain observations and conclusions reached in the study by
Mijelde (2013) using RCAroducedrom demolished interstate panels in central Washington
State.Theexperimentaproceduresised by Mglde werethe same thawvereused for this study,
except that his study used a different source of RGAis report, Mjelde concluded the

following:
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1. RCA decreastthe workability of fresh concrete

2. Fly ash increaskthe workability of fresh concrete

3. RCA decreasethe density of fresh concrete

4. Based on the results of his study, RCA did not appear to influence the compressive

strength or modulus of rupture

Since alleightof his concrete mixes met the WSDOT requirements for PCCP, he
recommendethatfurtherstudies be conducted in which gregiercentagesf coarseRCA
substitutionareinvestigated As long aRCA issubstituted for only coarse aggregatdgelde

postulatedhat RCA would be suitable for use in PCCP based on the WSDOT requirements.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 Introduction

In this project, concrete incorporating three different sources of RCA were investigated. This
thesis focuses on concrete with RCA from one of those sources, designated as source B. For each
source of RCA, eight batches of concrete were made: six of whided RCAas a substitute
for varying portions of the coarse aggregate, and two didargain any RCATwo components
were varied in the batches: the amount of RCA substitaiosh the amount of fly ash
substitution. RCA was substituteg volumefor natural coarse aggregate at 0%, 15%, 30%, and
45%, and fly ash was substitutieyl weightfor portland cement at 0% and 2@%hile at the
same timevarying the amount of RCA substitution. Fresh and hardened concrete samples were
produced from each batch fiasting. RCA substitution rates and fly ash substitution rates for
each of the eight mixes are presented in Table 3.1.

Table 3.1 Parameters of theEight Concrete Mixes

Mix Percent RCA | PercentFly Ash
No. Substitution Substitution

1 0% 0%

2 15% 0%

3 30% 0%

4 45% 0%

5 0% 20%

6 15% 20%

7 30% 20%

8 45% 20%

A referenceportlandcement concrete paveme®CH mix design waprovidedby

WSDOTfor use in this study (mix C8022) and is giverAippendixA.
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3.2 Materials
This section discusses the materials used for the project incldeliaids of theNA, RCA,

cementitious materials, and admixtures.

3.2.1 Natural Aggregates

The NA used in this studyassupplied from WSDOJapproved pits. The aggregates were
deliveredin five separate components: 1.5 in. round combined, 3/4 in. round combined, 3/8 in.
round combined, coarse sand combined, and blend sand combined. Additional information on
these components is given in the reference mix design C8022 in Appendix A.

In order to facilitate the batching process, ¥ components were recombined into a coarse
aggregate stockpile and a fine aggregate stockpile. The coarse aggregate stockpile conformed to
AASHTO Grading No. 467, and the fine aggregate stockpile conformed @iake 1 gradation

(WSDOT, 2012). All NA vasstored in an indoor facility at Washington State University.

3.2.2 RCA

The source B RCAvas obtained frodemolishedunway panels at Fairchild Air Force Base
located near Spokane, WAwo methods of crushing were used to produce the RCA. A jaw
crusher was used first to break up plamelsnto pieces oimanageable sizgand therthe pieces
wereprocessethrough a comb crush& produce RCAvith a nominalmaximumsize of 1.25
in.

In this study RCA wassubstitutednly for coarse aggregates; therefahe gradation othe
RCA used for batching had to conform to AASHTO Grading No. 467 (WSDOT, 2012). In its

delivered state, the RCA did not meetgbgrading requirements. Traeetthe grading
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requirementsthe asdeliveredRCA was sievedisinga mechanical shakéirough3/4in., 3/8
in., and No. 4 siev& washed to remove the fiparticlesstill presenin the RCA andthen
recombined into a new stockpile which met the AASH&ding No. 467 TheRCA was
stored in an indoor facility located at Washington State UniverRitgre was approximately a
26% yield of useable RCA after the-@aslivered product was sieved and recombined. All

material below the no. 4 sieve wdiscarded

3.2.3 Cementitious Materials
Two cementitious materiaigsereusedin this project. The cememtasType /1l and was
produced by Ash Grov€emenin Durkee, @egon The fly ashwas Type F and came from

Centralia, Washington

3.2.4 Admixtures
Two admixtures were usedrfthis project: Daravair 100flr entraining admixtureNEA)
and WRDA 64 watereducing admixturé WRA). Bothadmixtures werenanufactured by WR

Grace & Co.

3.3 Concrete Batching

This section discusses the batching process including preparing materigieaimien

molds, mixing the concrete, and making the test specimens.
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3.3.1 Material Preparation

Prior to batching, the specific gravity and absorption values of the recombined aggregate
stockpiles were obtained. Since these properties do not change over time, these pnagrerties
determinecdbnly once.

Proportions listed in the reference mix designl@ased on aggregateeing in the saturated
surface dry (SSD) condition at the time of batching. However, none of the aggregates for this
project were in their SSD stad the time of their usén the SSD state, aggregates have a
moisture content equéd that of their absorption capacity; there is no excess water present on the
surface of the aggregate, nor does the aggregate absorb water from the mix.

In order to correctly account for moisture conditiémsbatching the moisture contents of
the aggegates were determined the day prior to batching. A sample of aggregate was taken from
each of the stockpiles being used and weighed in its existing condition, dried in an oven, and
then weighed again to obtain the dry weight. Once the existing and dylgte/@iere known, the
moisture content was calculated. If the moisture content of the aggregate was higher than its
absorption capacity, then the moisture condition in the aggregate exceeded the SSD state; water
had to be subtracted from the batch wateradtditional aggregate had to be added equal to the
weight of batch water taken out in order to maintain a similar total weight of batch material. If
the moisture content of the aggregate was lower than its absorption capacity, then the aggregate
had not yereached its SSD condition; in this case water had to be added to the mix water and
aggregate weight had to be reduced by the amount of water added to the batch water. This
process of dynamically adjusting batch proportions ensuredlttaggregates wereffectively

in their SSD condition during mixing.
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After adjusting the batch material proportions, the aggregates, cement, and fly ash were then
weighed out and placed in buckets nearby the mixer. Admixtures were measured out into
graduated cylinderandalso placed nearby

The range of acceptable slurapd air content for the batcheasspecifiedby the WSDOT.

The acceptable range for the slump was 1 to 3 in., and the acceptable range for the air content
was 4% to 7%. To meet these criteria, WRA and Afike added to the mixer in a manner that
allowed the slump and air content to be approached from ldke&mnminimum target values in

orderto avoid overshooting the targets. It should be noted that weight of water and the volume of
admixtures used were neld constant among the eight batches of concrete. This was done so
that each batch would meet the slump criterion.

Final batch quantities for each of the eight mixes, on a cubic yard (CY) basis, are given in

Appendix B.

