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ABSTRACT

Recycled concrete aggregate (RCi&)a construction materialvhich is being used in the
Canadian construction indimg more frequently than it was in the pa¥he environmental
benefits associated withRCA use such as reduced landfilling anthtural aggregate (NA)
qguarrying, have been identified by industry and government agencies. This has resulted in some
incentives to use RCA in construction applications. Some properties of RCA are variable and as
a result the material is often used as a structuralfilichis a low risk applicationThe use of

RCA in this applicationis beneficial from aroverall sustainabilityperspectivebut may not
represent the most efficient use of the material. Efficient use of a material means getting the most
benefit possible out of that material in a given application. The initial step in efficient material
use is evaluating how a matdraffects its potential applications. In the case of RCA, this

includes its use in concreds a coarse aggregate.

RCA is made up of both aggregate and cement mortar from its original application. Itsipnake
results in absorption capacitjeghich are igherthan NA.Its high absorption capacity indicates
that RCA can retain a relatively large proportion of water. Internal curing of concrete is the
practice ofintentionallyentraining reservoirs of water within concrete. This water is drawn into
the cemat ata beneficialpoint in the cement hydratiomprocess This waterallows for a more
complete hydration reaction, less desiccation, a less permeable concrete pore aydteras
susceptibility to the negative effects of poor curimpe potential for FCA to act as an internal

curing agent was evaluated in this research.

Two RCA types were studied in the course of this research, one RCA efjindjty and one
low-quality. These were compared to one NA typehich served as experimental control.
Neither RCA type was found to desorb significant amounts of entrained water at relative
humidity levelsbetween 85% and 93%. This behaviour indicates that they would not behave as a

traditional internal curing agent.

Within concrete, the initial saturation levelsthese RCAs were 0%, 60% and 100% of their full
absorption capacityThe mixtures ranged from 30®CA (by volume of coarse aggregate) to
100% RCA. These mixtures were subjectedtw® curing regimes, MT&pecified curing

conditionsand moist curingin order to gauge the internal curing potential of the RCA.



Fully saturated RCA mixtures were foundragain water throughout the course of testing. They
were also found to increase the rate of compressive strength gain at early ages in comparison to
similary cured NA mixtures. Hll saturation was found to have a negative effect on the thermal
expansion behaviour of the concrete at 28 days concrete age. Permeable porosity of concrete was
measured as an indicatormabre thoroughhydration in RCA concrete, bany potential benefits

were masked by the increasegpermeable porositgssociated with permeable RCA.

When compared with NA control mixtures aR&€CA mixturescured under ideal conditions, it
was found that saturated RCA mixtures provigednpressive teength benefits. Low-quality
RCA, which lostentrainedwaterearlier in the testing period thdmgh-quality RCA, benefitted

in terms ofearly age compressive strength gains usgesfied curing conditions.High-quality
RCA, which retained a relativelyigher proportion of its entrained water throughout the early

testing periodimproved later age compressive strength usgeecuringconditions.

Mixtures with 30% RCA(by volume of coarse aggregate)ere generally found to not
significantly affect thednsile strength, elastic modulas)d permeable porositgf the concrete
Tensile strength and elastic modulus were found to be consistently lower in RCA concretes,
while permeable porosity was consistently higher. However, the magnitudes of these changes
were not large enough to be statistically significant based on the testing regime employed.
Compressive strength was significantly improved at 28 days when the 30% RCA was fully
saturated. 30% RCA mixtures significantly redididbe thermal expansion of corete at 28

days, which could provide particular benefit to concrete pavement applications.

Overall, RCA saturation in new concrétadboth positive and negative effects on the properties

of concrete, which shoulldoth be consideredh the context of thepplication for which RCA
concrete is being considere8pecifically, concrete applications with the potential for poor
curing and the need for reduced thermal expansion could benefit through the inclusion of coarse
RCA. For example,hese benefits could anifest in reduced thermal cracking at slab joartd

reduced thermal stresses dugetmperature gradients in pavements.
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CHAPTER 1
INTRODUCTION

The useof recycled concrete aggregate (RCA) as a ingldnaterial is gainingnomentum
withhCanadads c¢onst r wsetniroadnconstnudaian projectg in th&pLoAince of
Ontario more than doubled between 1991 and 2006, and continues t@M\&®Ry 2010) While
Canada is a large and resouri country, the population distribution makes it such that the
availability of aggregate in high density areasbi&cominglimited. This results in longer
distances between the aggregate supply and the location of theucbost project, which
increasethe transportabn costs in terms of both monetaapd environmentatoss (MNR,
2010) Additionally, areas of high population density produce a large amount of, wewsth is
discarded intdandfills. Demolition wastes have also traditionally been landfiledich further
increases the load on these faciliti®ae use of RCA diverts some of this waste stream away
from landfills and into new constructioBincethe use oRCA helps to alleviate both of these

important environmental issuasis becoming a me desirable building material.

RCA is a construction material produced by demolishing and crushing previously cast concrete.
The products of this crushing can then be used a@mia granular filtype material oras a

graded replacement of aggregatéhie production of new concrete

RCA is commonly divided into two primary componebtsed on particle sizéine RCA and
coarse RCA.The research outlined herein considers only the coarse fraction of two RCA
sourceswhich is defined as being composedpafticlesthat would be retained on a 4.75 mm

sieve

Internal curing is the practice oftentionallycasting concrete with reservoirs of water entrained
within the concrete mixture. The internal reservoirs become effective during the hydration
process bconcrete after a portion of the mixing water is consumed irchieenicalhydration
reaction. This creates what is essentially a moisture graekbith draws the water from the
reservoirs into the concrete paste matkigure 1.1, which is adapted frorBentz and Weiss

(2011) illustrates the basic process miternal curingwith entrained water reservoir§he



presence of this extra water allows for a more complete hydration reaction of the concrete, and is

particularly usefuln two situations.
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Figure 1.1: Internal curing compared to external curing (after Bentz & Weiss, 2011)

Firstly, the internally entrained water helps to alleviate the negative effects of concrete drying by

replacing any evaporated water prior to the desiccation of the concrete and the onset of shrinkage

cracks. In this caseéheinternal curinghelps to alleviate the effects of nateal curing practices
(Henkensiefkeret al., 2009) The second related s#tion is in the case of high strength (low
water/cement ratio) concref€his type ofconcretecontains a high cement contewhich often

becoms soimpermeabldahat thec o n ¢ rperé sysiesn can no longer transpoxternal curing

waterto the interiorof the concrete. Whein h e

internal curingwater is drawn out and consumed in the hydration process, allowing for more

complete cement hydration to be achieved.

Internal curing is typicallyprovided by fine materials. This ibecause otwo main factors.
Firstly, aggregateshat have high enough absorption to proveidficientinternal curing water

are inherently weak due to the presence of voiderefore replacement of strong coarse

2
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aggregate with liglweight materials can significantly reduce the overall strength of the material.
Secondly, in order for internal curing to be effectivashould provide water to the entire cement
paste matrix. Since water cahisperseonly about 23 mm in dense concretethis requires
dispersal throughout the entire concrete mixture with small enough spacing to overlap effective

zones. This is achieved through the use ofifiternal curingreservoirdBentz et al., 2005)
Internal curingn concreteprovides severaldnefits whichinclude

1 reducing plastic, autogenous, and drying stage (and associated cracking)

1 increasng hydration incemervrich mixtures

1 improvinglate age compressive strength

71 reducing the transport properties of concrdtgseducingthe permelle porosity with

additionalhydration productsincluding calcium silicate hydrate

Consequently, mny of these benefits improve durabilitydamentrich concrete mixtures. The
interfacial transition zonelTZ) of the internal curingreservoirs improveas compared to the
natural aggregate due to higher availability of wéBantz& Weiss 2011)

Figure 1.1 illustrates an example of poor dispersionirtternal curingreservoirs, wherein the
hydrated zones do not overlap. A largeoportion of coarse aggregate is required to achieve a
similar particle dispersion and spaciMdprmally it is poor practice to replace large amounts of
coarse aggregate withweaker material and thtisis is generally not consideretihe addition

of RCA however, is largely driven by external factors such as including a given amount of
recycled material to gain environmental credits. This cthideforeresult in large proportions

of absorptiveRCA material being present in concrete. If there is beneflie gained by using
that coarse aggregate anway thatwould have internal curintike effects therthis could serve

to help maximize the utility oRCA, which isnormally deemedtobee fil ower qual i tyo

1.1 Aggregate Demands
Between 2000 and 2060construction projects in Ontario used approximately 179 million tonnes
of aggregate per yearhis translatesnto approximately 14 tonnesf aggregateer year for

every residentof Ontarid he provi nceds popul ation yi38% pr oj e
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over the nextwenty years andhis increasewould result ina similar ircrease in demand for
aggregateBet ween 2020 and 2029, Ont ariobs average
hit approximately 191 million tonnes. These values incorpogditeaggregate use which
includeslow to highqualities for various applicatiofNR, 2010).

Currently the Greater Toronto Area (GTA) accounts for about one third ofthe prnce 6 s t ot
aggregate demand anthis high demand results in a significamiggegate concern.
Approximately 95%of the aggregate used in Ontaroproduced by private pits ampliarries;

howeverthe highestlemands in an area where the population density makes new quarries and
gravel pits unfeasible. This results in the need tasfrart significant amounts of aggregate into

the GTA for construction. Aggregate is a heavy material and its transportation is asseitiated
increasedcosts,high emissionsandsignificant infrastructureleterioration of the routes used to

transport thenateria( MNR, 2010)

Figure 1.2, which is aapted fronthe State of the Aggregate Resource study commissioned by
the provincial Ministry of Natural Resourcg®NR) in 201Q illustrates the total reserve base for
aggregate withirsouthern Ontario and compares it to the high quality resémaéare available

for concrete and asphalt production and are within 75 km of the GTA. Thdiéym qualityd

refers to aggregatiat meets theOntario Provincial Standards angegificatiors (OPSS)for

use in concrete and asphalt applications. The production of concrete and asphalt grade stone
from quarries or pitgesults in byproducts. These bproducts generally account for about one

third of the initial material. Thereforeapproximate} two thirds of the products of this process

are usable in the production of concrete and asphdiltare considered to be available reserves

The 75 km distance represents a distance beyond which the transportation of aggregate would
become infeasible due the hightransportatiorcosts, as determined by the MNR. The data are
based on the estimated capacities and productions of 9tditeaggregate quarries within
southern OntarigMNR, 2010)
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Figure 1.2: Natural aggregatereserves within 75 km of theGreater Toronto Area (MNR, 2010)

As shownin Figure 1.2, despite the large reserve bas Ontario, the aggregate thaitavailable

for use in the largest market represents less th&n% o f this total reser
estimated annual aggregate use projected to reach 191 million tonnes within the next 15 years, it

is clear that this reserve must be supplemented with another aggregate Boigrcethe main

reason why the usef RCA as a replacement for natural aggredbt&) in concrete and other

applications is being studied.

1.2 Concrete Production

The cement and concrete industry is estimated to have contributed approximately $3.2 billion to
C a n a G@RINS2008. It is also eshated that about 28.1 million cubic met of concrete are
produced annually in Canad@AC, 2010) Since aggregate makes up a significant volumetric
proportion of most concrete, with an estimated average -8086, it can be estimated that this
correspods with approximately 19.7 million cubic medr of aggregate. With an estimated
average aggregate density of 1.7 tonnes per cubientkis corresponds to about 35 million

tonnes of aggregate used annually in the production of concrete in Céreddaye North



America, 2013) This represents a substantial portion of the total aggregateru€anada, and

highlights the importance of aggregate availability to the concrete industry.

1.3 Research Obijectives

Currert | vy, there ar ed vvaay 0 img With deoabledpwatarbin recycled
aggregate. The RCA can be soaked to engureaches saturatecondition during mixing,
Ami stedo or Asprinkl edeéomeentraieed maisture, ortitltan be used e
with its insitu moisture contén(which is obviously variable and dependant on various

environmental conditions).

The objective of this proposed research is to determine the effects of R@GAtisa leves on
mechanicabroperties of concrete produced using the RCA. ddrecretepropertiesresearched
in this work includetransportproperties(water absorption and total porogityreshproperties
(slump, air content, fresh density) ahdrdened propertiecompressive and tensile strength

modulus of elasticityandthe inearcoefficient ofthermalexpansior).

The nature and extent of the effects afywag the presoaking protocolanddifferent saturation

levels of the aggregateexamined.The effects are studieslith consideration for any internal

curinglike benefits While the use of recycled aggregate purely as an internal curing agent may

not be feasible, internal curididge benefits may be achieved by incorporating RCA into
concrete Part of the aggregatpecific testing will focus on the properties of the material that
are relevant to internal curinghe methodologydr this research is illustratad Figure 1.3,
which shows the general flow of the research activities.

ma
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Figure 1.3: Program methodology

1.3.1 Experimental Matrix

Overall, o different sources of recycled aggregédRCA1 and RCA2)and onenatural
aggregatgNA) are employedacross variations in aggregate saturation, aggregate replacement
level, and curing methodlhese variations are predged in Table 1-1, which indicates the
different concrete mixturethat were studied as part of this researEach variable category is

described in detail in the following sections.



Table 1-1: Experimental Matrix

Coarse .
Ag?’)r/i)geate Curing Regime  Aggregate Replzi::ment D(—:I\-/!ixg;rzj:ion
Saturation

NA Moist Curing 100% 0% (control) NA M 100-0
NA Specified Curing  100% 0% (control) NA S 100-0
NA Specified Curing 0% 0% (control) NA S 0-0
RCA1 Moist Curing 100% 100% RCA1 M 100-10(
RCA1 Specified Curing  100% 100% RCA1 S 100-10C
RCA1 Specified Curing  60% 100% RCA1 S 60-100
RCA1l Specified Curing 0% 100% RCA1 S 0-100
RCA1 Specified Curing  100% 30% RCA1 S 100-30
RCA1 Specified Curing  60% 30% RCA1 S 60-30
RCA1 Specified Curing 0% 30% RCA1 S 0-30
RCA2 Moist Curing 100% 100% RCA2 M 100-10(
RCA2 Specified Curing  100% 100% RCA2 S 100-10C
RCA2 Specified Curing  60% 100% RCA2 S 60-100
RCA2 Specified Curing 0% 100% RCA2 S 0-100
RCA2 Specified Curing  100% 30% RCA2 S 100-30
RCA2 Specified Curing  60% 30% RCA2 S 60-30
RCA2 Specified Curing 0% 30% RCA2 S 0-30

1.3.1.1 Aggregate Type
The two recycled aggregate sourdest were selected for this reseaeskreferred to herein as
RCAl1 andRCA2 They werealsoused in a previous study at the University of Waterloo (UW)

whereby the currentsearch is an extension (Butler, 2012)

RCA1 was produced through the crushing of ssbructural concrete from the Region of
Waterloo. Theconcrete came from demolished transportasimactures including curbs, gutters,
and sidewalks. In most casélsis concrete wasnadeavailablethroughroadway expansion and
not due to failures. It should also be noted that given its age, the available material was very

good in both quality and consistency.

RCA2 was producedby crushing concretéhatwas returnd to the readymix producerstill in a
fresh stateThe concrete could have been returned for various reasons including improper mix
performance or age i SSsuewv,er»utowhieeramairea s1the c o mmo

ready mixtruck at the conclusionf@ concrete pour. This material typically washed from the
8



concrete trucks into pilesn the groundwhich would be crushed when a sufficient amount had

accumulatedNo attempt at proper curing or consolidation was made for this mix.

Both RCA sources we graded to satisfy the MTO requirements for concrete coarse aggregate,
outlined in OPSS 100@OPSS, 2013) The results of previously performed aggteg@sts are
summarizedaterin Table2-1.

1.3.1.2 Aggregate Saturation

Many previous RCA studies do not explicitlgtatethe method of aggregate preparation in terms

of satwuration. Ot hers use RCA in i trepodwes rece
actual commorconcretepractices(MartinezLage et al., 2012However this condition results

in a source of variation within an already widely variable matetialy.

Previous research has studied the effects ofsanaration of coarse recycled aggregate in
concrete productionThis researchndicated that 100% saturation afjgregate may have a
detrimental effect, but that a smaller saturation percentage (specifically 90%) was ideal. This
research focused only on one recycled aggregate type, but varied aggregate replacement amounts
on a volumetric basis similar to the replamnt basis used indhcurrentresearchi{Ferreira et al.,

2011)

Within the currentesearchthe saturation levels of the coarse aggregate were varied to represent
three distinct preparation regimé&hese saturation levels were @voven dry, 60%, and00%
or fully saturated.

These saturation levels represent aggregate condition at the beginning of mixing. Upon addition
into the concrete mixture, it is understood that the water in the mixture begins to migrate

according to the specific moisture gradjemhichexists in each situation.

The 100% saturation condition was achieved through 24 hours of submerged soaking, followed
by one minute ofmaterial drainage to remove excess soatiater. Previous research pertaining

to these materials found that 2duns of submerged soaking would ensure that both the RCA and
NA would achieve 100% saturation. The 108%turatedest case is intended to allow fibre

study of the materials with the maximum amount of water entrained in the coarse aggregate.

9



The 60% satration condition was achieved by soaking for a prescribed time, which varied based
on the absorption rate of the coarse aggregate type. This condition replicates a {swetkpre
procedure, which could be employed in industry without requiring a full afagaturated
soaking. This condition provides some entrained moisture, but not the full capacity of the

aggregate.

The 0% saturation condition involved oven dried aggregate. In order to account for the surface
adhered fine materighat was lost during tb 60% and 100% soaking procedures, the coarse
aggregate for use in the 0% saturated conditionexpssed t@ similar soaking procedure prior

to being oven dried. The material was dried at 110 = Bf@ccordance witiASTM C12712,

which is a test methogbertaining to the testing of coarse aggregate. This condition was
considered inorder to effectively contrasbther saturation conditions. While negligible pre
saturation may occur in industry, it is unlikely that material would be completely driedigrior
concrete batchingowever this depends partly on seasonal environmental conditions

1.3.1.3 Aggregate Replacement Level

Previous research at the University of Watert@s indicated that replacing natural aggregate
with RCA had little observable effect on corapsive or flexural strength up to a 30% threshold
(Smith, 2009) This conclusion was based on the results of testing mixtures including only one
source of RCA. In order to gauge whether similar results are found when varying qualities of

RCA are used, a 30 aggregate replacement mixture is included within the research.

As discussed inater in Section 3.2.1, the 30% aggregate replacement is performed on a
volumetric basiswhich uses the natural aggregate asfarence pointFor each RCA source,
the 30% replacement amount is calculated based airyluensity of the RCA.

1.3.1.4 Curing Conditions

Two different curing regimes were considered for the concrete samples. The first included
sample storage at 1008élative lumidity (RH) at 24°C up until the time oftesting This was
designated as Moist Curing. The second curing regnteded was in accordance withTO

OPSS 350 as well as a modified CSA A23@ This included 7 daymoist burlapcuring
covered bya vapour hrrier. After theseven days, the samples were exposedrymg in the

10



conditions present within the latwhich were approximatel$p0% *= 10%RH and a temperature
of 21 + 2C. The temperature within the lab was similar to the moist curing room and was
maintained at a relatively constant level. This second curing regime was designated as Specified

Curing (speecuring).

The beneficial effects of internally entrained water weypothesizedo be more apparent in
situations where external curing water is noteadily available, such as in the case of Specified
Curing. This also would more closely resemble field conditions in most applications.
Comparisons between the two curing conditions were made in order to gauge the relative effects

of the availability ofexternal curing water on the concrete.

1.4 Project Significance

The use of RCA in the Canadian construction indugtryvides many potential technical,
economic, and environmental benefi®hile crushed concrete has existed almost as long as
concrete itselfits use as a construction material in Canada is still a relatively new prhiesgs.
processes in the cangction industry are often implemented slowly and with considerable
caution. This is partly related to conservative government policiése size andscope of
construction projects can correlate to signitf

can dissuade contractasd governing agencié®m using these materials.

In the case of RCA, the material is often used as a granular filirimags this represents a

relatively lowimpact application. While this is an important beginning, highly sustainable
practices require that a materi al be used eff
us® I s a s u lhich deemnds @ the eequined performance on a specific application.