3.3.2 Concrete Mixing Procedure

To begn the mixing process, cement slurry (cement and water) was poured umoning
concretemixer and allowed to coat the interior of timeing drum. Oncehe drum was fully
coakd the excess cement slurry was dumped out.

Next, all of the aggregates fthre given batch were placed into the mixer. Once all of the
aggregates were inside, the mixer was turned on and a portion of the mix water was added. The
mixer was allowed to run for approximately three minutes to allow the aggségdecome

well blendal. A picture of the aggregates being placed imthesr can be seen in Figure 3.1
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Figure 3.1Placing Aggregate in the Mixer

The next step was to add the cementitious materials and an additional portion of the mix
water while the mixer was still runrgan Some water was withheld for the purpose of insuring
that the slump did not exceed the specified range based on visual inspection. After approximately
two minutes ofdditionalmixing, the mixer was stopped, any concrete sticking to the drum wall
was scaped off, and then the mixer was turned back on. The mixer was kept runranigp fair
of approximately five minutesince the addition of the cementitious materials.

Once it was determinedbased on visual inspectigtmat the lower limit of slump had been
approached, the mixer was stopped and the slump was measured. If the slump was within the
acceptable range, the mixing procedure was continued. If the slump was below the acceptable
range, then the concrateed for he slump tesivas placed back into the mixer, the mixer was
turned onadditional water was added to the mixer #melbatchallowed to mix foran additional

two to three minutes, and then the slump was measured again. If the slump was still not within
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theacceptable range and all the mix water had been added, WRA was addetbtwthee

during the next step. A picture of the slump test beinfppaed can be seen in Figure 3.2

Figure 3.2Measuring Slump of Fresh Concrete

After an acceptable slump washieved, the AEA was added to the running mixer and
allowed to mix for another five minutes. AEA was always addeth the dosagbeingbased on
past experience. WRA was only added if the slump was not in the target range after all mix water
had been atkd.

After the five minutes of additional mixing, the mixer was turned off, and the slump and air
content were measured. If both the slump and air content were found to be within their
acceptable ranges, the mixing procedure was terminated and the procgsssed to the
sample preparation stage. However, if either the slump or the air content were found to be below
the target range, additional volumes of the appropriate admixture were added to the concrete and
mixing was resumed for another three minufids®e mixer was then stopped in order to measure

the slump and air content again to make sure they were within their acceptable limits.
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At this point, the mixing process was over. Tlesh concretéensity was measureand any
remaining mix water was reoded. A picture of the density test being performed can be seen in

Figure 3.3

Figure 3.3Tamping the Fresh Concrete for the Density Test

3.3.3 Sample Preparation
All test specimens were prepared following t
and Curing Concrete Test Specimens in the Lab
compression cylinders, 3 CTE cylinders, 5 flexure beams, and 3 shrinkage beamsaatad.
All cylindrical test specimens were filled and tamped with a rod using the specified procedures,
while the beams were filled and vibrated on a shake table. The tops of the test specimens were
then smoothed with a trowel. The cylinders were cdppi¢h plastic caps, and the beams were
covered with a moist towel followed by a plastic sheet to help keep the moisture in. The test

specimens then sat for 24 hours, after which they werealéed and placed in limsaturated
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water for curing. Picturesf the preparation of compression cylinders and flexure beams are

given in Figure 3.4 and 3.5respectively.

—r i

Figure 35 Preparation of Flexure Beam
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3.4 Test Methods
This section discusses the test methasisd for this projeancluding theRCA tests, fresh

concrete tests, and hardened concrete tests.

3.4.1 RCA Tests

Four tests were used tharacterizéghe RCAusedht hi s project. AASHTO T
Gravty&Absor ption of Coarse Aggregateo, was used
absorption of the RCA. AASHTO T 96, AdAStandard
SmallSi ze Coarse Aggregate by Abrasi on usedtd | mpac
guantifythelAabr asi on | oss of the RCA. WSDOT T 113,
Degradation Valueodo, was used to determine the
T 303, fnAccelerated Detect imoiMoadr Bals®tedont i al | vy

Alkali-Si | i ca Reactiono, was used to determine t hi

3.4.2 Fresh Concrete Tests

Three tests were useddbaracterizé¢ he fresh concrete. AASHTO T
Hydraulic Cement Con c rtheslienp of thevfeeshly batcleed cocrete.d e t e r
AASHTO T 152, AnAir Content of Freshly Mixed C
determine the air content of the freshly batched condkelgpe B meter was used for this
project, andacorrection factoof 0.5was determineébr all rates of RCA substitution. Lastly,
AASHTO T 121, ADensity (Unit Weight), Yield,

was used to determine the density of the freshly batched concrete.
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3.4.3 Hardened Concrete Tests
Types agesand number of specimef® the hardened concrete tests carried out for each of
the eight concrete batches are given in Table 3.2.

Table 3.2 Hardened Concrete Tests

Day | Test (number of specimens tested
Slump(1)
0 Air Content(1)
Density(1)
1 Shrinkage (3)
7 Compression (3)
14 Flexure (5)
Compression (3)
o8 Compression (b
Shrinkage (3)
32 Shrinkage (3)
35 Shrinkage (3)
42 Shrinkage (3)
56 Shrinkage (3)
84 Shrinkage (3)
90 Compression (3)
140 Shrinkage (3)
252 Shrinkage (3)

Four tests were used tbaracterizéhe properties ahe hardened concrete. AASHTO T 22,
ACompressive Strength of Cylindrical Concrete
compressive strength of the hardened concketerteen compressiaylinders were created
from each batch of concrete. The cylinders we&éllong and had a diameter of 6 in. All
compressiomrylinders were capped on the top and bottom with neogieee steel caps to
mitigate the effects of improper load transfer due to imperfections on the loading surfaces for
testing, and all cylindensere tested imwet condition. A Tinius Olsen Universal Testing
Machine was used to perform this test. The loading rate was controlled during testing at

approximately 60,000 Ibs/min. A picture of the compressiorstsip can be seen in Figure.3.6
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Figure 3.6 Compression CylinderLoadedin Tinius Olsen Universal Testing Machine

AASHTO T 177, fAFlexural Strength ePointConcrete
Loading)o, was W®Rafthd hardethesl comarefveMOR Hedims were
creaed from each batch of concrete. The beamshadsquare crossections and a length of
21 in. Thebeams wersupported on steedllersat a span o18in., and another steebller was
placed at the top center of the beam where the loadmaed. Moist leather shims placed
between the beam and the steel cylinders were used to evenly distribute theéHead ebntact
points All beams were tested mwet condition.This test was performed using the Tinius Olsen
Universal Testing Machin@ he loading rate was controlled during testing at approximately

1,200 Ibs/minA picture of theflexural testsetup can be seen in Figure.3.7
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Figure 3.7Flexural Beam Loaded in the Tinius Olsen Universal Testing Machine

General procedures but not all requirement8 &S HTO T 160, #ALength Cha
Hardened Hydraul i c Ce marauded tMgquantifiathe amourd of @dyingcr et e
shrinkageof test specimesn Three beams were created from each batch of concretbe@nes
had4-in. square crossections aspecimeriength of 11.25 in and a gage length ofLOin. The
beams were initially moist cured in linsaturated water for the first 28 darsdwere then
moved to a sealed chamber where they were air cured fomtfagncer of their testing cycle.