I n order to deter mi nis p&i@ance unde sariogsaditibnsmousti ve us

be studiedrom a thorough engineering perspective

Since internal curingften involves the entrainnm of a porous aggregate into concrete, the
potential for coarse RCA tbe usedas this aggregate could provide a source of value to the
material. This value could affect whatvusdely consideredo bethe most effective use of the
material.Regardless afhe outcome, it is important to establish the value of RCA in order to use

it most effectively.
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This research is significant because it provides insight into the performance of RCA concretes
under various curing conditions, replacement levels, and sahs&r two dissimilartypes of

RCA. The performances measured based on widely used and specified concrete material
properties as well asome properties that are relevanttoability.

1.5 Thesis Arrangement

Chapter 2 provides background information pemit to internal curing, recycled concrete
aggregates, and the experimental tests undertaken as part of this research. Chapter 3 describes the
experimental program used for this research. Chapter 4 presents the general results and
discussion of the stugwhile Chapter 5 presentnalysis ofthe results pertaining to three

specific objectives. These objectives include studying the effects of: initial RCA saturation
levels, variable concrete curing conditions, and acceptable RCA replacement levels. Chapter 6

presents the conclusions and recommendations for further work.

12



CHAPTER 2
LITERATURE REVIEW

2.1 Recycled Concrete Aggregate (RCA)

The use of RCA in Ontario is gaining acceptancenase performance information is becoming
available and political pressute use les®iaturalaggregate is increasin@rganizations such as
Aggregate Recycling Ontariavhich advocate for the use of RCA have begun to affect some
change in the practices of municipalities throughout Ontario. Recently Bill 56 has been proposed
to the Legislave Assembly of Ontario. The bill aims to prohibit the practice of limiting public
sector construction projects to virgin matesid&trevious practice has allowed for bids proposing

the use of recycled material to be rejected based on this fact. Thasdlielen carried through

the first and second readings in the house and has been referred to the standing committee on

Finance and Economic Affaifkegislative Assembly of Ontario, 2013)

The most common practices for RCA useOntario involve placement of RCA as a fill type
material. This includease agyranularbase angubbase folpavementstrench backfill material
engineered fil) gabilization of soft subgrade§ll under concrete slabn-grade and @mvement

shoulderconstruction(Aggregate Recycling Ontari@017.

In 2007 it was estimated that approximately 13 million tonnes of RCA was used in Ontario. This
corresponds to about 7% of the total aggregate used in that year. Most of this RCA was used in
the construcon of roadways as outlined previous{i¥INR, 2010). There is currently no
widespread use of RCA in the production of concrete in Ontario.

RCA is a materiathat has a large potential supply which currently outstrips its demand. This
potential supply condtis of every existing concrete structdhatwill eventually be demolished.

One of theprominent issues associated with this large supply however is that each concrete
structure is composed of different matesialhese differences depend dectors such &
structural requirements, available materials, the year in which the c®neast produced, and
many othersThis wide variation in concrete composition results in a similar variation in the
RCA, whichis produced when the concrete is crushed. The widatia in RCA results in

some materials with intrinsic propertiéisat lend themselves well to the production of high
13



guality concrete and other materjalghich could be detrimental to the performance aofy
concrete. Between these twatremeRCA typesexists a wide spectrum of RCAlsat perform

variably in concrete.

While some of the RCAs on this spectrum may not be feasible for use in concrete, they are often
found to be acceptable for use as granular material in fill or base applications.

The inherentvariability of RCA causes concern amongsincrete producerand specifiersn
Canadawhich oftenresults inavoidng the use of RCA completely or to limmg its use to lean
concrete or other similar lodlemand applications. Several studies have ingliceitat the use of

RCA in concrete can result in a loss of compressive strength and durability characteristics,
including those by Maruyama and S&8®05) Fonseca, de Brito, and Evangeli§2811) and
Olorunsogo and Padayachg®02) Given the findingof this previous research, limiting the

use of RCA is often considered as a reasonable way to limit the risk associated with the material.

Some RCAs have been found to have propettiasare not detrimental to concrete production
or performance when iogporated. In these cases, the practice of avoiding the use of RCA

results in the loss of significant potential value, in terms of available construction materials.

Previous research performed at the University of Waterloo produced an RCA classification
framework that served to classify different RCAs according to their best potential use or
application. These applications ranged from use in reinforced structural concrete to use only as a
fill material. The framework was developed such that classificatiepended largely on
aggregate tests. This all ows for classificat
source concrete, since this information is often unknown for a given RCA. The framework
developed is an excellent step towards the developmeatwifiely sourcenclusive toolthat

could be used industiwide to achieve much more effectiuse of existing and future RCAs

(Butler et al., 2013a)

According to the classification framework developlebugh previous researchtae University
of Waterbo, RCA1 was classified as ClasslAor Class &), andRCA2 was classified as C.
This impliesthaRCAli s fihi gh qualityo material and woul

nonstructural concrete applications. ConverseRCA2 wo u | d be cooviy s iademned
14



material and would be suitable only for use in structural andstractural fill applications
(Butler et al., 2013a)

Table 2-1: Aggregate Test Results oRCA1 and RCA2 (Butler et al., 2013a)

Recycled Aggrega] Aggregate Relative | % Adhered| Absorption | Abrasion Loss Classification
Type Crushing Valu¢ Density Mortar Capacity | (Micro Deval)
RCA1l 23.1 2.37 20.40% 4.66% 15.10% Al (or A2)
RCA2 28.5 2.23 36.10% 7.81% 25.00% C

Note Class Al (or Class A): suitable for use in structural and mstnuctural concrete applications

Class Csuitable only for use in structural and rstnuctural fill applications

The two aggregate types clearly representéwtoemesof the RCA quatly spectrum. They have
both been included in this research to gaamggrelativeinternal curingeffects and benefits
between a lowgrade material, with high absorption capacity and a-Qiggddity material, with

lower absorption capacity.

Despite the prewusly mentioned variability of RCA, one propethatappears to be consistent

is an absorption capacjtyvhichis larger than most natural aggregates used for production of
concrete. For reference, the Cement Association of Canada states that theatygocption
capacity range for coarse concrete aggregate is 0.2% to 4%, and P.2% for fine concrete
aggregatdKosmatkaet al., 2011) Table 2-2 summarizes some absorption capacities found in

previous selected RCA research.

The absorption capacity can potentially biized in order to achieve somiaternal curing
benefits in a given RCA concrete. These benefits may improve the characteristics of an
acceptable mix, or potentially counteract some of the negative qualisiesiated with the use

of some RCAs in concrete.

15



Table 2-2: Absorption Capacities of Various RCA Sources

. | Aggregate
R h A , )
esearcher(s) Source bsorption Capacmélze Fractiol
Crushed Sidewalk/Curbs/Gutters 4.7% coarse
L. Butler, S. Tighe, J. West Building Demoilition 6.2% coarse
Crushed Returned Concrete 7.8% coarse
6.9 MPa Concrete 16.0% fine
H. Kim, D. Bentz 20.7 MPa Concrete 12.4% fine
34.5 MPa Concrete 12.0% fine
L. Ferreira, J. de Brito, M. Barra Building Demoilition 5.8% coarse
- 0,
A.K. Padmini, K. Ramamurthy, 35MPa Concrete 2.2-4.6% coarse
50MPa Concrete 2.5-4.8% coarse
M.S. Mathews
60MPa Concrete 2.8-5.0% coarse
C.S. Poon, Z.H. Shui, L. Lam, |
) } H - - . _ O
Fok, S.C. Kou Building Demolition 6.3-7.6% coarse
K. Obla, H. Kim, C. Lobo Various Sources 4.3-5.9% coarse
. Crushed Normal Strength Concrete  7.9-8.8% coarse
S. P Z.H. Shui, L. L .
C.S. Poon, Shul &M | crushed High Performance Concrete  6.5-6.8% coarse

2.2 Internal Curing

Internal curing provides several benefits in various concrete mixture types. Sothesef
benefits include reducing plastic, autogenous, and drying shrinkage (and associated cracking),
providing increased hydration in rich mixtures, improving late age compressive strength, and
reducing the transport properties of concretes. Many of thersefits improve durability in rich
concrete mixtures. Thguality of thelTZ of the internal curing reservoirs is found to improve as

compared to the natural aggregate due to higher availability of water (Bentz & Weiss, 2011).

Internal curing is often eployed through the use of lightweight aggregate (LWA). The three
main requirements for an internal curing agent in descending order of importance include:
favourable desorption at approximately 98H, particle spacing within the mix of less thai3 2
mm, ad absorptive capacity large enough to provide sufficient water. Fine LWAs provide all
three of these requirements. LWAs have a relatively large void comtbiah makes them ideal
materials for absorbing water. The amount of the LWA included in intgroatied concrete is
generally proportioned in order to provide enough extra water for full hydration of wioder
mixtures. The size of the fine LWA is generally small enough such that it is dispersed throughout
16



the cement matrix. The methodology is lthapon the theory of protected paste volyiBentz

& Snyder, 1999) Many LWAs also exhibit favourable desorption characteristidsch make
them a prime candidate for internal cur(@gentz & Weiss2011) The desorption characteristics
are discussed further in Secti22.5

In the literature, some studies have examined the effectiveness of fine RCA as an internal curing
agent. It was observed that as the sole inteundhg agent, it resulted in significant strength loss

and negligible benefit in terms of autogenous shrinkage reduction. However, mixtures of RCA
and LWA produced results similar to poor LWA internal cur(fgn & Bentz, 2008) To the

aut hor 6s knowl ed g e studieshcenceeninghusey & cobrse eRCA to @achieve

internal curinglike benefits.

2.2.1 Physical Classification

Physical qualitative classification of recycled aggregate represents a difficult task due to the
inherant variability of the material in terms of original aggregate type and shape, cement matrix,
and production or preparation technique. However, since this research considers RCA for the
production of new concrete, the classification herein conforms to aaeptad physical
classification system. The following tablesesenthe aggregate classification system outlined in
British Standard 812. This standard classifies aggregate based on the particle shape as well as the

surface texture of the aggregéineville, 1997)

RCA is almost universally produced by crushing of existing concrete. This should often result in
Angular/Rough characteristics initially. The strength of the adhered mortar can be somewhat
gauged by the RCAO6s resistance to attrition

17
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Table 2-3: Particle Shape Classificaibn of BS 812: Part 1: 197%Neville, 1997

Classification | Description Examples
Rounded Fully water-worn or completely shaped| River or seashore gravel;
by attrition desert, seashore, and

windblown sand

Irregular Naturally irregular, or partly shaped by | Other gravels; land or dug flin
attrition and having rounded edges

Flaky Material of which the thickness is small Laminated rock
relative to the other two dimensions

Angular Possessing well-defined edges formeq Crushed rocks of all types;
the intersection of roughly planar faces| talus; crushed slag

Elongated Material, usually angular, in which the | -
length is considerably larger than the
other two dimensions

Flaky and Material having the length considerably -
Elongated larger than the width, and the width
considerably larger than the thickness

Table 2-4: Surface Texture of Aggregates (BS 812: Part 1: 1975 from Neville, 199

Group |Surface Texture |Characteristics Examples
1 Glassy Conchoidal fracture Black flint, vitreous slag
2 Smooth Water-worn, or smooth due to Gravels, chert, slate,
fracture of laminated or fine-graine{marble, some rhyolites
rock
3 Granular Fracture showing more or less Sandstone, oolite

uniform rounded grains

4 Rough Rough fracture of fine- or medium-|Basalt, felsite, porphyry,
grained rock containing no easily |limestone
visible crystalline constituents

5 Crystalline Containing easily visible crystallingGranite, gabbro, gneiss
constituents

6 Honeycombed Visible pores and cavities Brick, pumice, foamed
slag, clinker, expanded
clay
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2.2.2 Adhered Mortar Content
Adhered mortar content is an aggregate property unique to recycled aggregates. The term refers
to the amount of original cement matrixhich constitutes the particles &CA. The content is

expressed as a percent (by masshefoveralRCAG s  aly mass.

Il n order to determine a g¢gi v,an aceegtaple engtleotd 0 s a d
separating the original aggregate from the mortar is required. Various methods for removing the
adhered mortar have been examirtemlyever previous researfbund that a method employing

thermally induced stresses provided an effective means to dButier et al., 2013a)This

thermal method was adopted irtturrentesearch.

2.2.3 Density, Absorption, and Surface Adhered Moisture

Seweral densities are considered when testing coarse aggregate. The term Bulk Relative Density
refers to the ratio of the mass of aggregate (in either oven dry or saturated-duyfecedition)

to the mass of an equal volume of distilled water at the semeerature. The volume of
aggregate includes any voids within the aggregate particles but does not include the voids
between particles. Apparent Relative Density refers to the ratio of the mass of a given volume of
aggregate to the mass of an equal voluwhdistilled water at a given temperature. The given
volume of aggregate includes only the impermeable portions of the aggregate particles.

These densities of the different aggregate sources used in this research are important aggregate
characteristics, dth from a quality perspective and during concrete mixture proportioning. As
noted in previous studies, there appears to be some correlation between the density of an RCA
source and the performance of that aggregate in con@atéer et al., 2013b)In terms of

mixture proportioning, aggregate density is important because this is the charadiesistic
determines the replacement amount of RCA when using volumetric proportioning. This
proportioning method replaces a given amount of natural aggregateanviggqual volume of

RCA. The only feasible method of quantifying aggregate is by mass, and therefore the density

(Mass/Volume) is important because it relates these two characteristics.

The term absorption refers to the amount of witatcan be drawnnito the pore structure of an

aggregate (but does not i nclude water adher.
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percentage of the aggregatedés dry mass. The
importance to this research. This ch#éeastic determines the amount of watirat can
potentially be entrained in a given aggregate source. Absorption is also an important
consideration when proportioning a concrete mixture. In order to design all of the mixtures to
have a comparable wateement ratig it is necessary to determine approximately how much
water will be entrained within the aggregate.

value.

2.2.4 Absorption Rate of Coarse Aggregate
The absorption rate refers to how quickly a sanoplaggregate absorbs water. This is important
when considering RCA as it can be used to determine the soakmgetiuired for an RCA type

to reach a targetddvel of saturation.

The instantaneous absorption rate of RCA has been found to decreasesaiiriduigon level
increases. A study regarding the presaturation of recycled aggregate found that their particular
RCA source absorbed 89.2% of its capacity in the first five minutes of sohakingfter 30
minutes the RCA had only reached approximateBt @apacity(Ferreira et al., 2011)

Similar findings were made by Butler et €013b)when determining the soaking time required

to fully saturate the RCA being studied. During this study it el@ervedhat the times required

to saturate RCA1 and RCA2vhich are used in tle currentresearchwere 4 and 8 hours,
respectively. Based on these findings, 24 hour saturation was used for 100% saturated mixtures
(Butler et al., 2013b)

For the purpose of this research, absorption rate is considerachasrag secant valuewhich
is used to determine the soaking time required to achieve a given saturation level. This is further
discussed in Sectidh1.5

2.2.5 Desorption of Coarse Aggregate
The desorption of a material refers to the m&min which this material releases entrained water
into the surrounding environment. In the case of this resgarelfiers to the amount of entrained

moisture within an aggregate@hichis released in an environment with a controfddl
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The feasibiliy of a material as an internal curing agent is often considered in reference to the

materi al

60s desorption characteristics.

Previo

aggregatefound that a significant proportion of the moistwentainedwithin the aggregate

should be released at a hiBi (approximately 93%) in order to provide the most benefit to the

hydration proces¢Castro et al., 2011)While this previous research and masernal curing

applicationsfocus on fine materials for dotsurface eea and dispersion benefits, this threshold

RH is considered to be relevamnhen considering the desorption of a coarse material.

Bentz and Snydef1999) presented an equation to be used for the proportioning of concrete

mixes withinternal cumg. This equation was later modified and expanded upon by Beératz

(2005) Their equation was produced specifically for Light Weight Aggregate (LWA) and

calculates the required mass of dry LWA to provide a gimézrnal curingperformance. The

LWA mass calculated is to be used as a replacement amount for normal aggregate in a concrete

mixture. The theory behind this equatidquation 2.1 presented below, is to provide sufficient

water during the hydration process such that desiccation does not ©hauis particularly

important in high performance concretes where the density and impermeability of the concrete

paste does not allow for the penetration of external curing water into the interior of a concrete

structure.

Where

0 - (2.1)

Mwwa = dry mass of LWA required per unit volume of concrete (Ry/m

G
CS

h max

S

f LWA

= cement factot from concrete mix design (kg of cement? concrete)
= chemical shrinkage of cement (g (watkeg (cement))

= maximum expected degree of hydration

= degree of saturation of aggregateljo

= absorption of LWA (kg (water) / kg (dry LWA))
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Equation 2.1can be a useful tool for determining the feasibility of using RCA amtannal
curing agentby determining the relevant RCA propertigising a given mix design for an RCA
concrete, an Mca can be calculated in place of Bhwa. This value can be used to determine
whether the mixture designs provide the requisite amouimterinal cumg capacity within the

RCA. For use with RCA, this equation requires some preliminary assumptions to be made.

Attempting to providdanternal curingvi a t he coarse fraction of a
could potentially result in limiting the effectimess ofinternal curingoy reducing the volume of

paste within the zone of influence of eanternal curingparticle (by reducing the ratio of the
internal curingpar ticlesd surface area to volume) .

incorporate this sue and focuses solely on the masaggfregate required famternal curing

The chemical shrinkage (CS) of cement varies widely based on several factors. Portland cement
typically has a value of 0.07 mL water/g cement, but fly ash and slag can be adehef 3

times greater than this value. Proportionate values of CS can be found for mixes containing these
admixtures with known CS values, or ASTM C1608 can be used to find the CS value for any
paste of interest. The temperature of the mixture alsoahasffect on this value. For the

purposes of this research, CS= 0.07 mL/g is used.

The maximum expected degree of hydratiof.f) is dependent on the water/cement réhic)
of the concrete mixture. When this ratio is below a threshold value of 0.36 in a Portland cement
mixture, full hydration is no longer feasibdbased on engineering experieribieville, 1997) In

these case Unacan be approximated bg—, otherwise hax can be taken as tb indicate that

full hydration can occur

The degree obaturation of the aggregate between 0 and 1 to indicate what level of the

absorption capacity the aggregate is praxgdwith O being dry and 1 indicating full saturation

The sorption capacity of the aggregdtgyp orfrca) 1S not a measure of tt
to absorb water in wet conditions,indm8595%  at her
RH environment. ThifkH level approximates the conditions within curing concrete when water

provided frominternal curingagentshave been found to hatee greatest effe¢Bentz & Weiss,
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2011) If the water within an aggregatarmot be readily drawout at these humidity levels then

the additional water wil |l not serve to benefi

There are different methods available for measuring the sorption properties aalnat€hile

no methodhas been standardigefor the characterization of internal curing agents, different
methods have been used to provide results. ASTM C1498 outlines a procedure for producing the
sorption isotherms for different building materials using saturated salt solutions to produce
enviornments of knowrRH. Several previous studies relating to internal curing have used this
methodology to test material or calibrate equipm@msntz et al., 2005, anRadlinskaet al.,

2008) The drawbacks of this method include the fact Ridtenvironmens are limited to those
produced by readily available saturated salt solutions. The execution of the test is uncomplicated

and requires only constant temperatures and air tight containers to prRideceironments.

Dynamic vapour desorption is another noetkhat hasbeen employed to produce the desorption
isotherm of materia{Castro et al., 2011)This method involves passing an air stream over the
material within a knowrRH environment created byn&H chamber. The material is kept on a

high resolution Blance and mass changes are observed. When constant mass is achi®d, the
level is dropped by 1% to the next level and maintained until constant mass is achieved again.
This process is continued from a starting point of ¥8%to a point of 80%RH. Thisprocess is

applicable up to 98%H and provides results quickly.

A pressure plate method suggested by Johang@h0) has been used by researchers to
determine desorption behaviour RH levels greater than 98%ourGhaz et al., 2010)The
method usedmpvides precise results over a snRH range and requires the use of specialized

equipment.