The aircured specimens were supported on rollers consistingrofdiameter PVC pipes. A
length comparator manufactured by ELE International wad tesperform tle shrinkagdess. A

picture of the test setup can be seen in Figu@e 3.
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Figure 3.8Shrinkage Beam Loaded in the Length Comparator

The following is a description of the process usedHershrinkage tests this projectAs
previouslystatedafter being watecured for the first 28 day#ie specimens were air cured in a
sealed room. The relative humidity of the room w&pproximatelycontrolled through the
combined use of a staaal humidifier and dehumidifieDe-ionized water was used the
humidifier. The relative humidity ranged frod0% to 50% andthe temperatureanged front8
to 86 degreeg-ahrenheitThe relative humidity and temperature were recorded on days that
shrinkage measurements were takidns pioject lacked an atmometendtherefore the rate of
evaporation was not monitored.
AASHTO T 336, nCoefficient of Ther mal Expans
used tadetermine the CTE of concrete specimdrree cylindersvere created from each batch.

The cylinders were originallg in.in length with a diameter &f in. Before testing the
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specimens, a lapidary saw was used tdleispecimetength to 7 inin order to conform to the
test speification.

One specimen wasdted at a time, with three tests run for each batch. A single test took
approximately six hours to run. The specimen was mounted in a cosidm stainless steel
frame that was fabricated by the Washington State University College of Engineering and
Architecture shop and conforms to the frame described in the test specification. A submersible
linear variable differential transformer (LVDT) was used to actively monitor the length change
of the specimen during testirgadwater temperature was monitoredaiagh the use of
submersible thermocouples. A data acquisition system was used to record the water temperature
and length change of the specimen every two seconds during testing. The support frame and
specimen, which erefully immersed, were placed in anperaturecontrolled water bath,
manufactured by Neslab, during the testing. Two thermocouples were used to monitor water
temperature: one monitored surface temperature and the other measured temperature at the
bottom of the water bath. Pictures of thaerdess steel frame and water bath can be seen in

Figures 3.9 and 3.10respectively.
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Figure 39 CTE Cylinder Loaded in the Frame
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Figure 3.10 Water Bath Containing Frame and Specimen
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CHAPTER 4: TEST RESULTS AND DISCUSSION
4.1 Introduction
This chaptepresents andiscusgstheresultsobtained irthis study includingthe measured
NA and RCA propertiesesults from tests oifeshconcrete sampleandresults from testen

hardened concresamples

4.2 Natural Aggregate Properties
TheNA used in this project came from WSD@pprovedits; thereforeall NA conformed
to WSDOT requirements for aggregates used in concrete pavements. Sieve analyses were run on
all of theindividual NA components andonfirmedthe gradationso be the same disose
specified in theeference mix design. After the creation of bikendedfine and coarsdlA
stockpiles, a sieve analysis was perforraad sample fromeach stockpil@andconfirmed that
the coars@A stockpile conformedo the requirements of AASHTO Grading No. 467 and the
fine NA stockpile conformed to the requirementshd Class 1 gradation (WSDOT, 2012he
SSD bulk specific gravity and percent absorptbbothNA stockpilesare givenn Table 4.1.

Table 4.1 Properties of NA Stockpiles

Natural Aggregate Source

Property Fine Stockpile | Coarse Stockpile
SSD Bulk_Specmc 259 263
Gravity
Absorption 1.96% 1.17%

4.3 RCA Properties
The unprocessed RCA did not conform to the WSDOT requirements for coarse aggregates
used in concrete pavements. After being processed@rdpriatelyrecombined into a coarse

RCA stockpile, a sieve analysis was performed and confirmed thatadbessedRCA stockpile

30



metthe requirements of AASHTO Grading No. 467. The coarse RCA stockpile had a SSD bulk
specific gravity of 2.53 and an absorption of 3.87%. When comparedues for theNA, the
RCAGs | ower SSD landhigherslsaptiarein becexptainea byithie gorous,
air-entranedadheredmortarportion of theRCA. As comparisos) the RCA used in the study by
Mjelde (2013)had an SSD bulk specific gravity of 2.52 and an absorption value of 3.3%.
The WSDOTspecifies anaximum limit for LA abrasion lossf 35%.For the RCA used in
this study, the A abrasion loss was found to be 20% and therefaretshe WSDOT
requirementMjelde (2013)determined an LA abrasion loss of 2886 his RCA source
WSDOTO s npemitteddegnadation value is 30. The degradation valua @0 Iis
sample othe asdelivered source B RC#hich did not contain any NAvas de¢rmined to be
37; thereforeit confornms to ths WSDOT requirement. The degradation value was also
determined fothree50 Ibs samples otombinedfine and coarse NAampledrom the
stockpiles, with different levelsf coarse RCA substituted in from the processed RCA stockpile
atrates of 15%, 30%, and 45%dditionally, the degradation value was determined for a SO Ib
sanple of processed RCA witio NA blended inAll three of the blendeBi0 Ibs samples
contained the same amount of fine NM. of the degradation resulfsr this study(source B

RCA) as well as those obtained by Mjelde (20f8)the source A RCAregiven inTable 4.2
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Table 4.2Degradation Value Test Results

Combined Aggregates
<
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g (Mielde) 15 55 77 75 73

Based orthe resllts of this studythesource BRCA passed all of the degradation tedtsan
be seen that removing the fine material from the RCA had a behefifecton the degradation
value; therefore, it is recommended that the fine RCA material be removed before using this
source in concrete pavemerifie degradation value waaatively unaffected by the addition of
RCA when it was combined with NA.

The 14day aerage ASR expansion of thertland cementnortar bargnadeusing the
source B RCAwas determined to be 0.17%. The maximum average expansion specified by
AASHTO T 303is 0.10%; therefore, tHRCA usel in this studymay beASR reactive and is
potentially cpable of causing deleterious expansion if used in PBBBHTO T 303 suggests
that additional testing be conducted on RCA exhibiting deleterious expansmesagate ifit
is due to the alkaisilica reactioror some other source.

If the RCA fromsource B is to be used in PCCEtian may need tde taken to mitigate the

effects of ASR by usinfly ash as a substitute for cement or by using adtkali portland

cementln contrast, thsource ARCAused in Mjeldeds study confori
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requirementexhibitingan ASR expansion of 0.068%ljelde concluded that no mitigative

techniques were needealith regards to ASRf using his RCA sourcen PCCP (Mjelde, 2013).