For the purposef this researchhe desorption isothermsifthe materials being used could be
developed based on Section 7.4 Axinerican Society for Testing dnMaterials (ASTM)
StandardC1498 (ASTM, 2010) This method would provide a broad perspective of the
desorption behaviour of the materials, which could provide insight into the feasibility of the

materials in term of internal curing benefits.
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2.2.6 Aggregate Crushing Value

Aggregate Crushing Value (ACV) is an aggregate strength test based on British Standard 812
110 (British Standards Institution, 1990)here is no equivalent test currently presented by the
Canadian Standards Agency (CSA) or Araerican Soiety for Testing and MaterialASTM),

but previous research has indicated the aggregate propertyas a correlation tthe tensile
strengthof concrete produced with that aggregathe average secant modulus of elasticity of
bulk aggregate determidaluring the ACV test was also found to correlate well with the elastic
modulus of concrete produced with the aggregate. While modulus of rupture is outside of the
scope of this research, ACV was also found to be a strong indicator for this propertgreteon

with strengths of 40 MPa or le@utler et al., 2013b)

According to BS 882:1992, aggregates of various crushing values can be classified in terms of

their possible application (excerpt from Rahman et al., 2009):

1 ACV < 25% Aggregates can be usedhe production of concrete in heavy duty floors
1 25% < ACV < 45% Aggregates can be used in concrete for wearing surfaces

1 ACV > 45% Aggregates can be used in concrete for other purposes.

It has been noted that the ACV test can become insensitive to thtover in strength of weaker
aggregates (ACV>25%). This is due to the compaction of fiveghare produced at relatively
low loads. The weaker materials crush and compact at low loads and then are better suited to

resist higher loads due to the configinature of the tegNeville, 1997)

2.3 Concrete Batching Procedure
Many different batching procedures have been employed during the production of concrete for a
number of different reasons. Thasasonscan include the weathemixer type, admixture or
supplemetary cementing materials use, aditance between batching plant and placement
location. In the case of RCAs, specialized batching procedures have been used to account for the
high absorption of the materiafhese proedures are also considered in ordemiprove the
mechanical performance of the hardened concrete by controthwgthe extra watethat high
absorptionRCA necessitatess initially added to the concrete mixturgigure 2.1 illustrates
threebatching proceduresvhichhave beemised to produce RCA concrete
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Figure 2.1: Summary of batching procedures: A) CAC designguide, B) Butler, C) Two Stage
Mixing

Ferreira et al(2011) investigated the effects of gaturation of RCA on concrete properties

using RCA produced during a building demolition. The study consideredtR&Aad attained

approximately 90% of its absorption capacity prior to mixing, according to a timaersion

based on previous absorption evolution tests. This was considered as the ideal moisture content

to prevent absorption of mix water and prevent aggregate bleeding into the cement matrix

(Ferreiraet al., 2011)

ProcedureA) pertains to the productioof regular concrete usingatural aggregate and no

admixtures. It is described in the CAC guide for the design and control of concrete mixtures
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(Kosmatkaet al., 2011)It involves priming the drum with 10% of the mixing water, then adding
all solid mateials with 80% of the mixing water simultaneously, and then adding the final 10%
of the water during the final mixgn prior to casting. Procedure) Bertains to the use of
presaturated RCA and was the procedure used by Butler et al. in their RCA reseidueh a
University of WaterlogButler et al., 2013b) It involves mixing of previously saturated coarse
RCA with one third of the mixing water, then mixing the fine aggregate and cement with the
remaining two thirds of the mixing water, mixing the wholetuie forfive additional minutes

(with two intermediate minutes of rest) prior to casting. Proce@)reas developed by Tam et

al. for use with coarse RCA. They determined that mixing the aggregate with half of the mixing
water prior to the addition ofenent and the remainder of the mixing water served to prime the
absorptive coarse aggregate with wadtet they theorized would form a slurry on the surface
and improve the interfacial zones between aggregate and cement pasteb3dmsedhat this
improved the early and later compressive strengths of RCA concrete when compared to concrete

batched using a normal mixigpproach similar to Procedurg @ am et al., 2005)
2.4 Fresh Properties

2.4.1 Coarse Aggregate Saturation

The absorption capacity of coarse R@vich is generally higher than that of natural aggregate,

results in the need for consideration during the design and batching of concrete mixtures. The
Cement Association of Canadads (CARGAslmuwdhcr et e
be wetted por to concrete batching or that stockpiles should be kept rftdestmatka et al.,

2011) No specific guidance is given as to the ideal level of saturation for batching.

The currentesearclstudyuses the saturation of the aggregate as a variable, andhasequires

that the level of saturation be tested prior to concrete batching. The purpose of this test is to
assist withestimaing the water content of the aggregate and thereby the concrete at the time of

mixing. Migration of water between the aggaégy and cement paste is known to ogeumich

affects the effective water cement ratio of the concrete, but initial conditions are what are

controlled and measured in this experiment.
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In their study of the presaturation of RCA materi#dstreiraet al.(2011) considered materials
which had attained approximately 90% of its absorption capacity prior to mixing, according to a
timed immersion based on previous absorption evolution tests. No testing was performed to
confirm the assumed moisture content of R@A as the rate of absorption past 90% saturation

was suffigently low to assume this value

Tam et al (2005) investigated the effects of different concrete mixing procedures on the
microstructure of concrete produced with RCA. The absorption capadhg ebarse RCA was
observedio be 1.652.63% with moisture contents determined to be 0.8349%. While one
mixing procedure involved mixing RCA with water prior to the addition of cementitious

materials, the level of aggregate saturation was never negasu

The amount of water adhered to the surface of RCA prior to or during mixing is largely ignored
for one of two reasons; the saturation is part of the mixing procedure and therefore any adhered
water is part of the designed mix water or saturated R@#oisght to or below SSD condition

by hand or air drying respectively. Both methods have inherent potential problems related either
to the required equipment or impracticality of the method fordtdlle application.

While some studies consider the aggate moisture states at the time of mixing, many rely on an

asreceived moisture analyses or assume that aggregate are at 0% or 100% saturation.

2.4.2 Slump

The slump of fresh concrete, as measured through the use of an Abrams cone, is a measure of the
consistacy and workability of the concrete. In general, the consistency of a fresh concrete
describes its ability to flow, while workability relates more closely to the placement and
finishing of a concrete and how well these procedures can be performed witisomg |
homogeneity of the mixture.

The slump of a concrete is dependent on several factors including water consemi,a@amment,

aggregate size, shape, grading, and texture, as well as the presence of any admixtures.

In the case of concrete containimgarse RCA, the water content can be affected by the

relatively high absorption potential of the material and subsequently affected by the efforts made
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to address this characteristic. RCA can draw water from the mixture if it is less than saturated
prior to mixing. Normally, moisture corrections are applied in concrete batdoirmpmpensate

for the absorptivity of aggregatey including extra mixing water in the mixture. If RCA is
saturated it can become a source of extra water during the mixing proceithuee,through
moisture adhered to the surface of the RCA or water that is easily lost from the RCA. Either
situation canmpad the initial workability of the mixture up until moisture equilibrium in the

aggregate is reached.

RCA is also 100% crushed éntherefore has a shape and textinag can reduce the slump as
compared to concrete produced with some rounded aggregate.

In their study on the effects afoisture stateef RCA on the slump of concrete, Poon et al. kept

the total water content of mixtes constant by increasing the amount of mixing water added as
the entrained moisture in the RCA was reducHte mixtures with overdry RCA and high
compensating amounts of mixing water had high initial slump but also high early slump losses as
well. Mixtures with saturated, surface dry RCA and relatively low amount of mixing water had
lower initial slump values, but the early slump losses were much less severe. Median situations
involving air dried RCA and some compensating extra mixing water fell betilvesa two cases

in terms of initial slump and early slump los¢Bson et al., 2004)

Other studies include the use of plasticizers to mediate the changes workability associated with

varying saturation levels in RCA concre(8arra de Oliveira & Vazquez, 1996)

Air entrainment, size, grading, and admixtures will all be kept constant and should not have a
large bearing othe slump results found in the current reseatady.

2.4.3 Air Content

Air content of a concrete is an importgohysical characteristic of concrete. It refers to the
amount of air entrapped or entrained within a given concrete batch. Entrapped air generally
refers to small voidghatareleft in concreteduring its placementPoor placement practices can

result in higher levels of entrapped air that can have a negative effect on the compressive

strength of the concretEnt r ai ned ai r r e fthatars placen in<anadtelto M b u b

provide freezehaw deterioration resistance.
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It has been found that thedition of RCA into concretes can increase the air content by about
0.6% and cause wider variability within the results, even inaioentrained concretga\Cl,
2004) This constitutes a form of entrapped air that is not duplacement techniques but
material properties. This is somewhat intuitive faes porosity, angularity, and surface texture of

RCA all serveto entrain air and the material itself is variable.

The RCA concrete in this study is nair entrained, but air cwent is measured to assess the
variability of air content within the mixtures. The C3&3.2-4C pressure method of measuring

air content was used despite the caveat placed in the standard regarding the unsuitability of the
procedure for concretes producgd t h -dielnew t y or ot her porous agg
widely used across the industry and is therefore highly applicable. The results of this test should

not be used directly for the determination of fretmav resistance because the measurets air

not evenly dispersed throughout the mixture. However, the results can be used in a relative sense

to gauge the effect of coarse RCAemtrappedir content.

2.4.4 Fresh Density

Generally the density of coarse RCA is lower than thanatural aggregate. Assuch, it
intuitively follows that RCA concrete produced through volumetric replacememtatfral
aggregate will have a lower density. This assumption is confirmed throughout the majority of the
studies into RCA.

This characteristic of fresh concrete Wikt used to compare the initial densities of all mixtures

with the final hardened densities for each mixture type.
2.5 Hardened Properties

2.5.1 Density

In comparison with natural concrete aggregate, RCA typically has a lower density due to its
porous naturewhichis due to the adhered mortar Because of t he RCAOG6s |
density of concrete produced using the RCA is typically found to be decreased as well.

When naturalaggregate is 100% replaced with RCA, studies have found an associated drop in
hardenediensity of approximately 6% to 10fZaharieva etal., 2003 Tam & Tam, 2008Poon
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et al., 2004 Ferreiraet al., 2011andMartinezLageet al., 2012) While this drop in density is
not unsubstantial, it typically does not classify the resulting concsdtenedensity or semiow-
density concrete, the threshold for which is approximately 1850 *kgimd 2150 kg/r
respectively(CSA, 2009) While reduced density is not a negative quality in concrete, it is often

due to increasedoids whichcan result in strength and permeability issues.

The density of each concrete state is measured as part of this study. Any related strength losses

or increased permeability are also addressed within this study.

2.5.2 Compressive Strength

Compressie strength is m importantmaterial propertyof concrete and is ofterelated tothe
quality of theconcrete. Compressive strengthc@mmonly used in material specification as it
can be easily tested and othmoperties of concretean becorrelated to e compressive
strength. As such, most RCA studies have included the effects of RCA addition on the

compressive strength of concrete

Concrete is essentially a twihase materiathat consists of aggregate and mortdrhe
compressive strength of concrekepends on the inherent strength of these two phases as well as
that of the zone between the two, often referred to as the Interfacial Transition Zone (ITZ). In
low strengh concretes (belowl0 MPa), the aggregate is typically stronger than the paste and

does not control the compressive strength.

exceed that of the aggregate and at that point the aggregate strength can govern. When the ITZ is

weak it can form a failure plarieatcan reduce the overallrshgth of the concrete in either case.
In all situations, aggregate can initiate and arrest the propagation of cracks in th&paste
2006).

Generally, the addition of coarse RCA coincides with a reduction in compressive strength,
though some RCAs havbeernobservedo cause an increase. The severity of this reduction has
beenobservedto depend on a large number of variablesich include mix design strength,

natural aggregate replacement level, RCA saturation, RCA source material, concrete mixing

procedure, curing conditions, and several other factors. Each of these variables can affect the two

phases of concrete and the ITZ in a number of different ways. With such a high number of
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variables, it is difficult to present any results without severalifying statements. Across this
scope of variables, concretes produced using RCA have exhibited compressive strengths ranging

from approximately 60944 6 0 % of t he control concretedbds comp

Generally, the ITZ in RCA concrete is considered ¢atlie weak point of the material. This is
often attributed to weak pmxisting mortar on the RCA and localized water/cement ratio

fluctuations due to the absorptive nature of the aggregate.

RCA is inherently angular because it is produced through crshirs thought that this could
provide some benefit in terms of compressive strength, however mainly in low w/c content
concretegNeville, 1997) It has also beehypothesizedhat the superficial pores on the surface

of RCA could allow for penetration of new hydration produethichc oul d resul t i n
e f f thatdould benefit the ITZ of RCA concrete.

This further supports the need for an accepted framework for classifying RCA as discussed by
Butler (Butler et al.,2013a) Determining and standardizing the best practices for RCA use in

concrete is an important step for widespread acceptance of such a framework.

2.5.3 Splitting Tensile Strength

Splitting tensile strength testing is a straigbitward method for determiningpncrete strength in
tension. It is performed by applying a distributed load along the edges of a cyhatlare
diametrically opposite of one another. This produces a-um@form tensile stress along three
guarters of the vertical plane bounded oa tibp and bottom by the uniform compression loads.

The magnitude of this stress can be calculated based on the applied load and the specimen
geometry. The stresthat causes splitting of the specimen is considered the ultimate tensile

stress.

During the concretehydration processnicrocracks form in the ITZ betwedhe aggregate and
mortardue to mechanical property differences between thentaterials.In addition,strains due

to shrinkage or thermal stresgesult in microcracksThese microcracks ateelievedto be the

points where stress concentrations develop under lgadihgh eventually lead to material
failure. Because of this, Splitting Tensile Strength depends largely on the ITZ, which has been

theorized to be weak in RCA concretes.
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Several tudies have investigated the effects of RCA on splitting tensile strength and results
indicate that for a 100% RCA concrete, splitting tensile strengths are approximateR08b%s
compared to those of ndRCA reference concretéddaruyama & Sato, 2005f{Padmini et al.,
2009),(Fonseceet al., 2011) Studiesthataimed to improve the ITZ through specialized mixing
techniqgueg§Tam & Tam, 2008have had success in improving the splitting tensile strength of
concrete, but only atower aggregate replacement amounts. These mixing techniques are

designed to precondition the RCA and are discuss8éation2.3.

2.5.4 Static Modulus of Elasticity

Elastic properties of materials are used by engineers in adpuge the strain response in a
material at a given stressviee | . Al t h o u g h-strairo beltavicur i€ rellearsand e s s
nontelastic, it is typically assumed that concrete behaves linearly under low, service loading
(ASTM, 2006) This portion of Ihearity is described by the Modulus of Elasticityhich
approxi mately represents t he -sttaioplad. The modulusne ar
is calculated based on a secant between two stress levels, typically the stress producing a
longitudnal strain of 50x18 mm/mmand the stress corresponding to 40% of the ultimate load.

When the stresstrain relationships for aggregate and cement paste are examined, it can be seen
that both behave approximately linearly. Cement paste exhibits lowessffas compared to
aggregate, and concrete exhibits a stiffness between the two. As the stress levels applied to the
concrete increasdhe progressive microcracking at the ITZ between coecdes t wo phas
results in lowering the localrosssectionalarea of concretethat resists the applied load. This
subsequently increases the local stress above the nominal stess level applied to th@lsample.
effective stress increaseauses the nelinear behaviour of concreteinder loading As
microcracks develgdocal stress concentrations devetbptare higher than the nominal stress

on the material. This results in increased strain in thelinear portions of the concrete stress

strain relationship. Concrete produced usih@jural aggregate is assumed tavie an elastic
modulus between 2142 GPaASTM, 2006)

The ITZ of RCA concrete is typically assumed to be of poorer quality thaaturalaggregate
concrete and therefore the strains in the RCA concrete develop at lower stresses resulting in a

lower ehstic modulus. The stiffness of RCA itself is also typically lower the@mnralaggregate.
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Previous studies have found that 100% replacemenatoiralaggregate with RCA in concrete

results in an elastic modulus reduction of approximatelgd While it is acknowledged that

ITZ quality plays a role in elastic modulus, it is unclear whether methods used to improve the

ITZ including varying presaturation levglBoonet al., 2004andFerreiraet al., 2011)pr mixing
procedure§Tam & Tam, 2008)cause largeeffecs in the static modulus of RCA concrete.

Curing conditions have been found to have some small effect on the relative decrease in elastic
modul us of concrete, but |l argely due to a de

elastic modulugForseca et al., 2011)

Partial replacement of aggregate appears to reduce the elastic modulus proportionately, such that
any replacement amount corresponds to some reduction in elastic m@carug. Tam, 2008

Ferreiraet al., 2011andFonseca et al., 2011)

2.5.5 Linear Coefficient of Thermal Expansion

The Coefficient of Thermal Expansion (CTE) is a material propgldtquantifies the expected
change in a |inear dimension per uni-t l ength
with units of (1° mm/mm)/°C. Results are generally presented imits of (x10%°C). In

concrete, CTE is the net effect of two processes. These processes include the typical expansion
of solids and the expansion related to the movement of water in the capillaries and gef pores o

the concrete.

The CTE of concrete is an important characteristic in design of concrete structures. This is
especially true when considering a structdhat will be subjected to a wide range of
temperatures throughotlte design life. One such type ofstture is found in rigid pavements in
northern climates. The laegtemperature range to which a Canadiamcrete pavement is
exposed can cause significant thermaliguced length changes. These can result in induced
stresses where these length changeseaternally restrained. Since these stresses can result in
premature pavement failures, the response of concrete to thermal loading is an important

consideration.

33



Concrete is a composite material and its constituent materials have different thermelgzrope
The thermal behaviour of the solid component of concrete is governed overall by the proportions

within the mixture.

Since aggregate generally comprises the largest proportion of concrete, the thermal properties of
the aggregate significantly inflnee the behaviour of the concreMatural aggregate typically

has CTE valueswhich range from approximately 4 x P0C for limestoneto 12 x 10°/°C for
guartzite(Neville, 1997) CTE testing of aggregate is generally parfed on rock cores and this
testing method is not available for RCAs unless cores were taken of the previous concrete
structure. Similar to concrete, the CTE values of RCA will greatly depend on the aggregate type
used. Since RCAs generally have a highesogition capacity than natural aggregates, they

theoretically should be more prone to the watdated effects of temperature changes.

A smaller proportion of concrete volunie® made up of cement pastehich generally has a
higher CTE (typically 9 22x10°%°C) (ASTM, 2006) It is alsothe areavhere most of the water

is situatedwithin concreteand is therefore more susceptible to the swelling pressures associated
with water. The swelling is due to the decrease in capillary meniscus tension withesasenio
temperature(Neville, 1997) Capillary meniscus tension is the surficial force exerted by the
surface of water on the concrete structilna surrounds itAs temperatures increase, this force

is reducedresulting inoverall swelling. This also allows for the flow of water from capillaries

into the smaller gel porgwhichalso causes swelling.

Previous studies have found that several variables can have significant effects on the CTE of a
given concrete. The moisturerdition of a concrete can greatly influence the thermal behaviour

of the cement paste and therefore the concrete. When the concrete is dry, there are no capillary
menisci SO moisture transport and its associated swelling are not possible and the Cidavalue

a minimum. Similarly, when the concrete is fully saturated, no menisci are present and the
effects of temperature change (above the point of water freezing) are not present. Testing for
CTE at either of these two extremes yields what is sometinmesdesedt he At rueodo CTE
material. Fbwever these conditions do not closely reflect actual conditions of most concrete

applications. The CTE values of cement pasiat are observed at intermediate levels of
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saturation are found to be considerablght@r, with a maximum &H values of approximately
70% (Neville, 1997)

The temperature rangmnsidered also has an effect on the Gfi& is measured. At higher
temperatures the CTE of concrete remains constant and lineas\an be considered, however

near the freezing point of water, the CTE has been observed to change. This change is dependent
on the moisture condition of the cement being tested. In previous research when cooling a 100%
RH cement, the paste experiencedudstantial decrease in CTE between approximatelg 10
and-5 C, the CTE then went up to level higher than the original value at approxirEgel; A

90% RH cement was observed to experience a much less pronounced decrease in CTE below
10 C, whichcontinued below20 C (Wittmann & Lukas, 1974)

The age of concretalso affecs the CTE of cement pastes. The effect was found to be a
reduction in the ApeRHKklavelt@aiweuldvpeduoeehispeakli Thades o t |
affects were attributed to an increase in the amount of crystalline material in the hardened paste
(Neville, 1997)

Previous studies regarding the CTE of concretes produced using RCA have produced variable
results. In a study coeening RCA replacement amounts, Bekoe found that there was no clear
difference in terms of CTE in mixtures regardless of RCA replacement amount and water/cement
ratio (Bekoe, 2009)

As part of theresearctby Smith and Tighgthe CTE of concrete&vas shown talecrease as the
replacement amount of RCA increased. This research included the study of cores taken from
pavement test sections that were approximately 1 year of age. They found that 50% replacement
of coarse aggregate WitRCA resulted in a CTE value of approximately 4 x°Q, as

compared to a control mixture value of approximately 7.2'%°TD(Smith & Tighe, 2009).

Butler found that the CTE of concretes produced using natural aggregate and three different
RCA types wvere notsignificantly different in either direct replacement or strength based
replacement mixture types. CTE was found to vary based on the density of the aggregate of each
mixture (Butler, 2012)
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The large effects of these variables, combined with tiiereint conditions expected for different

concrete applications have resulted in no standard test method for CTE being developed.

The focus of tb currentresearchstudyis to develop gractical use of RCA as a construction
material The method of testmCTE was developed to test in conditions similar to what may be

reasonably expected in the field. This invalvbe following considerations:

1 Samples would be tested according to a modified version of ASTM C531 similar to
previous research performed a¢ tniversity of Waterloo to allow for some comparison
of results

1 Samples were to be allowed to equilibréde 24 hoursin the concrete lgbwhich was
considered to haven&kH of 50% + 10% and a temperature of 21 €2

1 Testing would consider the lengthhamges occurring between temperatures of
approximately 20C and-15 C

1 Values obtained would be considered as an average CTE

2.5.6 Permeable Porosity of Concrete

One of the major concerns with the use of RCA concrete is the impact it can have on the
durability dharacteristics of the concrete. There are many factors within cortbedtaffect
durability and therefore effects on durability can be measured in many different ways. One such

durability factor is the permeable porosity of concrete.

The porosity of aa@ncrete refers to the amount of voids within a concrete. This is composed of
capillary pores, gel pores, entrained and entrapped air, and spaces in the ITZ of concrete. The
porosity of a concrete has effects on the strength and to a certain extentirtbahiiéy of that

concrete. The permeability of a concrete refers to the flow through a porous medium. The
permeable porosity refers to that portion of the pore strutchaecontributes to the flow of

liquid through concrete. Typically this includes therger capillary poreswhich are not
discontinuous, and therefore provide a pathway for the passage of liquids. While porous
aggregate introduces more pores into the concrete, these pores are generally contained and do not

have a large impact dihe permability of a concrete. Within this tegtoresthatare either not
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saturated or not dried are considered impermeable. The cement microstructure is considered to

have the greatest influence on this vgNeville, 1997)

The pemeable porosity of a concrete affects the transport properties and therefore the durability
of that concrete. The transport of chlorides, oxygen, carbon dioxide, and moisture can cause
corrosion in reinforcement. The presence of water within concretdsmhave negative effects

in terms of freez¢haw durability (Neville, 1997) When compared to the other accepted
standards for measuring the permeable porosity of concrete the vacuum saturation technique was
found to be the nsi effective and was therefore applied witthe currentesearci{Safiuddin &

Hearn, 200%)

Similar tests have been performed on RCA concretes with the aim to determine the transport
properties of RCA concrete. These testdude water absorptiofEvangelista & de Brito, 2005)

surface and air permeabilifgaharieva et al., 2003yapillary ascensiofFerreiraet al., 2011)

and depth of water penetration test{iMartinezLageet al., 201land Zga & Di Maio, 2011)

The inclusion of RCA in concrete has appeared to increase the transport properties in most cases
with higher absorption and permeability results. The penetration results however, indicate that
the water penetration depth of RCA corneris the same or less than the control mixtures. This
could indicate that porous RCA is acting as internal reservoirs that increase absorption without
affecting the penetration depth. This could cause freeze thaw issues at the surface of concrete

structues.

2.6 Sustainability and Biodiversity
Sever al goal s are outlined in the Province of
is the sustainable use of biological as¢€mstario Biodiversity Council, 2011)his reseatt is

relevant to this strategy for a number of reasons.

The biodiversity benefits of RCA use are tfadd. Firstly, it results in a decrease in demand for
naturalaggregate, the production of which requires quarryireg can be detrimental to local
ecosptems. While RCA use will never fully replace the need ratural aggregates, the

reduction in demand is an incremental benefit. Secondly, the diversion of waste concrete from
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landfills reduces the demands on these institutions. This ultimately coulceréukir required

footprint and thereby the impact on the local ecosystems.

This research also utilizes Portland Limestone cement (Typ&)GUhis material is similar to

type GU cement in performance but has 10% less clinker component, which is depjace
limestone. GLL type cement has a corresponding reduction in the greenhouse gas emissions that
are associated with clinker production. Reduction of greenhouse gas emissions can result in

reduced impacts on the ecosystems surrounding the clinkerimg pla

2.7 Summary of Findings

The most common practices for RCA use in Ontario involve placement of RCA as a fill type
material. This is a good use for RCA, but may not effectively use the full value of the material.
Gauging the full value of RCA is an @uoingprocess to which this research aims to contribute.
The contributionswill be towards the following gapthat have been identified in the literature

review.

Coarse RCA has not been thoroughly considered as a potential internal curingTagged
becauseof several factorswhichinclude: norideal desorption, incomplete dispersion, and the
potential for overall strength reduction. Each of these factors is a legitimate concern however if
some internal curingjke benefits can be gained through proper pragi@n of RCA, then this

could contribute to knowledge of the full value of RCA as a construction material.

A potential benefit ofncluding saturated RCA in concrete is the possibility to provide a buffer
against the negative effects specified concretecuring, primarily in terms of compressive
strength development. This benefit could further enhance the value of certain RCA as concrete

aggregate.

Research into the ideal procedure for RCA concrete batching has produced one prbegdure
seems to improvéhe compressive strength development of RCA concrete. Batching procedures
are variable and depend on a number of factors. In this research, the need for known coarse
aggregate saturation levels requires a modified batching procedure. The observedfetiiects
batching procedure could help to identify the potential issues associated with this particular

modification.
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Some research has been conducted regarding thésfoperature thermal expansion of RCA
concretes, with promising results. Since the mogstatate within the concrete can have
significant effects on its thermal properties, further study is required to determine whether these

results can be observed in various RCA replacement levels and saturation states.

All of thesecontributionshave the ptential to help further refine the existing RCA classification

framework whichcould further promote the effective use of RCA in concrete.
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CHAPTER 3
RESEARCHMETHODOLOGY

The overall research methodologyillustrated below irFigure3.1. This chapter will provide in

depth discussion of the individual componghttmake up the study.

RCA/Internal Curing Literature Review
Aggregate Acquisition
Density, Absorption,
Adhered Moisture {;
Absorption Rate Aggregate Properties Testing
Desorption . Air Content @
Aggregate Preparation Procedure Development k]
L e
Adhered Mortar N Slump (Workability) § g
n o o
Abrasion Resistance & Concrete Batching Procedure Development . F
ACY {; Fresh Density
Initial Trial Batching

{7 Compressive Strength Testing
Batching and Curing of Samples Splitting Tensile Strength o @
RS . 5%
Modulus of Elasticity - 3
Testing at batchingand 7, 14, 28, 56, and 91 days < O
‘7 Linear Coefficient of Thermal Expansion T a

Production of Thesis Permeable Porosity and Absorbed Water
Specific Objective Study

Figure 3.1: Research nethodology

The research methodology is split into four distinct groupbkich are Aggregate Tests,

Concrete Production, Concrete Fresh Properties, and Concrete Hardened Properties.
3.1 Aggregate

3.1.1 Physical Classification

Table 3-1 outlines the classification of the three aggregate types used in this research. Each
aggregataype is classifiedn accordance witffable2-3 andTable2-4 in terms of particle shape

and surface texture. Photographs illustrating the characteristics descrébedsarincluded
within Table3-1.
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Table 3-1: Aggregate Physical Classification

Aggregate Type|

Particle shape classification

Surface texture of aggregate

Irregular/Angular- partly shaped by
attrition, partly shaped by crushing

Rough- Fracture surfaces largely intact

RCA1
Irregular/Rounded- Rounded edges |Granular- Fracture showing rounded grain
formed through attrition surface adhered fines due to brittle adherg

concrete

RCA2
Irregular/Angular- partly shaped by [Smooth/Rough- some faces water-worn,
river attrition, partly shaped by others fracture planes from crushing
crushing

Natural

Aggregate




3.1.2 Grading

All three sources were graded for use in the production of concrete. For the purpose of this
research, the particle sidlistributions for each aggregate type are considered in reference to the
gradation requirements for coarse aggregate (nominal maximum size 19mm) for structural
concrete, sidewal ks, cur bs, and gutters as o1
(MTO) LS-602.

Samples werebtainedfrom stockpilesfor both RCA sourcesand the natural aggregateurce

The materials were oven dried at 149 C thengraded in accordance with &2 (MTO,

2001) using a mechanical shakérhe stack of sieves includehe following nhominal opening

sizes: 26.5mm, 19.0mm, 16.5mm, 13.2mm, 9.5mm, and 4.75mm. The material retained on each
sieve was weighed in order to determine cumulative percent passing of each siewhisizis
illustrated in the particle size disttbon.

The particlesize distributions are illustrated Figure3.2. The bold lines indicate the acceptance
envelope defined by :802(MTO, 2001)

As shown, all three aggregate sources fall within this envelope and are thecsfeptable for

use in terms of particle size distribution. It can be seen that RCA2 approaches the lower bound of
the acceptance envelope at the nominal diameter of 9.5 mm. This indicates that in comparison to
the other two aggregate types, a larger prioggo of RCA2 is has nominal diameter between 9.5

mm and 13.2 mm. While proper sampling techniques were employed whenever possible, this
distribution may be affected by some material segregation caused by stockpiling, which was

necessary for the RCA2 stge
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Figure 3.2: Particle size distributions for aggregate sources
3.1.3 Adhered Mortar Content
Adhered mortar content is an aggregate property unique to recycled aggrégateerm refers
to the proportion ofRCA, which is made up bthe original ¢ 0 n ¢ r cemeat dnatrix. The

content is expressed as a percent of the originglg r e g adrg Mass. o v e n

I n order to determine a gi v,ean aceeptaple engtlzod ®ro s
separating the origal aggregate from the mortar is required. Various methods for removing the
adhered mortar have been examirdtler found that a method employing thermally induced
stresses provided an effective meansneasuring adhered mortéButler et al., 2013a)This
thermal method was adopted irtturrentresearch.
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Figure 3.3: Muffle furnace employed in the alhered mortar test procedure

The methodology for this testing procedure involves the following steps:

1. Oven-dry aggregate samples were split into two size fractions, Coarse (retained on the
16mm and 19mm sieves) and Fine (retained on the 4.75mm and 9.5mm sieves)
2. Samples of each size fraction with an approximate mass of 250g were obtained
3. These samples werasmerged in water for 24 hours to ensure 10G&urationof the
mortar and original aggregate
4. The samples were then péatin a muffle furnace (shown Figure 3.3) for two hours at
a temperature of 50Q.
5. After two hours had efssed, the sampled were quickly submerged into cold ywatéch
served to induce thermal stresses with the aggregate
6. At this point the mortar was removed by hand, or broken off with a rubber mallet then

aggregate and removed mortar were dried atH3.C.
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7. Once dried, the material passing the 4.75mm sieve or pieces of mortar larger than this
were removed and the remaining aggregate was weighed

8. The amount of material lost was considered to be adhered mortar and these values
resulted in a value for adheredrtar content, according tquation3.1.
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9. The overall adhered mortar was produced using a weighted average derived from the
gradations for each material

3.1.4 Density, Absorption, and Surface Adhered Moisture

3.1.4.1 Coarse Aggregate

Density and absorption testing of all coarse aggregate was performed in accordanC&Avit
A23.2212A (CSA, 2009) Washed samples of each aggregate type were dried in ovens
maintained at 10 +5 C until they reached a constant mass. The samples were then cooled and
placed in room temperature water for 24 hours to achieve 100% absofgt®maggregate in

each mixture was dried prior to soakimgnd thus thein-situ moisture of aggregate was

disregarded.

The materials were then submerged in water for the determination of mass in water.
Subsequently the material was removed and brought to a Saturated -Bufd8&D) condition.

This mass was also recorded prior to drying the material to gameandry mass. Using these
values, the Bulk Relative Density (SSD and oven dry), Apparent Relative Density, and
Absorption were calculated usiigjuations3.2, 3.3, 3.4, and 3.5, respectively

Adhered surface moisture refers to the moistiiaeremainson the outside of aggregate particles
after soaking. This moisture does not include that contained within the permeable pores of the
aggregate particles. Adhered surface moisture testing was performed on all of the coarse
aggregate samples orderto provide values for use in moisture corrections during concrete
mixture proportioning.Since moisture adhering to the surface of the aggregate particles is

available to mix with cement during concrete batching, the calculated amount of moisture
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adhering to theaggregate particles is subtracted from the mixing water proportioned for the

concrete mixture.

OYCE L@ 0 = = (3.2)
0 0
6 YOYYO = - (3.3)
0 0
0N N OiYIEW0OD ® Qo QQOGN 5 (3.4)
owlslnonS prmp (3.5)
Where: BRD:-a = Bulk RelativeDensity of coarse aggregafeclative to water density)
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The soaking/draining procedure used in this research required a specialized method for
determining the adhered surface moisture of the aggregates considered. The sieves used to drain
soaking water away from the aggregatere effective however the large amount of aggregate
confined within the centre of the siexetained a proportionally higher amount of adhered water

than the smaller samples recommended for use in CSA AARA2Figure 3.4 illustrates the

sieve used for the draining of soaking water away from aggregate samples.

Each sieve consisted of a 19L bucket with a regular series of holes drilled in its side and bottom.
The regular pattern of the holes made production of the sieve reprediialch drilled hole had

a diameter of 4mm. This was chosen so that the smallest aggregate particles (4.75mm) would be
retained throughout the sieving process.
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Figure 3.4: Sieve used in aggregate prepatin

Aggregate samples were prepared according to the procedure used for concrete batching and
then tested. Three stratified samples were taken from each aggregate sample: one from each of
the top, middle, and bottom of the sieve. The mass of these samgsescorded directly out of

the sieve, once more after being brought to SSD condition, and then one final time after drying at
110 +5 C until they reached a constant mass. This process was repeated for each aggregate type
as part of the absorption ratssting, described in Secti@l.5 Adhered moisture vgacalculated

using Equation 3.6The results of the testing described in this section are summarized in Section
4.1.2
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3.1.4.2 Fine Aggregate

The bulk relative density foovendry and SSDsamplesas well as theabsorption were also

found for the fine aggregate used in concrete batching. This procedure was done in accordance
with CSA A232-6A. To do this, first a sample of fine aggregate was dried to a constant mass at
110 5 C, and subsequently soaked for 24 hours. After soakingetbeelwas decanted and

the sample washen spread on a nabsorbent surface. The material was stirrecaia was

passed over it until it approached a free flowing condition. At this ptiet material was
repeatedly tamped into a cone shaped mold until upon removal of the mold the material did not
retain the shape of the mold. At this pothie material \es considered to be at SSD coruiti A
pyncometer was filletb a specified reference level with water and its mass plus the mass of the
water was recorded aspMc+water APproximately 500gpf SSD sand(Mssp) was then added to

the empty pyncometer withpap r o x i mat ely 90% of the pyncomet e
agitated to remove trapped air and then filled to the reference level. The total mass was then
recorded as Mnc+water+sand The fine aggregate was then removed and dried at310 until it

reached a constant mass, recorded a&My Using these values, the Bulk Relative Density
(oven dry and SSDApparent Relative Density, and Absorption were waled using guations

3.7, 3.8, 3.9, and 3.10, respectively

OYOe D' M W = = = (3.7)
0 4] 0
0 ' YOYYO < = = (3.8)
0 4] 0
5
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3.1.5 Absorption Rate of Coarse Aggregate

Absorption rate refers tthe rate at which a fully submerged coarse aggregate source absorbs
water. In the case of this researehrepeatable methodology was required in order to have
comparable coarse aggregate saturatiaimé testing mixtures. Specifically, a methodology was
required to produce aggregateat had a saturation level of approximately 60% of its total
absorption capacity. In order to achieve this goal, it was decided that timed aggregate submersion
would beemployed. While this method involves some inherent variability, it was used for two
reasons. Firstly, the other methtitht was considered involved agitating a known quantity of
aggregate with a known amount of wated thisrequired a substantiahmountof abrasion This

would bedifficult to account forin terms of maintaining a consistent amount of abrasion across
all concrete batchesSecondlytimed aggregate soaking i@ more straightforward method to

evaluate this property

In order to determine thappropriate submersiotime to soak the aggregate to 60% of its
capacity, two rounds of absorption rate testing voemreducted The first round was performed

on aggregate sample$ approximatelyonekilogramin mass. Thesene kilogramsamples were
submegedfor varying lengths of timén 20 C water, then removed from the water and allowed

to drain forone minute. After the sample had drained fame minute, it was weighed then
immediately brought to SSD condition andweighed.After the material was @n dried, the
absorption amount and adhered moisture were calculated. This teptisethown irFigure3.5.

This round of testing was performed in order to measure the approximate soaking times
necessary for fulscale testing.
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Figure 3.5: Small scale aggregate soaking

After the initial round oftesting, fullscale testing was employed to gauge the moisture contents
that could be expected during concrete batching.-&cdlle tesng involved pouring water into

19L buckets filled with aggregate for varying lengths of time. The buckets were then emptied
into sieving buckets, shown iRigure 3.4, which allowed the free water to flow away from the
aggregateThe aggregate was allowed to drain for 1 minute before three stratified samples (top,
middle, and bottom ddievebucket) were taken and tested similarly to the first round of testing.

The absorption values found after each round of testing were comfumarén® absorption
capacity found previously in order to determine what amount of soaking time would result in

60% of capacity absorption.

3.1.6 Desorption of Coarse Aggregate
For the purpose of this researche tdesorption isotherm®rf the materials being usevere
developed based on Section 7.4 of ASTM C1488TM, 2010) This method provide a
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broackr evaluation othe desorption behaviour of the materials, which could provide insight into

the feasibility of the materials in terms of internal curing benefits

Using saturated salt solutiorfsye specific RH environments were created. summary of the
saturated salt solutions and tRél environmentsare presenteth Table3-2. The production of
saturated salt solutions wesmpletedn accordance with ASTM E16d2: Standard Practice for
Maintaining Constant Relative Humidity by Means of Aqueous Soluti&ssTM, 2007) The
environments were createding air-tight containerghat were housed in a cabinet intended to
maintain the tempature andRH of each environmentigure 3.6 illustrates the environments
thatwere used to control tHeH of the samples. As shown, temperature was monitored to ensure

that the saturated solutions were producingRhevelstha were being studied.

Table 3-2: Aqueous Salt Solutions and Associated EquilibriuniRH

Saturated Aqueous Salt Solution | Equilibrium RH (at 20C)
Potassium Sulphate 97.6x 0.6
Potassium Chloride 85.1+0.3%
Sodium Chloride 75.5+0.2%
Potassium lodide 69.9 + 0.3%
Magnesium Chloride 33.1+0.2%

Samples of each coarse aggregate were placed into each of these environments and mass losses
(due to water loss) were r@aled every 24 hours. The aggregate samples were moved through

the environments consecutively from the highest RH to the lowest RH. This allowed for
controlled release of moisture from the aggregate in order to produce the desorption isotherm.
Aggregate saples were progressed to the next environment when they had maintained a
constant mass (within 0.1% of the specimen mass) for three consecutive daily weight

measurements.
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Figure 3.6: Air -tight, controlled RH environments

After the aggregate samples had been cycled througRHaknvironments, they were dried at

110 £5 C to determine the oven dry mass of the specimen.

The constant masses that were observed for each sample in aRgiverere then used to

produce an isotherm to display the mass (water) loss of an aggregate in that environment.

3.1.7 Abrasion Resistance
The abrasion resistance of an aggregate refers to aggregate durability when subjected to an
imposed abrasive action. For the purpose of this rdseabtasion resistance was tested using a

Micro-Deval apparatus, pictured gure3.7.