4.4 Fresh Concrete Test Results

This section discusses the effects of RCA and fly ash substitutithre dresh concrete test
propertiegncluding slump, air content and density.

The labeling convention used to designatesiigatconcrete mixes produced for this project
is as follows The first charactein the labeis a letter whicldesignates which source of RCA
was used irthe mix hence, thisvill either be X(indicating thereference design miwith no
RCA), A ( Mj e lBdtbedssurcs usedrfoctleis studypersecond chiacter is a
numberthatindicates thgercentage of RCA substitutiéor coarse NAusedin the batchThe
third character is a numb#rat indicates thpercentage of fly ash substitutiased. For
example: X0-20 denotes that no RCA was used and 29%e portland cement was replaced
with fly ashy B-15-0 denotes that 15% cbarse NA was replaced wislource B RCA and no fly
ash was used.

Table 4.3istsa number opertinentresults from the fresh concrete tefsiseach batch

including water/cemeititous materials ratio, slump, air content, and density
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Table 4.3 Fresh Concrete Test Results

Wasﬂt(;;écr:izgeélg:ilgus Slump (in.) | Air Content D(T) n;;ty
X-0-0 0.43 1.6 4.3% 145.8
B-150 0.44 1.1 4.1% 146.2
B-30-0 0.43 15 5.0% 143.4
B-450 0.43 1.25 4.3% 145.8
X-0-20 0.40 1.75 4.1% 146.8
B-15-20 0.41 1.75 4.7% 145.8
B-30-20 0.42 1.75 4.2% 1454
B-45-20 0.41 2.0 4.7% 143.4

It is apparenthat fly ash ha@dneffecton the water/cementitious materials ratios. As can be
seen inTable 4.3, the mixes containing fly ash have water/cemangitizaterials ratiothat are
all lower than the nofly ash mixesThis trend is a result of the batching process folloveed f
this project. In order to contrtthe slumpso that it was within tle range specified by WSDO(IL
to 3in.) it was necessary to withhaddportion of themix water from the batches containing fly
ash.

Based orthe results obtained in this studgplacing 20% of the portlancement with Type
F fly ash hadhe effect of ikreasing the workability of fresh concréberebypermitting
lowering the water/cementitious materials ratio of the fresh conaetete still maintaining the
slump within the target rang8ince the slump was controlled for each batch, it is not podsible
comment on the effects that RCA had on the workability of condgtoking at the slumps of
mixes with similar water/cementitious materials ratMglde (2013)foundthat RCA decreased
theworkability of fresh concretevhile including fly ash ira mix increased the fresh concrete

workability.
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Toconformtc)AASHTO T 152, AAir Content of Freshl
Met hodo, an aggr e geedeetocooectithe mdasu@aair Eoatent iroorderitos
account for voids presentthin the aggregate particles. An aggregate correction factor of 0.5%
was determined faall levels of RCA substitutiarAll eightof the concrete mixes were within
the WSDOTspecified air content range after this correction factor was subtracted from the
measured air content. Even though the aggregate correction factor was the saneggtar all
mixes(which may suggest that RCA hiile effect on the air content of freshly mixed
concrete)it is difficult to reach a conclusion regarding the eff@tRCA on the air content of
fresh concrete. There are two reasons for this: the amount of AEA added was not held constant
among thesight mixes andsome mixesinderwent greatemixing times when the air content
was found to be outside the acceptable range after the first addition oMj&de (2013)also
reported an air correction factor of 0.5% and reached the conclusion thdethts ef RCA on
air content could not be commented on due to the varying amounts of AEA added to each mix.

A plot of fresh concrete density as a function of percent RCA suiisti can be seen in

Figure4.l.
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Figure 4.1 Fresh Concrete Density v86 RCA Substitution

For the results of this studys aan beeen from the trend in Figurel, an increased rate of
RCA substitution had the effect of decreasing the density of fresh caridnetérend is
expecteddue to the lower SSD bulk specific gity of RCA compared to that of NAt should
be noted that slope of the trendeisaggeratedue to the scale of Figure 4Tlhe same trend was
alsoseen in theesultsobtainedby Mjelde (2013).

Another factor affe@bg density is the air content of fresh concré&tigure 42 is a plot ofthe

fresh concrete density versus the percentage of air content
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Figure 4.2 Fresh Corcrete Density vs %Air Content

Thenegativelysloping trend in the figuraboveindicateshat densitywas reduced byheair
contentin thefresh concretéor the results of this studygain, it should be noted that the slope
of the trend in Figure 4.2 exaggeratedue tothe scale of the grapA. similar conclusia on
the effect of air content on fresh concrete densagreached in the study by Mjelde (2013) for

the source A RA.

4.5 Hardened Concrete Test Results
This section discusses the effects of RCA and fly ash substitution on the hardened concrete

propertiegncluding compressive strengtOR, CTE, and drying shrinkagén analysis of
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variations

confidence interval of 95%. This analysis compg@seddata sets and determines if thera is

( ANOVA)

was

statisticallyrelevant difference between them.

4.5.1 Compressive Strength

All of the compressive strength tessultsare givenn Appendix CA sunmarytable of the

perfor med

usi

ng

averageompressive strengtlasd coefficients of variation (Co\§ givenin Table 4.4.

Table 4.4Average Compressive Strengths and Coefficients of Variation

Excel

7-Day

14-Day

28-Day

90-Day

(psi) CoV (psi) CoV (psi) CoV (psi) CoV

X-0-0 3750 | 1.8% | 4348 | 2.3% | 4834 | 1.6% | 5515 | 0.7%

B-150 3977 | 41% | 4877 | 1.1% | 5396 | 1.0% | 6101 | 2.3%
B-30-0 3867 | 2.5% | 4823 1.2% 5312 | 2.2% | 5787 | 3.2%
B-45-0 4091 8.0% 5164 2.4% 5515 2.9% 6119 | 4.8%
X-0-20 3709 | 4.4% | 4568 | 6.0% | 5337 | 1.6% | 6281 | 1.7%
B-1520 | 3618 | 1.0% | 4381 | 1.1% | 5184 | 0.9% | 6208 | 1.7%
B-30-20 | 3631 | 2.2% | 4380 | 3.0% | 5222 | 2.0% | 6185 | 2.9%
B-4520 | 3303 1.3% | 4089 1.0% | 4756 1.7% | 5795 | 0.4%

As evident from Table 4.4)laf the average28-day compressive strengths are above the
WSDOT minimum required strengthf 4000 psi.Theaverage28-day compressive strengths
range from 475@sito 5515psi, and the28-day CoV values range fror.9% to 2.9%. The 28
day compressive strength plotted agaihsipercenage ofRCA substitutions givenin Figure

4.3 Thedata rangéars represent the maximum and minimstnength valuesf each data $e

Note that 8 of the minimum tested valuedsoexceeded the WSDOT minimum strength

requirement.
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Figure 4.3Average 28Day Compressive Strength vs % RCA Substitution