The testing was performed in accordance with CSA A232 (CSA, 2009). First samples were
prepared by combining 750g each of two size foasdj 1620mm and 9.86mm. The ovemry
mass of the samples was recorded and then allowed to soak for one hour while completely
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submerged in two litres of water. The water and aggregate were then added to a stainless steel jar
along with an abrasive chargensisting of 5000g of magnetic stainless steel baltschhad an

average diameter of 9.5 mm. The jar was secured and then allowed to rotate 12 000 times over
the course of two hours.

Figure 3.7: Micro -deval abrasion testing apparatus
After this abrasive action was completed, the contents of the jar were poured over a stack of two
sieves: one 4.75mm and one 1.18mm nominal diameter. The magrktiové@ cleaned and
removed all material retained on thk18mm sieve was dried at 1#5 C, and this mass was
then recordedequation3.11 wasused to the calculate the abrasion loss
DOIE YO0 DI&iYo O QOdMDI ©i QE &

POE€&i.i — o R mmp
Dwigi' Yoo P (3.11)

Where Mass of RCA = oven dry mass before abrasion (g)

Mass of RCA after abrasion = oven dry mass on 1.18 mm sieve after abrasion (g)
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3.1.8 Aggregate Crushing Value (ACV)
The equipment used in the ACV test is illustrate#igure 3.8.

« MEASURING CYLINDER

« BEARING PLUNGER

TESTING CYLINDER BASEPLATE

Figure 3.8: ACV testing equipment

The ACV of a material is determined using an odeyn sample of aggregate wherein the
particles have nominal diameters of-A@mm. A measuring cylinder is filled with aggregate i

three equal liftswhich are each tamped 25 times with a tamping rod. This cylinder determines
the volume of aggregate required for each test. This volume of aggregate is then transferred to
testing cylinder in three equal liftsvhich are each tamped 2tmes with a tamping rod. The
testing cylinder is an opeended cylinder with a wall thickness of 18m and an internal
diameter of 154nm. Prior to filling the testing cylinder, it is placed on ami® thick baseplate.

The surface of the aggregate in tiesting cylinder is levelled off and the bearing plunger is
inserted. The bearing plunger is circular with an outer diameter ainbd&o it canfit within the

testing cylinder. The platen of the testing frame applies load to the aggregate via the bearing
plunger. Once the plunger is inserted, the load on the aggregate is increase#Noad@0rate

of 40 kN/min. Oncea 400kN load is reached, the load is removed and the crushed aggregate is
removed from the testing cylinder into a tray of known mass. cfbished aggregate is removed

from the cylinder by hammering on the outside of the cylinder with a rubber mallet. All crushed
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material is then sieved over a 2.86n sieve. Material retained on the sieve is weighed and the
mass is recorded as;Mvhile mateial passing the 2.36mm sieve is weighed and that mass is
recorded as M The ACV is then calculated usiguation 3.12

oowﬁ— pTITT (3.12)
Where 0 ARIEMAOO0 Qi VQOWOERG i QQAMWQ

0 AOIEQOOQINVO G CEmEE | QQWQ
Three samples of each material were tested anduarage is reported as the ACV.
3.2 Concrete Production

3.2.1 Concrete Mixture Proportions

The concrete used in this research was derived from a mixture design previously developed for
RCA research athe University of WaterlooThe designs were developed basedaodirect
volumetric replacement basis. The direct replacement involves replacing natural aggregate with
equal volumes of RCA such that the overall volume of the concrete produced stays constant.
This method is also referred to as the Absolute Volume rdefftee proportions used for the

batching of concrete are summarized able3-3.

Table 3-3: Concrete Mixture Proportions

Water (kg/nf)* 180
Cement (kg/m) 487
Coarse NA (kg/Br* 1094
Coarse RCA1 (kg 972
Coarse RCA2 (kg 939
Volume of Coarse Aggregate {m? concrete) 0.412
Fine Agg. (kg/f) 625
Water-Cement Ratio 0.370

*water content does not include extra water added to account for aggregate absorption

**coarse aggregate values represent proportion for 100% of given aggregate type. 30
mixtures included 30% of RCA mass and 70% of NA mass
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The mixtures have been standardized to have a water caoteasponding to a 0.370 water
cement ratio plus full saturation of aggregaihis water is included in eadhixture in
combinations of three phases: entrained in aggregate, adhering to the surface of aggregate, or as
mixing water. The constant water ¢ent with varying aggregate moisture content can serve to
affect the overall water/cement ratio of the cement, but allows for constant mixture proportions
overall and serves to illustrate the differences caused by different RCA preparation teghnique
which can affect the actual locatiaf the water at the time that iis included in concrete

mixtures.

Development of these concrete mixtures included the consideration of the varying levels of water
absorbed by different coarse and fine aggregates as welat@s adhering to the surface of

presoaked coarse aggregatesoutlined in SectioB.1.5

3.2.2 Concrete Batching Procedure
The mixing procdure was developed basedresearch goals as well as on requirements specific
to the avdable mixing apparatus. A 0.2°pan mixer picturedin Figure3.9 was used fothe

preparation of all concrete mixtures

Figure 3.9: Concrete mixer used for concrete production
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Due to the number of specimens, this was the amigilable mixer that had the necessary
capacity for the sample preparation. The mixer was not sigterand could be seen to leak free
mixing water around the concrete chutée traditional method of corete batching involves
initially adding the coarse aggregate and a portion of the mixing water to the asdiscussed
previously in Sectior2.3. This step is to allow some water absorption into the aggregate, but
results n some fredlowing mixing waterthatcould be bstin this particular concrete mixer. The
water content of the mixture in this researslof primary importance anceérefore a modified
method of concrete batching was employed. Instead of adding a poirtilbe mixing water to
the coarse aggregate prior to the addition of fine materials, the fine nstegmlent and sand)
were added to the mixdrst. This servedo minimizethe loss of mixing watefrom the mixer
The steps of the concrete batchinggadure are outlined beloand alsoillustrated inFigure
3.10:

1. Cement and fine aggregate were added to the mixer and manually mixed in order to
attain full coverage of mixer

2. Half of the mixing water was added to the dry mix ancdett for approximately 30
seconds

3. The coarse aggregate, after soakfiighecessarywas added to the mixture with the
remainder of the mix water

4. The concrete mixture was mixed for 3 minutes, allowed to sit for 3 minutes, and then
mixed for a further 2 mumes prior to the beginning of fresh properties testing and

specimen preparation
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Figure 3.10: Mixing procedure

3.2.3 Aggregate Preparation

3.2.3.1 Coarse Aggregate

The coarse aggregate was prepared according to théieghedk type. The mix types included

fully saturated coarse aggregate, partially saturated coarse aggregate, and oven dry coarse
aggregate. In each case, a water content sample wasfolkerng the saturation procedure in

order to gauge the actual wat®ntent of each mixture.

3.2.3.2 Fully Saturated Condition

The fully saturated coarse aggregate was prepared by proportioning the specified mass of
material and soaking it in the fully submerged condition for 24 hours prior to batching. This
ensured that the rtexial reached 100% saturation. At the time of batching, the material was
poured intothe sieves and allowed to drain for om@nute prior to addition to the mixer. The
adhered moisture values discussed in Sec@idn4 were oltained using the same sieving

procedures to ensure that the results were relevant to the mixing procedure.

58



3.2.3.3 Partially Saturated Condition
The procedure for the partially saturated condition was labour intesusdrequired a procedure

developed during thabsorption rate testing discussed previously.

During this testing, differeriengths of soakingime wereevaluatedn order to determine what
amount of soakingime resulted in aggregate moisture contents of approximately 6Qa%e of
aggr e ghsdrpdd cpacity. The time was measured from the point when the aggregate
samplebecame fully submerged until the time it was poured into the sieves to remove the
soaking weer from the aggregate. Similéw the fully saturated procedure, the aggregate was
allowed to drain for one minute prior to being tested for moisture content and adhered surface
moisture.Someadditionalwater absorption couldccurduring this draining portion and this was

accounted for in the absorption rate testing.

For the mixing procede, the soaking times previoushpservedvere employedand the same
process was repeatethe aggregatawvere soaked for the specified times, which varied based on
aggregate type, and then drained over the sievesrfeminute prior tothe addition to tle
mixture. The adhered water values found during the absorption rate testing were applied to

mixture design in the form of a water correction in order to maintain the water content.

3.2.3.4 Oven Dry Condition

The oven dry aggregate mixtures were proportioned basetie oven dry masses in order to
make the mixture preparation feasible. The preparation procedures used for the other two coarse
aggregate conditions resulted in the loss of fine materials from the surface of each material
during the draining phase. larder to maintain consistency between mixes, the oven dry
aggregate was soaked and drained similarly to the other procedures prior to drying. After the
material was dried it was added to the concrete mixture as discussed previously.

3.2.4 Fine Aggregate
The fire aggregate used in the concrete production awaslried to ensure that it did not
contribute water to the concrete mixtures. Water was added to the mixture in order to provide

full saturation of the aggregate as discussed previously.
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3.2.5 Concrete Naming Convention

A total of 14 final concrete batches were produyacelich resulted in 17 distinct sample sets.
These sample sets were differentiated based on the aggregate type, curing regime, coarse
aggregate saturation level, and RCA replacement level. A nacoimgention for the different
concrete types was adopted in order to keep track of these varigiglee 3.11 shows the

naming conventiothatwas adopted and used.

RCA1|$(100:30

(a) (b) ()  (d)

Figure 3.11: Concrete naming convention

The name for each concrete type had four distinct compgnehicsh are labelled a) through d).
Component a) indicates the coarse aggregate type in the mixture. This could be NA (for natural
aggregate), RCAL, or RCA2. Mixtures WwibothNA and an RCA type were named based on the

RCA type. Component b) refers to the curing regihethe samples were subjected to. In this
case, ASO indicates the s prscmoisticeiog. GComporiemtg) r e g i
indicates the tget saturation level of the coarse aggregate at the time of batching. The three
saturation levels used in this study were 0%, 60%, and 100%. Finally, component d) refers to the
proportion of the original NAhatwas replaced volumetrically by RCA. The rapg¢ment levels

were 0% (for control mi xtures), 30E%h ¢(these fnacc
variables is discussed in detail in SectB.1 Table 3-4 outlines the mixtures studie@&ach

mi xXturebdbs designation is presented along witHh

coarse aggregate saturation level, and RCA replacement level.
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Table 3-4: Mixture Summary and Designations

Coarse .
Ag?’)r/i)geate Curing Regime  Aggregate Replzi::ment D(—:I\-/!ixg;rzj:ion
Saturation

NA Moist Curing 100% 0% (control) NA M 100-0
NA Specified Curing  100% 0% (control) NA S 100-0
NA Specified Curing 0% 0% (control) NA S 0-0
RCA1 Moist Curing 100% 100% RCA1 M 100-10(
RCA1 Specified Curing  100% 100% RCA1 S 100-10C
RCA1 Specified Curing  60% 100% RCA1 S 60-100
RCA1l Specified Curing 0% 100% RCA1 S 0-100
RCA1 Specified Curing  100% 30% RCA1 S 100-30
RCA1 Specified Curing  60% 30% RCA1 S 60-30
RCA1 Specified Curing 0% 30% RCA1 S 0-30
RCA2 Moist Curing 100% 100% RCA2 M 100-10(
RCA2 Specified Curing  100% 100% RCA2 S 100-10C
RCA2 Specified Curing  60% 100% RCA2 S 60-100
RCA2 Specified Curing 0% 100% RCA2 S 0-100
RCA2 Specified Curing  100% 30% RCA2 S 100-30
RCA2 Specified Curing  60% 30% RCA2 S 60-30
RCA2 Specified Curing 0% 30% RCA2 S 0-30

3.3 Fresh Properties

3.3.1 Aggregate Saturation

Coarse aggregate was saturated prior to concrete batching according to the results of the
absorption rate testing described in Sec8ahh After saturation, but before the aggregate was
added to the concrete mixer, a small sample was taken in order to gain an estimate of the
material 6s actual saturation | evel. Because
aggregate, the results of the aggregate saturation test could notferedito design saturations

prior to batching.

Saturation testing was performed using a procedure developed based on CSA 2% 3Rt
modified to suit the strict time restrictions. A sample of aggregate weighing approximatejy 200
was taken from the mdle of a draining sieve and immediately weighed to obtain the total
soakedmass of the sample. The sample was then towel dried until it was judged to be in surface

dry conditionand then reveighed. This mass wascorded and the sample was dried at 150 +
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~C. Once the sample had reached a constant dry mass, this was recorflqdadimhs 3.13 and

3.14were used to find the saturation level and the adhered moisture level of the sample taken.

L
O(JOISIFPOQ&%— pmbp (3.13)
0'ani V@ Ql(bel—QD— pTiTth (3.14)
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The aggregate was then soaked for 24 hours and the process was repeated to gain the saturated
surface dry moisture content of the sample. This w@aspared tothe previously gained
absorption amount to gain a percent saturation. This secondary step was only performed in the
case of 60% saturation, since it was assumed that providing the same saturation procedure would
result in 100% saturation.

The \alues that these equations yielded were assumed to be representative of the coarse
aggregate used in the batching and were used in the subsequent comparisons.

3.3.2 Slump

The slump of the fresh concrete was tested in accordance with the procedures outlin&d in CS
A23.2-5C (CSA, 2009) The metal mould used in the testing was in the shape of a frustum cone
with end diameters of 100m and 200nm; with an overall height of 30Gim.

Fresh concrete was placed into the dampened mould in three equal volume lifts.tAnghéaey

rod with a diameter of 16m and a rounded end was used to apply 25 blows over the surface of
each layer of concrete. Each blow was through the top layer and in the case of the second and
third layers the blows penetrated @n into the previoutayer. After the third layer of concrete

was placed and rodded, the surface of the concrete was levelled by screeding the material above

the top lip of the cone.
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Once the top was levelled, the cone was removed from the concrete vertically over afperiod o
approximately 5 seconds, allowing the concrete to slump freely. The cone was then flipped and
set beside the concrete to use as a reference to measure the thstidhedop level of concrete
displaced vertically. Three measurements were taken im tvderoduce an average that takes
into account the differential settlement of the top laj#gure 3.12 illustrates the measurement

of slump on a sample of fresh concrete.

Figure 3.12: Slump measurement of fresh concrete

3.3.3 Air Content

The air content of each concrete mixture was measured according to the procedures outlined in
CSA A23.24C. The procedures are simitarthose outlined previously in Secti@i3.2 except

the concrete was placed into a pressure vessel instead of a frustumndowas consolidated
between lifts The pressure vessel was cylindrical in shape with internal diameter and height
dimensions of approximately 20@m and 212mm, resgectively. The air meter used in this

testing procedure is shown kigure3.13.

Three equal layers of concrete were placed and rodded similar to procedure CSA®23.2
(CSA, 2009). However, each layer was consolidated using erubhbllet after rodding to
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ensure that most entrapped air bubbles were released from the material. This vibration was
provided with a rubbeheaded mallet.

Figure 3.13: Air meter and associated equipment foair content testing

After the vessel was filled and the surface was levelled, the mass of the vessel and concrete were
recorded for use in density calculations that follow. The pressure cylinder lid was then attached
to the vessel in such a way that antaght seal was formed between the lid and the vessel. Any
voids between the lid and the surface of concrete were filled with water, and then air under a
standardized pressure was released into the vessel. The amounthat @wuld penetrate into

the concrete gave an indicator of the air content of the condrataes of air content were then

recorded to the nearest tenth of a percent.

3.3.4 Density
The density of the fresh concrete after batching was measured in accordance with CSA A23.2
6C (CSA, 2009) The pressure vessel described in Se@i@mBhad a volume of approximately 7
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L and therefore could be used to measure the density. The standard prescribes a vessel of this
size be used for concrete with a maximum nominal egage size of 28mm or less, which the

concrete in this research did.

Figure 3.14: Vessel used in Air Content and Density Testing

Immediately after the pressure vessel was compacted and vibrated and dlce bad been
levelled, the mass of the vessel and sample were recorded. Using this value and the known
volume and mass of the vessel, the density of the fresh concrete was calculated. The vessel after

being filled and levelled is showabove in Figure3.14.
3.4 Hardened Properties

3.4.1 Density
The measurement of the density of the hardened concrete at the time of testing was performed in
order to gauge the 4batch variability of the concrete. Outliers in depsihay berelatedto

improper castingnd could represent reason to disregard certain results.

All samples were cast in accordance with the procedures outlined in A2234-9C, and
therefore each sample was a cylinder in shape. Prior to performing ea@mdthrcbncrete

testing procedurehe volume and mass of each sampéremeasured and recorded in order to
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calculate density. The volume was calculated based on measurements of sample dimensions

taken using digital calipers.

3.4.2 Compressive Strength

Compressie strength of each sample was performed in accordance with CSA-2Q3CSA,

2009) After casting and curing, each specimen had its bearing faces smoothedausing
mechanical grinding machin€&ollowing grinding, the dimensions of each cylinder (diameter

and height) were measured and recorded. These measurements were used to calculate the actual
area of the compression face of the concrete as well as to ensure that the cylinder adhered to the
2:1 heightto-diameter ratio required for this test. No samplesenfound to have a ratio lower

than 1.8:1 and therefore no corrections were necessary.

Those specimenshat were moist cured prior to testing were maintained in this moisture

condition until testing was performed.

Testing was performed on the compresstrength testing machinevhichis shown inFigure

3.15. The machine consisted of a lower bearing bkbetmoved vertically to impart load on the
specimen, and an upper bearing bloakich was spherically seated to allow fortations to

engage the entire surface of the specimen. The upper bearing block was attached to a digital load

cell, whichrecorded the compressive load being applied to the sample.

The loading rate of the sample was maintained betWeEn MPa/sand 0.35 MRa/s.Once the
sample was observed to fail, the maximum load resisted by the sample (in kN) was recorded.
This value was used with the measured diameter to calculate the maximum compressive strength

of the specimen.

The failure type for each specimen wasorgled, and a visual assessment was performed in
order to gauge whether the failure plain within the concrete passed largely through the aggregate

or the cement matrix. The six most common failure types are summarizepire3.16.

Three specimens for each mixture/age/curing condition were tested and the average of the three

results was used as the compressive strength.
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Figure 3.15. Compressive strength testing machine

—-1 r-— < 25 mmi {1 In)

Reasonably well-formed
cones on both ends, less
than 25 mm (1 In) of
cracking through caps

Type 4
Diagonal fracture with no
cracking through ends;
tap with hammer to
distinguish from Type 1
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Type 1

Type 2
‘Well-formed cone on one
end, vertical cracks running
through caps, no well-
defined cone on other end

Type 5
Side fractures at top or
bottam (occur commonly
with unbonded caps)

Type 3
Columnar vertical cracking
through both ends, no well-
formed cones

Type 6
Similar to Type 5 but end
of cylinder Is pointed
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3.4.3 Splitting Tensile Strength

The splitting tensile strength of concrete samples was tested in accordandeewitbdedures
outlined in CSA A23.213C (CSA, 2009) Cylindrical samples were prepared similarly to the
procedure outlined in Sectio®.4.2 The samples dimensions and mass were measured and

recorded prior to testing.

Samples wre placed and centered on a gemt aligning jig Figure 3.17) which included
bearing strips of plywood placed on diametrically opposite sides of the cylinder. The jig was

placed and centered in the compressive strength testinjine pictured ifrigure3.15.

Figure 3.17: Splitting tensile strength aligning jig
Once centered, the specimen was loaded at a rate within the rai@® &Pa/min to 1400
kPdmin. The load applied was measured using the digital load cell within the testing machine
which also recorded the peak value at the time of failure. This peak load (in kN) was recorded

and the splitting tensile strength was calculated.

The splitting tesile strength of each specimen was calculated uBEiggation 3.15 Three
specimens for each mixture/age/curing condition were tested and the average of the three results

was used as the splitting tensile strength.
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3.4.4 Static Modulus of Elasticity

The statianodulus of elasticityE.) was performed in accordance with the procedure outlined in
ASTM C469/C469M 10. Cylindrical samples were prepared similarly to the procedure outlined
in Section3.4.2 The samples dimensions and mass were measured and recorded prior to testing.