The ANOVA statistical analysisoncluded that thenwasno shtistically-significantvariation
betweerany of the data setShereforefor the results obtained in this studyeuse ofRCA and
the use ofly ash had no significant effect on the compressive strength of the concreter Furthe
supporting this statement, the-88y compressive strengthplotted against the percentage of
RCA substitutionin Figure4.4 andshows that the compressive strengthes quite similar in

valug regardless of the percentage of RCA substitutioheuse of fly ash.
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Figure 4.4 Average 96Day Compressive Strength v86 RCA Substitution

Due to the lack of statisticalgelevantvariationbetween data sets, it is likely thae small
variationsevidentin the dataare due to thdifferences irwater/cementitious materials rasiand
air conteng in the various batcheMjelde (2013)alsofoundthatthe source ARCA and fly ash
appeared to hauétle to no effect on the 28ay compressive strength of RCA based on the
results from the ARDVA statistical analysis

The 28day compressive strengtiotted as a function afater/cementitious materials ratio

is givenin Figure4.5.
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Figure 4.528-Day Compressive Strength vs Water/Cementitious Materials Ratio

Thedlightly positive-sloping trend irFigure4.5indicatesthat the 28lay compressive strength
increases as the water/cementitious materials ratio increases. This is counter todleepétd
observatiorthat compressive strength increases as the water/cement ratio dedieasdker
thanexpected trend iglmost certainly du& inherent variationin the concretéatching

process and/anaterialsMj e | saltsshowed a downward sloping trend when looking at the
effects of the water/cementitious materials ratio on thd&8B8compressive strength, meaning

that compressive strength increased as the water/cementitious materials ratio decreased (Mjelde,

2013).
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A plot of the28-day compressive strength vershe percenair contentis givenin Figure

4.6.

€0% Fly Ash m20% Fly Ash

28-Day Compressive Strength (psi)

4700 T
4.0% 4.1% 4.2% 4.3% 4.4% 4.5% 4.6% 4.7% 4.8% 4.9% 5.0% 5.1%

% Air Content

Figure 4.6 28-Day Compressive Strength vs % Air Content

The negatiely sloping trend of Figure 4iidicates that the 28ay compressive strength
decreases as the air content increases.tf@mdis consistent witlmesults in otheliterature.
Mjelde (2013) also foundhat the 28lay compressive strengtiecreased as the air content
increased.

The %day and 14daypercentages of the 28y compressive strengfbr all eight concrete

mixes aregiven in Table4.5. Figure 4.7 presents the data from Table 4.5 in a bar chart.
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% of 28-Day Compressive Strength

Table 4.528-Day Compressive Strength Gaieat 7 and 14 Days

7-Day / 28Day | 14-Day / 28Day
Compressive Compressive
Strength Strength
X-0-0 77.6% 89.9%
B-15-0 73.7% 90.4%
B-30-0 72.8% 90.8%
B-45-0 74.2% 93.6%
X-0-20 69.5% 85.6%
B-15-20 69.8% 84.5%
B-30-20 69.5% 83.9%
B-45-20 69.5% 86%

mX-0-0 mB-150 mB-30-0 mB-450 mX-0-20 mB-1520 = B-30-20 = B-45-20

100%

90%

80%
70% -
60% -
50% -
40% -
30% -
20% -

10% -

0% -

Day

Figure 4.7 % of 28Day Compressive Strengthat 7 and 14 Days
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The data inrable 4.5 showsthat the mixes containing fly asladslowerstrength gaisat 7 days
and 14days compared to the mixes without fly asfor mixes containing fly ash, the maximum
7-day strength was 69.8%6 the 28day strengttfcompared to aminimumof 72.8% for the
mixeswithout fly ash), and the maximum tday compressive strength W&o of the 28day
strength(compared to a mimum of 89.%% for themixes without fly ash Mjelde (2013) found
that hismixes containing fly ash had a maximuradd@y compressive strength of 70.6%
(compared to a minimum of 74.8% for the mixes without fly aghyimixes containing fly ash
had a maximum Xdlay compressive strength of 85.6% (comparedninamum of 85.0% for
the mixes without fly ash).

Data for the day, 14day, and 28lay compressive stretigtas a percentage of the-é8@y
compressive strengiharegiven in Tabled.6. Figure 4.8 presents the data from Table 4.6 in a bar
chart.

Table 4.6 90-Day Compressive Strength Gaingat 7, 14, and 28 Days

7-Day / 90Day | 14-Day / 90Day | 28-Day / 90Day
Compressive Compressive Compressive

Strength Strength Strength
X-0-0 68% 78.8% 87.7%
B-150 65.2% 79.9% 88.4%
B-30-0 66.8% 83.4% 91.8%
B-45-0 66.9% 84.4% 90.1%
X-0-20 5% 72.7% 85%
B-15-20 58.3% 70.6% 83.5%
B-30-20 58.7% 70.8% 84.4%
B-45-20 57% 70.6% 82.1%

44




mX-0-0 mB-150 " B-30-0 mB-450 ®X-0-20 mB-1520 = B-30-20 = B-45-20
100%

90%

80%

70%

60%
50%
40%
30%
20%

% of 90-Day Compressive Strength

10%

0%

7 14 28
Day

Figure 4.8 % of 90Day Compressive Strengthat 7, 14, and 28 Days

The data inrable4.6 shows that the mixes containing fly ash kamverstrength gain for all
agescompared to the mixes without fly ash. For mixes containing fly ash, the maxirnolam 7
strength gain waS%% (compared to a minimum 66.2%6 for the mixes without fly ash); the
maximum 14day compressive strength gain wWas7%(compared to a minimum of 78@for
the mixes without fly ash); the maximum-g88y compressive strength gain v&#86 (compared
to a minimum oB87.7®% for the mixes wthout fly ash).