Samples were tested in two high capacity sdryaraulic testing frames capable of applying

|l oad up to 40% of t he c o ntaaratetokappsoximately 2. kNis.y |, or
Prior to testing, each specimen was fitted with a halo assembly compressextetsometer.

The assembly was fitted with two linear variable differential transformers (LV,Dilsich

measured the vertical and transvestains of the specimen during the loading procedure. The
LVDTs used were capable of measuring changes in lengttxt¥* mm and measured the

strains within the sample throughout the duration of the test.

Samples were cemd in the halo assembly throutite use of a wooden centering frame. This is

illustrated inFigure3.18.

The testing procedure included loading the sample to 40% of its capacity three successive times,
and measuring the strains in the samplebath the longitudinal (vertical) and transverse
(horizontal) directions. Between each loading, the sample was unloaded to a compressive force

of approximately 1kN at the same absolute rate as the loading, but negative in value. The initial
loadingservedd fiseat 0 the specimen in order to el i mi

cycles.
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Figure 3.18: Halo transducer assembly for modulus of elasticity testing

The E. of a specimen is a secant modulieaning that it essentially represents the slope of the

l i near port i onstrancurneolhiclineartpertidsis asdumeel B gxtend to at least
40% of the concreteds ultimate strength and t
upper bound in thg. calculations. The lower bound of the linear portion is defined by a strain of
5x10°. The Poisson6s r athemegatve of the ratio of ransvérse strmim mp | e
to the corresponding axial strain resulting from amalestress below the proportional limit of the

material.| t is calculated within the | inear regio
compares the change in the concretebs |l ongit
transverse strairkigure 3.19 illustrates these bounds as well as the equations used to calculate

the Ec and Pos s on 0 s rat i o vealdindieage tramgversa strairaimgh bre nof

shown on the plot but that correspond to the longitlditrainse; ,).

The longitudinal and transverse strains in the second and third loading cycles were used to
calculatetheEand Poi ssonds ratio, respectively. Due
readings from the LVDTs were required to belsgan order to get the actual longitudinal and
transverse strain values of the specimen. Three samples were tested for each mixture/curing

condition at ages of 28 days and 91 days.
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Figure 3.19: E. and Poissoncalculations on stressstrain curve for concrete

3.4.5 Linear Coefficient of Thermal Expansion

Thelinear coefficient of thermal expansioh CTE) of the concrete was measured according to a
modified procedure based off of ASTM C5@ASTM, 2012) Samples wer initially marked to

show vertical lines indicating diametrically opposite sides of the samples. Using a cold
temperature epoxy, aluminum strain points were attached to the samples along these vertical
lines, with two points on each side of each specini@ée. strain points were placed using a 100

mm spacer to ensure that each reading had a similar gauge length. Samples were exposed to the
environment within the concrete laRH: 50% * 10%, Temp: 21 + &) for 48 hours prior to the
beginning of testing tollaw the exposed surfaces to equilibrate to the environmental conditions.

The epoxy was allowed to harden during the equilibration phase of the concrete.

Using a digital laser thermometer, the surface temperature of each specimen was measured and
recorded A digital strain gauge was then used to measure the spacing between each set of strain
points; this gauge was capable of measuring with accuracy to @0 After all specimens had

been measured, they were placed in an insulated dbalevas placed pen in a freezer with a
temperature of approximately5 C for a period of 24 hours. After this period the coolers were

closed and then removed from the freezer. Samples were removed from the coolers individually
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and the temperatures and strains were rmmedsand recorded again. The samples were then
exposed to the lab environment again for 24 hours befareeesuring. This cycle was repeated
for two freezing cycledrigure3.20 illustrates the digital strain gauge during tesi@sgwell as a
sample with diametrically opposite mounted strain points.

LCTE testing was performed on two samples for each mixture/curing condition at ages of 28
days and 150 days. Subsequent to the 28 day testing, all samples were exposed to laboratory

conditions until the 150 day testing.

Figure 3.20: LCTE sample and testing procedure

3.4.6 Permeable Porosity of Concrete
The porosity of the concrete was determined using a pressure test procedure developed at the
University of Waterloo based on AST@®642andASTM C 1202

The preparation of the test specimens included cutting concrete cylinders into three specimens
with the approximate dimensions of 180n diameter and 5m height. Since cutting involved

the useof water stream cooling, the wet samples were allowed to dry for a day prior to the
beginning of testing in the case of the exposed curing samples.

Prior to testing, the initial dimensions and mass of each specimen were measured and recorded.
These valuesvere used to calculate an initial moisture condition and a specimen density. The

samples were then placed into desiccatatichwere depressurized t80 kPa for three hours,
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then submerged in elred water and allowed to remain in the depressurizedlosmvent for
another hour. After this hour the samples were allowed to remain submerged in water under
ambient pressure for 20 houisigure 3.21 shows the dessicators used for thepoessurized

submersion.

Figure 3.21: Permeable porosity testing assembly

After 20 hours of soaking, the samplgere weighed under water in order to gain the buoyant
mass of the sample, then brought to SSD condition anctighed. The samples weresthdried
in ovens set at 1185 C for 48 hours, then reeighed in the ovedry condition.Equation3.16

wasused for the calculation of permeable porasity

0 L b 3.16
(b ” p ( - )
Where Pt = Total permeable porosity (kone %)
Vs = Measured volume of specimémn’)
Md = Ovendry mass of the specimen in &y)
Ms = Saturated surfaedry mass of the specimen in &y
rw = Density of Watefg/mnt)
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3.5 Statistical Evaluation Methods

3.5.1 Least Significant Difference

The resuk of each test were evaluated to gauge their statistical significance. This evaluation was
performed by calculating the least significant difference (LSD). This value represents the
smallest difference between two mean valugschcan be considered ststically significant at

95% confidence. The LSD was calculated in each case using analysis of variance (ANOVA) and

modified Bonferronitest.

This evaluation method considers variations in a single factor and therefore a separate LSD was
calculated for ach complement of samples for a given variation. For instance the compressive
strength of RCA1 S16@00, RCA1 S6aL00, and RCA1 SQ00 could all be compared with a
single LSD value as each represents a variation in only the saturation level of tha Babdple

of the procedure of this calculation is presentefippendix A

3.5.2 Standard Deviation and Coefficient of Variation

Where test results are presented in large groupimgispreclude the use of LSD evaluation,
standard deviatian of the measured results are presented in order to indicate the level of
variation. Standard deviations are a measure of data spread within a set othiashéige the

same units of measurement as the data.

Coefficients of variation (COV) are also peesed with some results. Similar to standard
deviation, COV is a measure of data spread however it is normalized to the mean of the data and
is presented as a percentage. COVs can be more easily compared between data sets due to the

normalization whichmitigates the effects of differences in means.
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CHAPTER 4
RESULTSAND DISCUSSION

Testing was performed according to the procedures outlined previously and the results are shown
in the following sections. The results are arranged into sectiwh&h include aggregat
properties, fresh properties of concrete, and hardened properties of concrete. After the general

results are presented, discussion of specific research objectives is pres@fapten 5

4.1 Aggregate
Figure 4.1 outlines the aggregate teskat were performed as well as the key questions to be

answered through these tests.

Aggregate Key Questions

Testing

In

How much “original” aggregate is
Adhered Mortar . . -
= “Content (RCAS) mcludec} in the RCAs belng tested? How
does this compare to previous tests

-
performed on these RCA types?
Density,
Absorption, and . . .
— Suff;’f; fdnh:r';d What are the RCA properties which will
Moisture affect the mixture design of the
P concrete?
Coarse Aggregate .
| Absorption Rate How quickly do the coarse aggregates
absorb water? How much soaking time
N, is required to achieve 60% and 100%

i ?
| | coarse Aggregate saturation of the coarse aggregates?

Desorption Rate

| ) Do RCA1 and RCA2 desorb enough

— entrained water at 93% RH to behave

Coarse Aggregate as internal curing agents?

— Abrasion

Resistance .

-— What are the relative strengths of all

—— coarse aggregates prior to mixing in
Aggregate concrete, in terms of abrasion

Crushing Value resistance and crushing strength?
- Y

Figure 4.1: Key questions to be answered through aggregate testing
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4.1.1 Adhered Mortar Content

The thermal method used for removal of adhered mortar was largely effective. By visual
inspection it is estimated that more than 90% of the mortar adhered to original aggregate was
removed during the procedsigure 4.2 illustrates part oRCA2 sample after removal of the
adhered mortar. Thienage on thdeft shows the coarse fraction with minimal adhered mortar
remaining while theémage on theight shows the materighatpassed through the 4.#m sieve
andwas therefore considered to be adhered mortar.

Figure 4.2: Sample ofRCA2 after removal of adhered mortar

The averageesults of the adhered mortar testing are summarizédbre4-1. Adhered mortar
testing was only performed on the RCA samplesch fraction size for each RCA type was

tested three times. The standard deviations for each fraction are also presented.

Table 4-1: Aggregate Testing Results

Adhered Mortar (%) _
Aggregate Typl  Fine Fraction Coarse Fraction Weighted
Average
(>4.75mm, <16 Std Dey, (> 16 mm, < 20 mn Std Dev g
RCA1l 41.9% 3.7% 34.3% 2.4% 40.3%
RCA2 49.5% 9.2% 26.7% 5.3% 44.3%

Both RCA1 and RCA2 had similar overall adhered mortar contents, however the differences

between the aggregate in each size fraction were more pronounced. Both RCAs had higher
76



concentrations chdhered mortar within the firfeaction d the aggregate. Both RCAs also had

lower concentrations of adhered mortar in their coarser fractions holRWAPO s coar s e
fraction had considerably less, with a difference of 22.8% as compar®CAd6s 7. 5%
difference. The gradatiebased averageskewel heavily towards the finraction and therefore

those results tended to govern the weighted avefidgeresults of RCA2 had more variation,

which indicates that the material is less homogenous than RCAL. This could make it more

difficult to accurately assify.

These results may explain in part the higher absorptioR@A2 as compared t&RCAL A
hi gher overall adhered mortar content increas

structure.

During the testing process it was observed that therad mortar oRCA2 required less effort

to remove. This may indicate a weaker existing Interfacial Transition Zone (ITZ) between the
original aggregate and adhered maqrtahich is more easily overcome by the imposed thermal
stresses. This may also beedo the relative weakness of the adhered mortar wRGIA2. This

lack of strength can be observed through the high amount of fine mortar mathickl can be
ArubbedRCA2f f 0 of

Previous study ofRCA1 and 2 yielded adhered mortar contents of 46.4% 48.6%
respectively. In both casehesevalues represent approximatelya@nore adhered mortar than

was found inthe currentresearch. This discrepancy may be accounted for by differences in
aggregate preparation. Since the curresearch involvedth s at ur ati on and t he

of the coarse aggregate, both samples were washed of any fine adhered material prior to testing.
4.1.2 Density, Absorption, and Surface Adhered Moisture

4.1.2.1 Coarse Aggregate

The results of the testing were generally consistettit the results of previous testing of each
material and are shown below Trable 4-2. The values shown for each property are averages
based on three tests. The standard devstmrthe results of these threeste are also included

in orderto indicate the variability of the results.
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Table 4-2: CoarseAggregateMaterial Properties

Natwral o ibev| RCAL StdDev| RCA2 Std Dev
Aggregate
Absorption Capacity (%) 1.53% 0.19% | 4.72% 0.30% | 6.93% 0.44%
Adhered Moisture (%) 1.21% 0.03% | 1.86% 0.23% | 2.39% 0.30%
Bulk Relative Density 2.66 0.017 2.36 0.078 2.28 0.013
Apparent Dry Relative Density 2.77 0.005 2.65 0.079 2.70 0.024
Bulk Density (Oven Dry Rodded) (kd/nf 1692 3.62 1401 8.2 1353 32.0

Absorption capacities were found to be similar to previous results, R@A2 exhibiting the
largest absorption capacity, followed BZAL, then the natural aggregate. The adhered moisture
exhibited a similar trend. The moisturelated values summarized Trable 4-2 were used to

develop concrete mixtures withlagvely constant moisture contents.

For reference, according to the current guide
the natural aggregate meets the absorption requirements for use in pavements or other
transportation structur¢d®©PSS, 203).

The apparent relative densityatincludes only the impermeable portion of each aggregate type
indicated thatRCA2 was slightly more dense thaRCA1, but less dense than the natural
aggregate.

The bulk relative density values, which include the voidporeswithin the aggregate, indicated
thatRCA2 had a higher void content th&CA1, which despitdcRCA20 s hi gher appar en
density serves to drop the overall density below th&@AL

The bulk densities of the materials indicate that theralveensity of RCAL is higher than
RCA2 These values were used during concrete mixture proportioning to maintain proportional

volumes of coarse aggregate in each mixture.

4.1.2.2 Fine Aggregate
Table4-3 summarizes the properties of thiee aggregate used in the production of the concrete
mixtures.Values shown represent the averages of three tests. Standard deviations for these tests

are also presented.
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Table 4-3: Fine Aggregate Material Rroperties

Std Dev
Bulk Relative Density (oven Dry)2.51 0.15
Bulk Relative Density (SSD) 2.55 0.15
Apparent Relative Density 2.62 0.17
Absorption (%) 1.61% | 0.11%

These results fall within the typical scope for natural fine aggreghteabsorption capacity of
the material was used to proportion the concrete mixtures as it affected the mixture water

available during mixing.

4.1.3 Absorption Rate of Coarse Aggregate

The specific goal of the absorption rate testirag to determine the soaking time required for an
aggregate type to reach 60% of its maximum saturafigpically absorption rate testing
produces @a isotherm but due to the specific goal of thistieg isotherms were not produced for

each aggregate type.

At the conclusion of testing, it was found that in order to achegpEoximately60% saturation
of the naural aggregate, RCA and RCAZ2soaking times ofl0 seconds, 30 seconds, and 90
seconds we required, respectivelfimes were chosen to the nearest 5 seconds in order to ease

the concrete production procedure.

During concrete production, moisture samples were taken in order to gauge the actual saturation

levels of each mixture. The resultstbése tests are included and discussed in Setioh.1

4.1.4 Desorption of Coarse Aggregate

Theresults of the desorption testing are illustrate#igure 4.3. Each aggregate type exhibited
different desorption behaviour as can be seen in the three isothR@WdL is shown in red while
RCA2 is shown in blue. The desorption behaviour of the naturgfeggte is shown for
reference. At each RH level, the error bars shown represent one standard daviaiiteri

direction.

The isotherms displayed are in terms of percentage of total retained moisture not the amount of

retained moisture. Due to the differences in overall absorption caddifBs retained water
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indicates the highest total water level in RCAZen RCAL, and the lowest in NAhe vertical

red dashed line on the plot indicates the 9B% threshold which is considered to be the
approximate level at which internally entrained water should desorb in order to provide benefits
to the hydration praess.

100
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Figure 4.3: Desorption isotherms for coarse aggregates

Both RCAs retained most of their entrained moisture in the B8%@nvironments and 90% or

more of their entrained moisture in the 88 environmet. Very little moisture was found to

be drawn out at the 93%H level. This indicates that the materials do not desorb as large a
proportion of their water as would be desirable for internal curing applications. They do however
provide some water in thesmnditions, and may therefore provide sosmeall value. The
relatively small error bars indicate that the results found are generally repeatable and reliable. At
lower RH levels, the variation within the results increases, but these RH levels do nigt large
impact the internal curing suitability of the materials.

A considerable amount of desorption occurs in both RCA types beRiddavels of 85% and
70% asRCAL and 2 lose approximately 40% and 25% of their entrained moisture respectively

across this hurdity gradient. Below the 709H level, it appears that the material tends to
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retain the entrained moisture. At the 38 level RCAl and 2 still retain approximately 40%

and 50% of their initially entrained water respectively.

For comparison, the NA appmato desorb its entrained moisture approximately linearly until
approximately 5% of the initially entrained water remains at the Retevel. Below 70%RH

the entrained water level appears to drop such that very little entrained moisture remains at the
33% RH level.

Based on the desorption values found, the Bentz equation was applied to in order to determine
what mass of each aggregate type would be necessary for the given concrete mixtures in order to
permit full internal curing Detailed discussion dhis equation is presented in Sectib@.5 The
calculatedmasses considering both a 98 thresholdand an 85%RH threshold are included

in Table4-4.

Table 4-4. Mass of Aggregate Required for Full Internal Curing

Mass Required
(kg/m>of concrete)
RCA1 | RCA2 NA

93 20523 | 15420 8844
85 10874 7101 5181

RH
(%)

Considering the 93%RH threshold for hydration benefits, neithRICAL1 nor RCA2 provide

neaty enough desorbed water to provide full hydration. The 100% replacement mixtures of
RCA1 and RCAZ2 provide approximately 5% and 6% of the masses requrespectively.

Il nterestingly, despite the NAOGsSs much | ower
actually appear to make it a better (though still not adegirdgghal cumg candidate than the
RCAs. This may be due to the differences in pore structure between NA and RCA. Pores sizes
govern thecapillary forces orwater, which affect how readily the water can be drawn out. The
pores in NA may be larger, which would redubege capillary forcesThe concrete mixtures
involving 100% saturated NA provides approximately 12% of the required mass for full internal

curing.
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These results suggest that the RCAs studied within this research cannot perftypicas
internal curing agnts as they retain the bulk of their entrained moisture past the point where

more water would be considered most helpful to the hydration process.

It is possible that the saturated aggregates within concrete could help to alleviate the effects of
moisturegradients within curing concrete that result in stress gradi@nésley et al., 2006 As

the internalRH level of concrete drops to ambient levels, the exposed surfaces of the concrete
drop first, which results in a moisture gradient. As the concreés,dhe internal pore fluid
pressure drops thereby initializing drying shrinkage. Since the pore fluid pressure drops on the
outside of the concrete faster than the inside, stress gradients are formed due to differential
shrinkage. Since the water entrad in the RCA appears to largely remain in the aggreg&tk at

levels of 93%, it may be available at later stages of hydration. When external drying reduces the
internal RH of concrete to the 70% level, the RCA may be able to desorb a more substantial
amaunt of its entrained water. This largely depends on the pore structure of the concrete at this
point in time and whether water could flow out of the RCA. Retaining a less severe initial
moisture gradient within the concrete could allow the concrete tdages®re strength to resist

the onset of shrinkage cracking.

4.1.5 Abrasion Resistance

The results of the abrasion resistance testing of each aggregate type are summnikaizied-H.

Table 4-5: Abrasion Resistance (as measured by Micr®eval)

Aggregate Type| Sample 1 Sample 2 Abrasion
Loss
Natural Aggregate  10.8% 10.4% 10.6%
RCA1 16.1% 16.3% 16.2%
RCA2 23.4% 23.8% 23.6%

The natural aggregate exhibited the lowest loss of material as a result of the abrasive effort.
RCA1 and RCA2 exhibited approximately 50% and 120% less abrasion resistance than NA,
respectively. Th substantially lower abrasion resistance in the RCA materials could be
explained by the presence of adhered mortar in the aggregate. The ITZ in the RCA represents a
plane through which tensile failure within the material could occur more easily. This eul
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especially true in the case BICA2, whichwas not properly cured and presumably had a very
high watercement ratio. The reduced densities of adhered mortar due to its high porosity could
also serve to explain the relative ease with which it was rechérom the original aggregate.
RCAZ2 also included more adhered mortar tiDA1, as discussed in Sectidnl.1 This could

further contribute to the material 6s decr ease

Figure 4.4 illustrates each of the aggregate types both before and after being subjected to
abrasive effort. Allof the materials can be observed to have become rounded and lost some of
their original angularity, however this is much more obvious in the RCA samhllesf the
material on the surface &CA2, which could be removed by rubbing the materan be seen

to no longer be present.

For reference, the Ontario Ministry of Transportation places a maximum degradation value of
17% for aggregate to be used tnustures, sidewalk, curb and gutter, and concrete base, and
14% for aggregate to be used in pavements. Using these guidelines, the natural aggregate and
RCAL are acceptable for use in structures, sidewalk, curb and gutter, and concrete base, and only
thenatural aggregate is acceptable to be used in pave(@P&S, 2013)
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Figure 4.4: Aggregate before and after abrasion testingRCA1 (1), RCA2 (2), NA(3)
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4.1.6 Aggregate Crushing Value

During the ACV teshg, audible cracks and pops were observed as aggregate crushed. This was
mostly observed during the first half of the 400kN loading. The results of the ACV testing are
summarized below iffable4-6.

Table 4-6: Aggregate Crushing Value Results

Aggregate Type | Sample 1 Sample 2 Sample 3 A\/Aeézi/ge Std. Dev
Natural Aggregatgd 17.9% 19.5% 19.0% 18.8% 0.7%
RCA1l 25.8% 25.7% 26.7% 26.1% 0.5%
RCA2 28.0% 28.1% 28.5% 28.2% 0.2%

ACV values represent the fraction of the matethakpasses a 2.36mm sieve over the total mass
of the sample. Stronger materials will crush less and will therefore have ACV \vwahiek are
lower. The results indicate that the natural aggregate had the highest strengGAhbad a
higher strength thaRCA2. This result was expected based on the results of adhered mortar,

abrasion, and density testing.

It is hypothesizedbased on theseesults that in high performance concrete where aggregate
strength governs the strength of the concrete, concrete produced with an equivalent volume of
RCA1 will perform better than that produced wRCA2.

While performing ACV testing, the applied plungeadl and displacement were recorded at 1kN
intervals. By using this data and making some reasonable assumptions, it is possible to
approximate the average secant modulus for each confined aggregate sample. This method was
used as part of previous RCA testiat the University of Waterlo@utler et al., 2013b)

The assumptions necessary are as follows (adapted from Butler, 2012):

1 Stress values calculated are considered to be average axial stresses as the area over which
the plunger is in contact with the dividual aggregate particles cannot be easily
calculated. Instead, the gross area of the interior of the ACV cylinder was taken as the

area over which the load compresses the aggregate sample.
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1 Initial depth of the rodded aggregate sample was assumedajgphbeximately 100 mm

given that each sample was prepared using the same steel measuring cylinder.
Based on these assumptions, the curves showgume4.5 were developed.

25

NA (1)
Average Secant | _ _na(2)
Moduli  Joo___ NA (3)
RCA 1 (1)
20 I NA 727MPal - - —gca1()
RCA1 41.8MPaj]----- RCA1(3)
RCA2 39.4 MPa RCA 2 (1)
- = =RCA2(2)
T e — RCA 2 (3)

10

Linear Region

Average Axial Stress (MPa)

0 0.05 0.1 0.15 0.2 0.25 0.3

Average Axial Strain
Figure 4.5 Average secant moduli of confined aggregate samples

As each aggregate type was tested three times, each modulus is made up of an average of these
three trials. Based on the curves shown, it was estimated that the materials each behaved
approximately inearly up to strain of 0.1 mm/mm. This was therefore chosen as the region to
consider when calculating the secant modulus, and is marked in the figure. For each test, the

secant modulus was calctdd using Equation 4.1

3AAAT A0I 60 - - (4.1)

Where, ” S O O QAD @R QIS Qe QG IQUE &
" M QO DR ®TANTMA Q& QATQUE E G
- MG O QAB @ QA ® AWETMa Qe QWTQQE ¢
- dM0E QO QDA & "AWHTMa Qe QATQQE ¢
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Using these values, an average secant modulus was then developed. The natural aggregate was
found to exhibit much more stiff behaviour under axial loading, while both RCAs performed
similarly. These results appe® correlate well to the results of the ACV testimdnichimplied

that the natural aggregate could support the applied load with greater resistance to crushing (and
therefore axiatleformation and strain). As in the ACV results, the RCAs behaved diymilath
RCALldisplaying slightly higher results.

4.1.7 Aggregate Conclusions

Based on the aggregate testing, the following conclusions were made:

1 Both RCA types were comprised of approximately 40% mortar by.mass

1 In comparison with thenatural aggregate, both ®Al1 and RCA2 exhibited higher
absorptive capacities (1.53%, 4.72%, and 6.91% respectively) and lower bulk densities
(1692, 1401, and 1353 kg’mespectively) These results are due to the presence and
relative quality of any adhered mortar in the aggregatad, with no adhered mortar, had
the | owest absorption and highest bul k den
phase resulted in the highest absorption and lowest bulk density.

1 None of the three aggregate types desorbed significant amountsraihech water at
93% RH and therefore could not be considered strong candidates for use as internal
curing agentdy the generally accepted guidelines.

1 ACV results indicate thahe aggregates listed in order of decreasing strength are: natural
aggregate,RCA1, and RCA2 ACV results also indicate that both RCA types are
considerably less stiff than the natural aggregate. This is due to the presence and relative
strength of adhered mortar. The method by which RCA2 is produced creates a relatively
weak mortaiphase which causes the lowest ACV results. Based on previous results, this
could correlate to the relative tensile strengths of concretes produced using these
aggregate.

1 Based on currently existing MTO abrasion and absorption specifications, neithdr RCA
nor RCA2 are suitable for use in concrete structuteker researchers have found that
low abrasion and absorption values in RCA do not necessarily correlate to lower concrete
strength.
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4.2 Concrete Results

4.2.1 Fresh Properties
Thefreshconcreteproperties wes measured directly after concrete mixing, while sample casting
was underwayFigure 4.6 outlines the fresh properties tests as well as the key quesiibith

each test aims to address.

Properties
'd N
Coarse Whatis the actual water content
| Aggregate (surface adhered + internally entrained)
Saturation of the coarse aggregate within the
\ J concrete mixture?
( 1 How is the concrete’s workability
= Concrete affected by the individual concrete
Slump changes being studied?
{ '
Is the total air level constant for the
| Air Content non-air-entrained concrete mixtures?
’ = How does the fresh density of concrete
change with regards to the different
— Fresh Density aggregates and saturation levels?

Figure 4.6: Key questions to be answered through fresh properties testing
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4.2.1.1 Aggregate Saturation
Tests performed parallel to the batching procedure provided an estimation of the satuthgon of
coarse aggregathatwasbeing used in the concreteixtures. This test was used to confirm the

actual saturation levels achieved duringt¢barseaggregate preparation.

In each case, the saturation refers to the surface dry moisture content as compared to the
absorption capacity of that sample. Thisossidered to be the level of water entrainment within

the aggregate at the time of mixing, and does not include the surface adheredvivateis
considered to be part of tmix water.Figure 4.7 illustrates the measured satimas for each
aggregate in the 60% saturation mixturéise type of aggregate is noted in brackets below the
mixture name due to the partial replacement mixtundsch includedboth RCA and NA.The

colours in Figure 4.7 represeh the different 60% saturated concrete mixtures. The coarse
aggregate of the 30% RCA replacement mixtures included both RCA and NA, which are both
shown for these mixtures.

90%

80%

70%

60% -

50% -

40% - I

30% - : : : : .

RCA1 S60-30 RCA1 S60-30 RCA 1 S60-100RCA2 S60-30 RCA2 S60-30 RCA 2 S60-100
(RCA1) (NA) (RCA1) (RCA2) (NA) (RCA2)

Mixture Designation (Aggregate Type)

Saturation (%)

Figure 4.7: Actual aggregate satiration values
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At the 60% design saturation, it can be seen that all RCA saturations appear to be higher than the
original design value, ranging from 66%0%, while both NA saturations were lower than the

60% target. These findings could be due to a ramalb factors. The time taken to remove the
samples and take them to the testing area could allow for continued absorption of water. During
this time, some surface adhered water could possibly migrate into the absorptive materials,
thereby increasing thepparent saturation. The findings could also be indications afdheal
variability associated with theaturation proceduréased off of the absorptiorate of an
aggregate. These measured values as well as the surface adhered moisture values imere used
conjunction with the mi design to determine the total and effectivéc ratios within the
concrete mixturesDespite these findings, the mixtures will hereafter be referred to as 60%

saturated to maintain consistency.

Based on the measured saturatiand adhered surface moisture levels, the total water/cement
(w/c) ratio and effective w/c ratiovere determined for each mixtur&he total w/c ratio
represents the ratio between the mass of all of the water in the concrete mixture and that of the
cementAggregatehatis not fully saturated is known to absorb mixing water in concretkt

is assumed thdhe aggregate becomes fully saturated prior to the final set of coridneteater

that is absorbed into the aggregate is not available to the ihiydtation reactiorandit is
therefore notonsidered to be effective the hydration reactiorfConsequentlythe effective w/c

ratio represents the ratio between the masalloéffective water and that of the cemenhhe
absorption capacities of the RE were higher than that of the NA. In order to maintain a
constant effective w/c ratio between mixtures, the level of ineffective Wedeatained within
coarse aggregatendsubsequentlyhe total w/c were increased in the RCA concrete mixtures.
These walues, as well as the other fresh properties of the mixtures, are sumnisgiaedn
Table4-7.

As shown, the variations in water content had an effect on the water cement ratios in each
mixture, with the effective ratios ranging from 0.32 to 0.37. Owing to the larger amount of water
entrained in the aggregate, the total w/c ratios have an even wider range ©62.39
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Table 4-7: Fresh Properties for all mixtures

Mixture Designation Adhered Mi(i?s?uff Saturation Total W/C Effective W/C Fresh Density Alr Slump
Moisture Content Percentage (kg/m3) Content (mm)
NA S100-0, M100-0 1.0% 1.5% 100% 0.39 0.34 2436 1.8% 85
NASO0-0 0.0% 0.0% 0% 0.42 0.37 2421 2.1% 51
RCA1 S100-100, M100-100 1.4% 5.7% 100%* 0.43 0.32 2323 2.1% 58
RCA1 S60-100 1.2% 3.2% 67% 0.44 0.32 2341 1.1% 118
RCA1 S0-100 0.0% 0.0% 0% 0.48 0.37 2329 1.9% 102
RCA1 S100-30 1.4% 4.3% 100%* 0.45 0.34 2396 1.9% 83
RCA1 S60-30 1.1% 3.1% 66% 0.40 0.33 2394 1.6% 93
RCA1 S0-30 0.0% 0.0% 0% 0.44 0.37 2398 1.8% 68
RCA2 S100-100, M100-100 2.6% 7.8% 100%* 0.47 0.33 2316 1.9% 62
RCA2 S60-100 2.1% 4.8% 70% 0.48 0.33 2296 1.7% 112
RCA2 S0-100 0.0% 0.0% 0% 0.52 0.37 2314 2.0% 105
RCA2 S100-30 2.3% 5.8% 100%* 041 0.33 2396 1.8% 91
RCA2 S60-30 1.3% 4.7% 69% 0.40 0.32 2381 1.5% 100
RCA2 S0-30 0.0% 0.0% 0% 0.45 0.37 2387 2.0% 78

As mentioned previously, the saturation percentage for 100% mixtures were considered to be
100% based on the previous experience wittimterialsihowever the adhered moisture values

were taken into consideration when determining the efieetic ratio.

4.2.1.2 Slump

Within the full set of mixtures examined, both the aggregate replacement percentage and the
aggregate saturation percentage were varied. Both the factors were seen to affect the workability
as measured by slumpigure 4.8 illustrates the variations in slump given changes in both of

these variables.

Each replacement level mix can be viewed at 3 distinct batching conditions. These are 0%
aggregate saturation (high additional mixing water correction), ~60% aggcegatation (small
additional mixing water correction), and 100% aggregate saturation (negative mixing water

correction).
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Figure 4.8: Slump values for different RCA saturation levels

The 100% replacememixtures and the 30% replacement mixtures of both RCA types behave
as distinct groupsThis is expected as both types receive similar magnitudes of moisture

adjustment.

The 100% replacement mixtures exhibit slumps of approximately 100 mm at 0% saturdsion

120 mm at 60% saturation, and approximately 60 mm &%lGaturation.All slump
measurments were takepproximately 7.0 minutes after the beginning of concrete mixing.
While the 0% saturatechixtures have the highest levels of initally free miximgter, they also

have a large amount of dry and highly absorptive coarse aggregate. The instantaneous absorption
rate of dry RCA is very high and reduces as the saturation incréasesira et al., 2011)
Therefore it is assumed that the RCA quickly absa significant amount of the free mixing

water, resulting in slump values at the design level. At the 60Wasatl level, the 100%
replacementmixtures contain aggregatbat produce a less severe moisture gradisvitich

could result in less eaHggeabsorption, and thereby more free mixing water to positively affect

workability. The adhered moisture could also fornmartarcoating when it comes into contact
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with cement in the mixing procedure. This would inhibit moisture transport between the
aggre@te and pasteAt 100% saturation, the fatftat RCA has high adhered moisture and that

no extra mixing water is required to saturate the aggregate combine to result in a slight decrease
in the mixing water added to hit the w/c target. This results ifothiest amount of free mixing

water at early ages. This, combined with the high angularity of the RCA result in low

workability.

Similar effectsare seern the 30% replacement mixtures, but the severity of these is reduced by

the lower absorption potentiand angularity of the overall coarse aggregate.

Interestingly when compared to the control mixture, 30% coarse aggregate replacement does not
appear to have a pronouncgftect on the workability of mixtures when the coarse aggregate are
100% saturatedlThere is an observable difference at the 0% saturation, lewth illustrates

that the mixing water added to compensate for RCA absorption is not fully absorbed at the time

of casting.

4.2.1.3 Air Content

Since there were no aéntraining admixtures used in tpeoduction of these concrete mixtures,

any air content measured would reflect entrapped air. As shovabie4-7, all mixtures had air

contents in the range of 1.192.1%.The CACOsS concr e tedgimateethatthen han
level of entrapped air in the concrete mixture should be between approximately 1.5% and 2%
based on the relative amount of fine aggregate and the maximum nominal coarse aggregate size

(Kosmatka et al., 2011)These results are illustratbélowin Figure4.9.
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Figure 4.9: Entrapped air contents for different RCA saturation levels

Figure 4.9 illustrates that for each replacememount, the midevel saturation condition
resulted in the lowest air content. This is probably due to the workability being highest for these
mixtures. Increased workability could make the consolidation procedures used in the air test

more effective. Inlhcases, the entrapped air content would be considered reasonable fer a non
air-entrained concrete.

4.2.1.4 Density

The fresh density, or unit weight, of concrete is generally measured as part of a quality control
procedure, especially when working with high owldensity concretes. For the purpose of this
study, the fresh densities are considered to gauge the initial effects of RCA replacement and
saturation levels on densitiyigure4.10illustrates the observed results.
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Figure 4.10: Fresh densities for different RCA saturation levels

Intuitively, increasing the replacement amount natural aggregate with RCA reduces the

density overall. Though the scale Bfgure 4.10 exaggerates this reduction for illustrative
purposes, the density reduction is on the order 5% and 1.5% for 100% and 30% replacement,

respectively.

Four of the five replacement amounts exhibit the highest fresh density in the 100% saturated case

with a slight decrease in the 60% saturated case. This may be due to the higher wi/c ratios in the

60% saturated mixes due to the higtienexpected absorptions. In all cases, the difference

between the minimum and maximum density does not exceed 26 kg/m

4.2.1.5 Fresh Property Conclusions

The conclusionshatcan be drawn from the fresh properties testingari®llows

1 The actual coarse aggregate saturation within the 60% saturated case exhibited

considerable variatignwhich is a potential indicator of the nacticality of the timed

soaking method of achieving a target saturation (excluding the fully saturated case)
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Effective water/cement ratios ranged between 0.32 and 0.37 while total water/cement
ratios were between 0.39 and 0.52 for all mixtufidgese rsults indicate that while the
differencesbetween the effective water/cement ratios of the concrete mixanes
relatively small, the total level of water in each mixture can saggificantly. This large
differencein entrained wateis what provides # potential for RCA to contribute value
to certain concrete mixtures and applications.
For each given replacement level the 60% saturated case exhibited the highest slump,
possibly due to reduced moisture transport between coarse aggregate and cernxent matr
caused by aggregate coatidggregate coating couldccur when the moisture adhered
to the surface of soaked RCA comes into contact with cement in the batching prpcedure
produdng a mortar which fully coats the RCA particleThis coating could resti how
well water could flow into the unsaturated pores of the RiGAddition to the effects on
workability, this could indicate that effective watsment ratios are not fully accurate
when considering partially saturated RCA.
The slumps of the 30% rilgement mixtures were less severely affected by changes in
aggregate saturation than the 100% replacement mixitinesis reasonable considering
the difference in the magnitudes of the water adjustments in the two types of concrete
mixtures.
The entraped air contents of all mixtures ranged between 1.1% and. Z186e values
are acceptably close to the values predicted by the CAC concrete design handbook, and
indicate that the addition of RCA does not significantly affect the entrapped air levels of
concrete.
The fresh density of mixtures was not greatly affected by coarse aggregate saturation, but
was very sensitive to RCA type and replacement am@lnges in RCA saturation do
not change the material constituents of the mixture, so the unsatpmatexhs of the
coarse aggregate at the time of testing represent the only differences between mixtures
with different saturation levels. For RCA2, which has an absorption capacity of 6.9%,
representing 41. 2% of a mi xt uiffeeedces could| u me ,
potentially be is 2.9%. In practice the RCA will absorb mixing water, which will reduce
this difference in fresh density.
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4.2.2 Hardened Properties

The following properties were teston the concrete in its hardened state, at ages ranging/from

to 150 daysAs discussed in Secticdh2.5 the mixtures are referred to using their aggregate type
(NA, RCA1, and RCA2), curing regime (moist curing or specified curing, refeBetction
1.3.1.9, aggregate saturation level (0%, 60%, and 100%), reatdral aggregate replacement
level (0%, 30%, and 100%). These variables in this order form the basis for thegnam
convention of the mixturesigure4.11 presents the harded concrete tests as well as the key
guestions to be answered through these tésialysis related to specific objectives, including
statistical significance evaluation, is presented later, while the following sections present all

results and makes onlggeral conclusions.
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Figure 4.11: Key questions to be answered through hardened properties testing
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4.2.2.1 Hardened Density

The density of hardened concrete was measured prior to the compressive strength testing as
described irSection2.5.1 The results of the density testing are illustrateBigure4.12, Figure

4.13, andFigure4.14 for NA, RCA1, and RCA2 mixtures, respectively each figure, the fresh
density for each mixture is included at the O days age for reference.
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Figure 4.12: Density for NA mixtures over 91 daysrom casting

All of these figures include one mixtutigat was cured under moist conditions. The saturation
conditions of these concretes are different from the rest of the mixtunesh were exposed to
drying in low RH conditions after 7 days of burlap curing as part etspring. The age at
which the mixtures were exposed to drying are indicated in each figure. In each case, the moist
cured mixtures exhibit higher density than theirJessed counterpart. This is likely due in part

to more complete hydration, but alstchudes more entrained water at the time of testing. In

each moistured case, the density increases in comparison to fresh density and then maintains a
relatively static density afterwards.
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Figure 4.13: Density for RCA1 mixtures over 91 daysrom casting
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Figure 4.14: Density for RCA2 mixtures over 91 daysrom casting
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In all three density plots, the specimens exposed to specified curing exhibit a gegatale
trend over time. Since the samples did not decompose over this time, this negative trend

indicates material drying.

When comparing each saturation level within a given aggregate replacement level, all mixes
appear to behave similarly in termsmégnitude and rate of density loss. The average losses for

the 100% aggregate replacement are higher than the average losses for the 30% replacement.
This reflects the difference in the levels of initially entrained water. Similarly, the RCA2
mixtures lostmore moisture than their RCA1 counterparts due to higher absorption capacity and

overall water entrainment.

Interestingly, thepurely NA mixtures lost morewveragemoisture than either of the 30% RCA
mixtures. This may be an indication that watehich would be lost in the absence of coarse
RCA, is being retained within the aggregate instead of lost. While this could provide some
benefit, it could also introduce issues relating to fretwav durability of the concrete by
introducing reservoirs within & concrete.A statistical analysis of these observations is
discussed later.