Based on the results for this study, fly ash appeatedeas¢he 7, 14, and28-day
strenghs d theconcreteMjelde (2013) also reportetiatfly ash decreased the eadge

strengtls of his concretesamples
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4.5.2 Modulus of Rupture

All MOR test datas givenin Appendix D.Table 4.7contains theveragel4-day MOR
valuesand the corresponding Co¥ all eightof theconcrete mixes

Table 4.7Average 14-Day MOR Values and CoVs

14-Day

MOR (psi) Cov

X-0-0 801 2.%%

B-150 846 3.5%
B-30-0 789 5.2%
B-45-0 772 8.5%
X-0-20 777 6.3%
B-15-20 775 6.%%
B-30-20 777 4.3%
B-45-20 726 2.2%

The WSDOT requirga minimum MOR of 650 psi. All of thaverageMOR values exceeded
this requirement, with a minimumwalueof 726 psi and a maximuralueof 846 psi. The CoVs
range fron2.2% to 8.5%. A plot of the 1dayMOR as a function of the percentage of RCA
substitutionis givenin Figure4.9. Thedata rangéars represent the maximum and minimum

tested valued\ote that 4 of the minimum tested valuedsoexaeeded the WSDOT minimum

MOR requirement.
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Figure 4.9 Average 14-Day MOR vs % RCA Substitution

An ANOVA statistical analysisleterminedhat therearestatisticallyrelevantvariatiors
between some of thgaireddata setsTable 4.8summarizes the important comparisons by group,
whether or not the compariseshowed thaa statisticallyrelevantvariation existsand the final

conclusionregardingany statisticaldifferencein the group.
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Table 48 MOR ANOVA Statistical Analysis Summary

Statistically-
Group Case Comparison Relevant Conclusion
Difference?
Change | x.0.0 vs B-150 Yes
1 RCA, Hold Ves NG
Fly Ash B-150 vs B-30-0
Constant X-0-0 vs B-30-0 No
Rgzar;lg?d X-0-20 vs B-1520 No
, A0
2 FlyAsh | B-1520 vs B-30-20 No No
Constant | X-0-20 vs B-30-20 No
Change | B.150 vs B-30-0 Yes
3 RCA, Hold No NG
Fly Ash B-30-0 VS B-45-0
Constant | B-150 vs B-450 No
Change | B.1520 vs B-30-20 No
4 RCA, Hold Yes NG
Fly Ash B-30-20 vs B-4520
Constant | B-1520 vs B-4520 No
0- 0- No
Change Fly X-0-0 vs X-0-20
Ash, Hold | B-150 vs B-15-20 Yes
> RCA No
B-30-0 vs B-30-20 No
Constant
B-450 vs B-4520 No

In group 1, the percent of RCA substitutmaschanged whiléhe percentage of fly ash
substitution remainedonstant at 0%&Even though the first two comparisanslicatethata
statisticalvariationexists thefact that X0-0 and B30-0 arenot statistical}y differentconfirms
the null hypothesis that RCA does not have a statistisallyificanteffect on the MOR for this
group.

Group 2 is similar to group Except thathe ly ashsubstitution ratevasheld constant at

20%. This time, howevenone of the comparisons shawtatistically-significantvariation
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therefore the null hypothesisasnfirmed agai, indicatingthat RCA does not have a
statisticallysignificanteffect on the MOR for this group.

Groups 3 and 4 are similar to grogp and 2 respectively, except that thaye comparing
different data sets$n each of the groupsnty onecomparison showthata statistically
significantvariation exiss. Again, the null hypothesis is confirmethdicatingthat RCA
substitutiondoesnot produce any statisticaisignificantvariationwithin either group.

In group 5, the percentage of RCA substituticasheld constant between comparisons while
the amount ofly ashwasvaried.Only the compariso of B-15-0 and B15-20 indicates thaa
statisticallysignificant variatiorexists However, since the rest of the groamnot, it is
difficult to make any stateemts regarding the effects of fly aslbstitution on the MOR

Based on the results of groups 1 through 4, it can be concluded thatd&@Astatistically
significanteffect on tle MOR. It is likelythat thevariations seen in the data akee tothe
varyingwatercementitious materials rai@andair contens.

Based on the result of group 5, it can be concluded that substituting portland cement with
Type Ffly ashhad nostatisticallysignificanteffect on the MOR.

Mijelde (2013) also found that his RCA and the addition oty hadho statistically
significanteffect on MORand that the variations seen in his data were due to the variations of

the water/cementitious materials ratand air conterst
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4.5.3 Coefficient of Thermal Expansion
Results forall of the28-day CTE tess are givenn Appendix E-TheaverageCTE valuefor
each concrete mix ants corresponding CoV are givenTiable4.9.

Table 4.9 Average CTE Values and CoVs

im0y |
X-0-0 9.29E06 5.2%
B-150 9.48E06 11.4%
B-30-0 9.35E06 1.7%
B-45-0 8.92E06 5.4%
X-0-20 9.34E06 3.5%
B-15-20 9.06E06 1.6%
B-30-20 9.11E06 6.1%
B-45-20 9.95E06 3.2%

The minimum 28ay CTEis 8.92E06 per degree Celsiyand the maximuns 9.9%-06 per
degree Celsiughe CoVs range from 1.6% tbl.4%.

An ANOVA statistical analysisleterminedhat thereareno statisticallyrelevant variatioa
between any of thpairedCTE data setsherefore pased on the results of this studys
evidentthat neither the RCA ndly ashhad a significant effect on the CTE of PCCP

Based on théterature review, normal concretiasa CTE thatranges from 3.2 t07.0
millionths per degree Fahrenhét7to 12.6 millionths per degre@elsiug (Kosmatka and
Panarese, 19884ll eight of the concretenixes have CTE values within thignge. herefore,
based orhe resultsobtained irthis study PCCPmadewith source BRCA would be expected to

havethermal expansion behavior similar to that of normal concrete.
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4.5.4 Drying Shrinkage

All of the drying shrinkage data is given in Appendix F. The avedagiag shrinkagestrains
for eachmix and the corresponding CoV values are given in T4ldl@ Note that gositive
value indicats contractionof the specimefor Table 4.10

Table 4.10Average Drying ShrinkageStrains and CoVs

Average Drying Shrinkage Strain (in/in)
X-0-0 CoV B-15-0 CoV

0.00E+00 0.0% 0.00E+00 0.0%

-5.33E05 10.8% 3.67E05 128.9%
3.33E05 62.4% 1.83E04 36.3%
35| 1.23E04 23.4% 2.03E04 24.3%
42 | 2.90E04 11.9% 2.27E04 25.9%
56| 3.90E04 10.3% 3.73E04 13.5%
84| 4.13E04 15.7% 5.00E04 12.5%

wlrn
| o || Day

B-30-0 CoV B-45-0 CoV

0.00E+00 0.0% 0.00E+00 0.0%
28 | -9.67E05 26.0% 6.00E05 0.0%
32| 5.33E05 84.5% 1.80E04 14.7%
35| 7.67E05 61.6% 2.70E04 3.7%
42 | 3.20E04 15.6% 2.77E04 2.1%
56| 4.10E04 14.6% 4.20E04 4.8%

~ | Day

84| 5.07E04 6.9% 5.83E04 2.0%
>

‘DU X-0-20 CoV B-15-20 CoV
1 0.00E+00 0.0% 0.00E+00 0.0%

28 | 1.20E04 438.1% -4.33E05 74.2%
32| 1.80E04 289.2% 3.33E05 91.7%
35| 2.95E04 181.0% 1.27E04 19.9%
42 | 4.65E04 112.6% 2.40E04 11.0%
56| 5.45E04 98.1% 4.27E04 13.7%
84| 6.35E04 83.4% 4.97E04 8.4%

51



§ B-30-20 CoV B-45-20 CoV

1 0.00E+00 0.0% 0.00E+00 0.0%
28 | -3.33E06 1135.8% | -9.33E05 97.2%
32| 2.33E05 65.5% 1.10E04 24.1%
35| 1.97E04 32.3% 9.67E05 26.0%
42 | 2.27E04 28.0% 2.63E04 11.6%
56| 3.73E04 18.2% 4.33E04 3.5%
84| 4.50E04 15.6% 5.70E04 7.0%

From Table4.10, the minimumB4-dayaverage drying shrinkage strag¥.13E04 and the
maximumis 6.35E-04. The Co\s for the 84day straingange from2.0%to 83.4%. The
exceptionally larg@8-day CoV of 1136% for mix B30-20is due to the fact that two of the
specimens contained in the average expanded while the third specimen Atdatidnally, the
large CoVsat early ageare due tahe verysmallmeasurements being made.

A plot of the average drying shrinkagiainversus days is given in Figu4elQ Note that a

positive value indicates contraction of the specimen for Figure 4.10.

52




=-X-0-0 -#-B-150 =4-B-30-0 =¢B-450
=#=X-0-20 =9-B-1520-+-B-30-20—B-45-20

7.00E04 /)‘(
6.00E-04 e

5.00E04

\
\ )

X
\
L\
\
\

4.00E04 /‘

3.00E04 {

2.00E04

1.00E04

L
6.00E19 —
—

Average Drying Shrinkage Strain (in/in)

-1.00E04

-2.00E04
0 4 8 1216 20 24 28 32 36 40 44 48 52 56 60 64 68 72 76 80 84

Day
Figure 4.10Average Drying Shrinkage Strain vs Day
An ANOVA statistical analysis determined that there are statisticalgvant variations
between some of the paired data se#hle 4.11summarizes the important comparisons by
group, whether or not the comparisons showed that a statistieldiyant variation exists, and

the final conclusion regarding any statistical difference in the group.
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Table 4.11 Average Drying Shrinkage Strain AKDVA Statistical Analysis Summary

Statistically-
Group Case Comparison Relevant Conclusion
Difference?
Change | x.0.0 vs B-150 Yes
1 RCA, Hold Ves NG
Fly Ash B-150 vs B-300
Constant X-0-0 vs B-300 No
Rgzar;lg?d X-0-20 vs B-1520 No
, A0
2 FlyAsh | B-1520 vs B-30-20 No No
Constant | X-0-20 vs B-30-20 No
Change B-150 vs B-30-0 No
3 RCA, Hold No No
Fly ASh B-30-0 VS B-45-0
Constant B-150 vs B-450 No
Change | B.1520 vs B-30-20 No
4 RCA, Hold NGO NG
Fly Ash B-30-20 vs B-4520
Constant | B-1520 vs B-45-20 No
0- 0- No
Change Fly X-0-0 vs X-0-20
Ash, Hold | B-150 vs B-1520 No
5 RCA No
B-30-0 vs B-30-20 No
Constant
B-450 vs B-4520 No

In group 1, the percent of RCA substitution was changed while the percentage of fly ash
substitution remained constant at 0%. Even though the first two comparisons indicate that a
statistical variation exists, the fact that3X0 and B30-0 are not statigtally different confirms
the null hypothesis that RCA does not have a statistisailyificant effect on thdrying

shrinkage straifor this group.
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Group 2 is similar to group 1, except that the fly ash substitution rate was held constant at
20%.Usingthe same logic as was used for cag@d null hypothesis is confirmed again,
indicating that RCA does not have a statisticalynificant effect on thdrying shrinkage strain
for this group.

Groups 3 and 4 are similar to groups 1 and 2, respectivagpethat they are comparing
different data setdNeither of the groups shothat a statisticalksignificant variation exists.

Again, the null hypothesis is confirmed, indicating that RCA substitution does not produce any
statisticallysignificant variaibn within either group.

In group 5, the percentage of RCA substitution was held constant between comparisons while
the amount of fly ash was variedll comparisons indicate that there is statistically
significant variatiorthatexists.

Based on theesults of groups 1 through 4, it can be concluded that ROAbstatistically
significanteffect on thelrying shrinkage strairt is likely that thevariations seen in the data are
due tothe varyingwater contentg the various mixes

Based on theasult of group 5, it can be concluded that substituting portland cement with
Type F fly ash had no statisticatygnificant effect on thdrying shrinkage strain

Normal concrete is reported to experience drying shrinkage strains bet@@and 800
milli onths(Kosmatka and Panarese, 198&hile the 84day average dryinghrinkage strains in
Figure 4.8have notyet reached plateau, iappears that the final drying shrinkage strains for the
mixes of this stdy will be within this rangeThus, it is likey thatPCCP incorporatingource B

RCA and fly astwill have similar drying shrinkage behaviasthat ofnormal concrete.
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4.6 Summary and Conclusions

TheRCA investigated in this studgource Bhad a lower SSD bulk specific gravity and a
higher absorption value thanode forNA. Results obtained by Mjelde (2013) for the source A
RCA also had a lower SSD bulk specific gravity and a higher absorption value than that of NA.
These attributes arerasult of the porous, agntrained mortawithin the RCA.

Thesource B RCAost 20% of its materiah the LA abrasion tesResults obtained by
Mjelde (2013) for thesource ARCA lost29% of its material for the same teBhe degradation
values for thesource B RCA were 37 and 48r the asdelivered and processed state,
respectivelyBoth of these values meet the degradation requireignte | @GL¥)ource A
RCA had degradation values D5 ands5 for the asdelivered and processed statspectively.

In its asdelivered state, the source A R@Al not meet the degradation requirement; however,
theprocessedource A RCA did meet the degradation requirement. Based on the results of this
study andhose obtained ithe study by Mjeld€2013, it is recommended that the RCA be
processedo remove the finenaterias and the RCA be washdxfore incorporating into new
PCCP

The ASR expansion fadhesource BRCA investigated irthis study exceeded tRASHTO
maximum expansiomalue Furthertests are needed to confirm that é&x@ansion is a result of
ASR.If so, itmay be necessary to usev-alkali portlandcement or that cement be substituted
with fly ash ifthesource B RCA i$o be incorpaated into new PCCMPn contrast, esults
obtainal by Mjelde (2013) for theource A RCA did not exhibé&xpansion above the AASHTO
maximum due to the ASR reaction. Therefore, no mitigative technageeseded to

incorporate the source A RCA into new PC@#th regards to its ASR behavior

56



No conclusions wereeached oithe effects of RCA substitution on the workability of fresh
concrete becauske water content and/or addition of WRA&Rvaried in each batch in order to
produce a slump within a specified ranger a fly ash substitutiorate of 20%the results of
boththis study andhose byMjelde (2013)indicatethatthe workabiliyy of fresh concrete
increass andthereby allowdor lowerwater/cementitious materials rasiovhile maintaining the
target slump range

No conclusios werereachedvith regard to the effects of RCA substitution on the air
content of fresh concrete becaube amount of AEAvasvariedin each batch in order to
produce an air content within a specified range

Due to the lower density of RCA compared to that of N study and that by Mjelde
(2013)show thathe densityof fresh concretedecreasgas the percentagé BCA substitution
increaseslt was alsdoundthat the air content Ba significanteffecton the density of fresh
concrete based on the results of balttis study and that by Mjelde (2013)

All 28-day compressive strengths from btits study and thaiy Mjelde (2013)exceeded
the WSDOT minimum compressive strengtiueof 4000 psiBoth studiesfoundthatRCA has
no statisticallysignificanteffect on the compressive strength of concbetged orANOVA
single factor statistical analysedmall variations evident in the compressive strength values are
likely due tothe variatios of the water/cementitious materials ratemd air conterst Both
studies found that fly ash decreased eagg compressive strength

All of thel4-day MOR values foboththis study and that of Mjelde (2018%ceeded the
WSDOT minimum required MORalue of 650 psiBased on the findings of both studiesyés

determinedhatthatRCA had ncstatisticallysignificanteffect on MOR Again, thevariations in
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strength ardikely due todifferences irthe water/cementitioumaterials ratio and air contettt.
was alsdoundthat fly ash substitution hatb statisticallysignificanteffect onMOR.

Based on the results of this study, it appears that RCA and fly ash hstatistically
significanteffect on the thermal expansion behavior of PC&IPeightof the mixes were found
to have CTEs within the range reported for that of normal concrete.

The drying shrinkage behavior odncrete mixes witlRCA andor fly ash appear to be
similar to that of normal concrete, although this steget is based on data which had not yet
fully reacheda plateau. A of the 84day dying shrinkage strasmwerewithin the reported range
of 400 to 800 millionthgKosmatka and Panarese, 1988appears that RCA and fly ash have
no statisticallysignificant effect on the drying shrinkage strain of PCCP.

Considering the largely positive results of this studythode obtained byljelde (2013) it
is recommendethat further research be conducted to investigate the effects of RGw on
durability of PCCP.Given that alleightmixes from bth studies met the WSDOT and AASHTO
requirements (apart from the ASR results of this study) alsisrecommended that larger
amounts of RCA substitution be investigated in future stuBi@sthe source B RCA useul this
study, additional testshouldbe performed to confirm that the observed expansion is caused by
ASR.If so, itmay be necessary to use lakali portland cement or that cement be substituted

with fly ash if the source B RCA is to be incorporaited new PCCP.
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Summary

The goat of this studyweretwo-fold: to investigate the effects of substitutimatural
aggregates (NAyith recycled concrete aggregdRCA) in concrete intended for application in
new portland cement concrete pavements (PC&1e){o investigate the effects of substituting
portland cement with fly ash while simultaneously substituting NA with RCA. The RCA
investigated in this studyas produedfrom demolished runway panels at Fairchild Air Force
Base in eastern Washingtdfight concrete mixegere peparedn this stug based on the same
reference mix design but incorporating differing amounts of RCA as a subgiitabarse
aggregate (015%, 36 and 45%) and fly ash as a subsétiar portland cement (0 and 20%).

Fresh concretproperties for each of the eight batches were determimgdding slump, air
content, and density of concre@ylinder and bearspecimengrom each of theight mixes
were testedo investigate the effects of RCA and fly ash on the hardened concrete properties,
including compressive strength, modulus of rup{M®R), coefficient of thermal expansion
(CTE), and drying shrinkage. Properties of the RCA were @d$ermined including specific
gravity and absorption,A abrasion loss, degradation, and alsdica reactivity.Conclusions

on the effects of incorporating RCA in concrete mixes with and without fly ash were reached.

5.2 Conclusions

This section presents the major conclusi@ahed onhe effects of RCAand fly ashon

concretebased on the results of this study.
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Effects of RCA on Degradation Value

Removal of the fine material and washing of the RCA noticeably inad¢aselegradain
value.lt is thusrecommended that all fine material be remofrech theRCA and that the
processed RCAewashed prior to its use in PCCFhe degradation value is largely unaffected

by theRCA when itis combined with coarse and fine NA.

Effects oRCA on Fresh Concrete Density
The density of fresh concretiecrease as the percentage of RCA substitution incrdashe
RCA is less dense than NA due to the adhered mortar portibie &CA, resulting inhefresh

concrete densitpeinglower thanamix containing all NA.

Effects of RCAnd Fly Aslon Compressive Strength

RCA and fly ashdid not have atatisticallysignificanteffect on the compressive strength of
concretdor RCA substitution rates of up to 458thd a fly ash substitution rate of 2024l of
the concrete mixes this study ha@8-day compressive strengtthatexceededhe WSDOT
minimum of4000 psi.Smallvariations instrengthevident in the test datae likely due to
differing water/cementitious materials ratiand air contest Substituting fy ashfor portland

cementdecreasethe eary-age strength gain of concrete.

Effects of RCAnd Fly Ashon Modulus of Rupture
RCA and fly ashdid not havestatisticallysignificanteffects on theMOR values of concrete
for RCA substitutionrates of up to 45%nd a fly ash substitution rate of 2024l of the

concrete mixef this study had4-day MOR valusthat exceeded the WSDOT minimum of
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650 psi.Small variations in strengthvident in the datare likely due to diffang

water/cementibus materials ratios and air contents.

Effects of RCA and Fly Agim Coefficient of Thermal Expansion

RCA and fly ashdid nothave astatisticallysignificanteffect on the CTE valgof concrete
for RCA substitution rates of up to 45&hd a fly ash substitution rate of 2084l of the
concrete mixes for this study had-@8y CTE valusthat werewithin the range reported for

concretes made with only NA.

Effects of RCAnd Fly Ashon Drying Shrinkage

RCA and fly ash did not have a sséitally-significant effect on the drying shrinkage
behavior of concrete for RCA substitution rates of up to 45% and a fly ash substitution rate of
20%. All of the 84day average drying shrinkage strains for this study were within the range

reported for oncretes made with only NA.

5.3 Recommendations

Given the good performance of tbencretemixes with RCAobtained irthis study, it is
recommendethat additional research be condudiethvestigate RCA substitution rates beyond
45%. Although the source B RCA did show signs of being ASR reatiiwapecification
recommends that additional testing be conductedmdirm thatthe expansion was due to the
alkali-silica reaction. Wing lowalkali cement or fly ash substitutiomay mitigate this reaction.
It is recommended th#te RCA be washed amil fine materias beremovedprior to usen

PCCP.
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Based on the results of this stualywell as those by Mjelde (2018)e use of RCA as a
substitute for natural coarse aggregate seems promising for ne&iRCCP in Washington

State.
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