4.2.2.2 Compressive Strength

Compressive strength was tested according to the procedure outliBection3.4.2 The initial
compressive singth measurements were taken at the age of 7 days and then subsequently at 14,
28, 56, and 91 daykigure4.15, Figure4.16, andFigure4.17 illustrate the compressive strength
development for the natural aggregate, RCA1, and RCA2 mixtures, respedilatyixtures

were developed with the NA mixture as a basis and therefore the 28 day compressive strength of
the NA M10G0 mixture is considered the design compressive strefpthvalue of this design
strength is 48.7 MPa. This design strength is shown on each compressive strength plot as a point
of referenceStatistical analyses of the following results are included later as they pertain to the
specific objectives of this rearch.
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Figure 4.15. Compressive strength development for NA mixtures over 91 daysom casting

The natural aggregate mixtures were used as controls when considering the research objectives.
When consideringhe mixtures separately askigure4.15, the effects ofpeecuringconditions

can be observed. To varying degrees, the moist cured samples exhibited higher compressive
strength than the mixtures subjected to specified curihg. Moist cured samples exhibited
compressive strengths 8% higher than the specified curing at 28 days and 20% higher by 91
days. This is potentially due to the availability of moisture to continue the hydration process in a
rich concrete mixture, where uydirated cement particles can remain after the initial mixing
water is consumed. The speared mixtures performed similarly, with some eatye variations
between the saturated and unsaturated mixtures. The unsaturated mixture exhibited a relatively
low early strength as compared to the other two mixtures. This could be a reflection of the higher
initial w/c ratio due to moisture corrections in the mixing water. This was not observed at later
ages, and the unsaturated mixture appeared to perform sligtity than the saturated mixture

in terms of compressive strength at all subsequent testing ages.
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Due to the low absorption capacity of the NA, the moisture corrections were considerably
smaller than those of the RCAs. Coarse moisture correction accdontedly 8% of tal
mixing water in NA S0 as compared t85% in RCA3 SAL00. While this is not unsubstantial,

it may begin to explain why NA S18@and NA S€0 performed similarly.
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Figure 4.16: Compressive strength development for RCA1 mixtures over 91 dayfsom casting

Figure4.16 illustrates the compressive strength results for all mixturesR@AL incorporated.

Similar to the NA case, the mixtutbat was subjected to moisturing exhibited the highest
compressive strength at the majority of the testing ages. The magnitude of the benefit of curing
appears to be reduced in the casBRGAL The largest difference between RCA1 S100 and

RCA1 M10G100 was a 16% improvement aompressive strength at 56 days for the moist
cured concrete. At all other ages, at 95% confidence there was no statistical difference between

the two mixtures.

Generally it appeared that the 0% and 60% saturated mixtures behaved similarly, and at a lowe
level than the 100% saturated mixtures. At 28 days, RCA1 -3Q0&xhibited lower strength
than its trend otherwise indicated, but otherwise behaved similarly to RCA118000
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Under the specuring conditions, the RCA1 mixtures appeared to experieneatg(>7 days)
compressive strength gainSimilar findings have been made in studiesiatiernally cured
concretegBentz & Weiss, 2011)While it was found that RCAs do not desorb water ideally for
internal curing, thenegaive effects on compressive strength gain oflt#ter age drying period
may be buffered by the entrained water.
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Figure 4.17: Compressive strength development for RCA2 mixtures over 91 daysm casting

The compressive strengths of the mixtures containing RCA2, showkigure 4.17, showed
slightly different trends in comparison with the other two mixture types. The -cwisd
mixture did not appear to perform significantly bettbart the specured mixtures, only
exhibiting the highest compressive strength at the 91 day age. RCA2-N008@ppeared to
exhibit a similar strength gain rate to RCA2 SH@D until the 91 day age where the moist
curing appeared to increase the overathpressive strength.

In terms of the specured mixtures, the effect of poorer RCA quality appeared to have a larger
impact than saturation conditions as the 30% replacement mixtures all exhibited higher average
compressive strengths than the 100% replacémmxtures. The saturation effects within each
replacement levehre less pronouncedn the RCA2 mixturesthan in the RCA1 mixtures,
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however it appears that the 100% saturation mixtures developed the highest compressive strength

at early agedn-depth aalysis of this trend are presented in Chapter 5.

Table4-8 summarizes the statistical evaluation of the mixtures with 100% replacement of coarse
NA with RCA. Both 0% and 100% coarse aggregate saturation are compared at 28 ayd 91 d

concrete ages.

Table 4-8: Statistical comparison of compressive strength at 28 and 91 days (100% Replacement)

% N Q O
S /& /S NP
&Y > LN > 2
v X AKX S X R
¥ & E Y E LS

Mean Comp. Strengt
(MPa) (28 day)

STD DEV (MPa) 01| 32| 06 16| 1.2 009
COV (%) 03| 60| 13 34| 26| 22
LSD (MPa 7.4 4.8

Mean Comp. Strengt

(MPa) (91 day) 51.2 | 58.0 | 46.9| 51.7 | 53.7 | 46.5

STD DEV (MPa) 06 | 57| 08| 12| 10| 11
COV (%) 11| 98| 17| 24| 19 23
LSD (MPa) 12.9 4.3

RCA1 exhibited the highest compressive strength within each grouping shown. The only
statisti@ally significantdifference between RCA1 adiA wasat 28 days with full saturatiorn
comparison with RCA2, the compressive strength of RCAL1 was significantly higher with full
saturation at 28 days and with 0% saturation at 91 daygepdth comparisonfdhese mixtures

and aggregate types are discussed later.

4.2.2.3 Splitting Tensile Strength

Splitting tensile strength was measured in accordance with the procedure outli@ection
3.4.3 Measurements were takenz2& days and 91 days age for each mixture tifmpre4.18,
Figure 4.19, and Figure 4.20 illustrate the results for the mixtures containing NA, RCA1 and
RCAZ2 respectivelyThe aror bars shown in each figure indicatee standard deviation each in

the positive and negative directidosing the design compressive strength discussed previously,
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thedesign tensile strength was calculadsdd.0 MPaThis strengthis denotedor reference with
the splitting tensile resultdt was calculated based dine tensile strength estimation equation,
Equation 4.4Neville, 1997)

N Q7 (4.2)

Where, 0 EM A & Qb POE® OF e & & 0o
Q SmHE GNi Qf 6 TN EE ¢ Ol IAHER

In-depth statistical analyses of the following results are included later as they pertain to the

specific objective of this research.
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Figure 4.18: Splitting tensile strength development for NA mixtures over 91 dayBom casting

In Figure4.18, the splitting tensile strength of NA concrete aggeo be affected by the curing
condition of concrete as the moe@ired samples exhibited statistically significant higher tensile
strength than the speured samples at either tested age. While some variation is evident, the
splitting tensile strengthdor the speecured samples are statistically the same, at 95%
confidence.
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Figure 4.19 shows that the replacement amount of RCAL appears to affect the splitting tensile
strength, while the curing condition appears to have lesnddffect. The tensile strength of
RCA1 M100100 and RCA1 S106@00 are statistically the same, but both are significantly lower
than that of NA M10@. Variations in the saturation level in the 100% replacement mixtures do
not appear to greatly influenclet splitting strength of the concrete, as all mixtures exhibit

tensile strength of approximately 3.5 MPa.
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Figure 4.19: Splitting tensile strength development for RCAL mixtures over 91 daykom casting
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Figure 4.20: Splitting tensile strength development for RCA2 mixtures over 91 dayom casting

106



Since tensile strength depends largely on thedmd the strengtbf coarse aggregate, this may
indicate thatsaturated RCA provides some benefit in terms of mitigating the effectpeaf

curing on the ITZ. However this mitigation seems to be at the expense of the initial quality of the
ITZ as even the moistured RCA mixture exhibited a tensile strength losgpmgroximately 1

MPa in comparison to NA M100.

The 30% replacement mixtures exhibit higher average tensile strengths than the 100%
replacement mixtures. These mixtures are at similar strength levels to the corresponding NA
mixtures. This seems to indicdtet the splitting tensile strength of mixtures incorporating 30%

of RCAL is not greatly affected. The 30% replacement mixtures seem to exhibit higher

variability between testing ages than the 100% replacement mixtures.

The splitting tensile strength rémufor the RCA2 mixtures appear to follow the same trend as
the RCA1 mixtures. The 100% replacement mixtures all exhibited roughly the same splitting
tensile strength, regardless of curing, although there was noticeable difference between the 28

day and Q2 day tests.

In the case of RCA2, the 30% replacement mixtures did not have significantly higher tensile
strength than the 100% mixtures.

4.2.2.4 Modulus of Elasticity

The modulus of elasticity was tested in accordance with the procedures outl8extion3.4.4

Three samples of each mixture type were tested at ages of 28 and 9Eiglanes4.21, Figure

4.22, andFigure4.23 illustrate theresults of this testing for mixtures containing NA, RCA1, and
RCA2 respectivelyThe error bars shown in each figure indicate one standard deviation each in
the positive and negative directiom-depth statistical analyses of the following results are
included later as they pertain to the specific objectives of this research.
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Figure 4.21: Elastic modulus development for NA mixtures over 91 dayBom casting

The moduli for all three NA mixtures were simil@r each other. The 100% saturated mixtures

both exhibited stiffening between measurements at 28 days and 91 days, but the magnitudes of
both were similar. The 0% saturation mixture did not exhibit this stiffening phenomenon, but
was measured to have anstla modulughatwas similar to the 91 day modulus of the other two

mixtures.
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Figure 4.22: Elastic modulus development for RCA1 mixtures over 91 daysom casting
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The moduli of elasticity for RCA1 were gparable to those of the NA mixtures. Under both
curing regimes, the 100% replacement and saturation mixtures were not statistically different
than the 28 day NA moduli, however they did not experience a similar stiffening. The 100%
replacement mixturesvhich were not initially saturated were seen to exhibit lower moduli at

both ages than the saturated mixture.

The 30% replacement mixtures all behaved similarly and exhibited stiffening between the ages

of 28 days and 91 days, but not to the same extehed$A mixtures.

The moduli of elasticity for all of the RCA2 mixtures were generally lower than those of the NA
mixtures. Both 100% saturation and replacement mixtures exhibited similar moduli at 28 days,
but the moist cured sample experienced signifistiffening at the 91 day test. This is at least
partially due to the skewing effect of an outlier sample within the sample/isieh exhibited a
modulus of 40 GPa.
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Figure 4.23: Elastic modulus developmenfor NA mixtures over 91 daysfrom casting

Similar to theRCA1 mixtures, the unsaturated, 100% replacement mixtures exhibited the lowest
moduli of elasticity. These were lower than the corresponding RCA1 mixtures.
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Also similar to RCAL, the mixtures pregar with only 30% RCA exhibited higher modulith
similar magnituds to the corresponding RCA1 mixtures. While there is some variation, the
average values of these moduli indicate that the saturation has a much reduced effect at this level

of replacement.

Table4-9 summarizes the results of applyifige equationghatare commonly used to estimate

the modulus of elasticity for concrete to the concrete mixtures tested within this study. The table
shows the average error (in GPa3@gated with each equation for a given mixture type. The
error is calculated as the difference between the calculated value and the experimentally obtained

value. For each mixture, the smallest error value is highlighted.

Table 4-9: Elastic Modulus Prediction Expression Average Error Results

28 days 91 days
Repl% | ACI318| ACI 363R ACI 318-1l CSA (8-1) CSA (8-2) ACI 318 | ACI 363R| ACI 318-1]l CSA (8-1) CSA (8-2
NA - -6.41 -8.99 -3.63 -6.67 -7.95 -7.63 -10.84 -5.37 -9.04 -9.28
RCAL 100% 0.19 -2.76 0.42 -2.78 -1.42 1.42 -2.09 1.24 -2.49 -0.28
30% -2.93 -5.76 -0.65 -3.91 -4.52 -2.65 -6.10 -0.77 -4.65 -4.34
RCAPR 100% -0.99 -3.28 -1.22 -3.71 -2.49 1.10 -1.74 0.66 -2.36 -0.49
30% -2.84 -5.54 -1.19 -4.26 -4.40 -3.32 -6.41 -1.92 -5.38 -4.95

*All error values are in units of GPa

These results were calculated using the estimation equadi@®.7. The equations were
developed and recommended by the A@H he CSAfor normal weight concretedhe five
equations represent accepted methods to estimdta Eoncrete and this comparison helps to

indicate which equation is best suited for estimatingfRCA concrete.

0 6 &Opdp O txoa B8 (4.3)
0 6 &Y O ococ@ & ownm (4.4
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In general, all equations appeared to predict the RCA mixioreduli of elasticity reasonably

well despite the use of RCAhE& NA mixtureshowever,were considerably under estimated by

each equation. The equatiput forth in ACI 31811 appears to be the best suited to measure the
modul us of both NA and RCA concretes. The <co
much higher factor applied to it than the compressive strength appears to make the equation very
relevant for the analysis of RCA concrete. The equation produced reasonable results for both
RCAL concretes with high compressive strength and relatively low density as well as RCA2

concretes with low compressive strength vddensity.

The 28 day modulfor the 100% replacement mixtures appeared to better estimated by the
original ACI equation, however this improvement was only marginally better than the ACI 318

11 equation whichalso provided a reasonable estimate for these mixtures.

4.2.2.5 Linear Coefficient of Thermal Expansion

The linear coefficient of thermal expansion (LCTE) was measured in accordance with the
procedure outlinechiSection3.45. The LCTE measurements were taken at 28 days and again at
approximately 150 days. Unlike previous tests, the faige testing was performed on samples

that had been exposed to the laboratory conditions associated with theusimgc protocol.

Figure 4.24 illustrates the results of the testiaf) both ages for all mixture types. The graph
indicates the average LCTE value for each mixture and the error bars represent one standard
deviation in either direction for the collected data. The error bars provide indications of the
repeatability of thetest procedureln-depth statistical analyses of the following results are

included later as they pertain to the specific objectives of this research.
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Figure 4.24: Linear coefficient of thermal expansion

The results indicate a wide variation in the LCTE both between mixture types and within given
mixture types. This could indicateliaitation of the test procedure or the nbnear expansion

behaviour of concrete under thermal variations belot

The majority of the results ranged between 5 and 15%t®n/mm)/°C. This approximates the
range given by Nevill€Neville, 1997)for air-cured concretes with various types of aggregate
whichis from 7.4.x10%°C to 13.1x10°/°C.

At 28 days, the mixtures containing some amount of RCA exhibited lower thermal expansion

behaviour, with the exceptions of the 100% saturated RCA1 mixtures and the 100% saturated
and moistcured RCA2 mixture. While the samples were allowed time to acaientt a lower

RH environment, it is possible that these samples may have retained some portion of their

absorbed water, which could influence the thermal expansion behaviour at freezing temperatures.

At 150 days, the thermal expansion measurements vaoed the 28 day measurements. In
some cases this variation was extreme and may indicate the potential for variable results within
the test procedure rather than a significant change in the thermal behaviour of the material.

low temperatures, the thermakpansion behaviour of a cement paste varies significantly
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depending on its moisture content. This is one of the reasons that typical thermal expansion
testing is performed at higher temperatures and constant RH levels. The current research focuses
on theeffects of changes in moisture levels and therefore the differences in moisture content
between concrete types were maintained. These differences in moisture content could combine
with different maximum and minimum testing temperaturea¢onsistentlynagnify changes in

LCTE values.With the exception of the outliers, the LCTE values remain in the same general

range as the 28 day test.

The LCTE of a rigid concrete pavement can have significant effect on the performance of the
pavement in a given envirorant. Any reductions observed in concrete produced with RCA

could benefit the longerm durability performance of the pavement.

4.2.2.6 Permeable Porosity of Concrete

The permeable porosity of the concrete mixture was measured in accordance with the procedures
outlined inSection3.4.6 The tests were performed at the concrete ages of 28 days and 91 days
and the results of these tests are illustratelgignre 4.25. The figure shows the averagesults

and the associated error bars represent a standard deviation in both the positive and negative
direction based on the collected data. The permeable porosity is a percentage based on the
volume of the concrete as determined through submerged weidyindgpth statistical analyses

of the following results are included later as they pertain to the specific objectives of this

research.

At both testing ages, the measured permeable porosities for the mixtures ranged from
approximately 13% to approximate?p%. The error associated with the data indicates that there
was not wide variance within a given mixture. The differences between the 28 day and 91 day
ages are quite small. The only mixtureat exhibits a statistically significant change between
agesas measured by aest with 95% confidence is RCA2 M1AMO. This is largely due to the

very small variation in measurements, not to a large difference in the average total permeable

porosity.
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Figure 4.25: Total permeable porosity

The mixtureghatinclude RCA material exhibit highgrermeablgorosity than the NA mixtures

in most casesThis change is more evident in RCA2 mixtures, which have higher aggregate
absorption values. In the 30% replacement umed, both RCA1 and RCA2 exhibit only small
differences as compared to the NA mixtudldermeable porosity values of RCA1 concretes are
higher than those of NA concretes; however the compressive strengths of RCAL are also higher
than those of the NA mixtas. The effect of high porosity of concrete is typically a decrease in
compressive strength. This indicates that the negative eftieatsare generally ascribed to
concretes with high porosity are not necessarily present in RCA concretes.

Figure 4.26 and Figure 4.27 illustrate the water absorbaagto concrete samplefroughout the

course of the test at the 28 day and 91 day ages, respectively. The graphs show the initially
entrained water at the begingiras well as the water absorbed throughout the course of the
testing procedure. The water absorption values are expressed as a percentage ofdhe oven

mass of each sample.

The effect of moist curing is evident in the increases in water throughout tinge cof the
testing. The moisturing regime appeared to keep the permeable pores in the samples almost
saturated as very little extra water was absorbed in the three-cumst mixtures. Those
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sampleswhichwere subjected to 21 days in the exposed ¢mmd{after 7 days of spexuring),
absorbed a much higher percentage of water throughout the course of the testing, particularly in

those samplethathad 100% aggregate replacement.
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Figure 4.26. Absorbed and entrained water percentage (28 days)
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Figure 4.27: Absorbed and entrained water percentage (91 days)
The drying out of the exposed concratas more pronounced at the age of 91 days in the spec
cured amples. This manifests itself in a larger gap between the initially entrained water and the
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overalllevel of absorbeevater. A significant amount of water still remains in the concrete at this

time, however it should be recognized that the cutting proeeatias water prior to testing.

While the initially entrained water levels dropetoverall absorbed water amounts do not change

significantly in any of the mixtures, except for the previously mentioned RCA2-81@0

If water absorption (as a functioh permeable porosity) is considered torbducedoy internal

curinglike processes over the course of the testing, then it appears as though this is not
consistently taking place in the RCA concretes. The differences between the curing comparisons

for NA mixtures without significant amounts of entrained water are similar to those of the RCA
concretebs with entrained water. Any benefits
observed within these results.

As they are all based on the same dataFsgure4.26 andFigure4.27, closely follow the trends
displayed inFigure 4.25. The difference between malsased and volumbased measurement
may serve to make differences mopronounced as the mass of 100% RCA mixtures is

proportionately less than the other two replacement levels (0% and 30%).

4.2.2.7 Hardened Properties Conclusions

The general results of the hardened properties tests are summarized in the following list:

1 All speccured concretespecimens were observed to gradually lose entrained moisture
through dryingover the course of the testing, as observed through decreasing .density
This resul is intuitive, and representesasonable behaviour for concretes cured according
the specifications of the MTO.

1 The mixtures with 30% RCA lost less moisture than the NA mixfutespite higher
overall water contents, which indicates that the RCA may have helped to retain moisture
normallylost from concretelue to drying

1 All moist-cured samples exhibited similar compressive stredgtrelopment behaviour
which continued to the end of testinghe observable difference between these samples
and the specured samples indicate that expostoelrying of concrete after 7 days of
moist cuing has a negative effect on compressive strength in relation to moist curing.

This reinforces the idea that the typically specifiedhmétfor concrete curing can have
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negative consequenceasd presents opportunities fttre development of strategies for
improved concrete performance.

SpeccuredRCA2 samples generally reached a compressive strength playeidue age

of 56 days but RCA1 samples appeared to experience later age compressive strength
gains which is a characteristic of some internally adireoncretesThis indicates that
although the RCAs do not desonlaterlike traditional internal curing agents, they may
provide some benefit to speared concretes.

The inclusion ofdifferent RCA typesis found to affect the compressi strength of
concete differently In decreasing order of compressive streragtB1 daysthe mixture

types were RCA1, NAand thenRCA2. The opposite effects observed between RCA1
and RCAZ2 indicate that the inclusion of RCA is metessarilydetrimental to concrete
strergth, and that proper identification of RCA within the concrete industry could result
in more efficient use of this construction material.

The variationghatcaused a decrease in the splitting tensile strength of concretgirwere
decreasing order of effedRCA content, RCA type, curing regime used, then aggregate
saturation The inclusion of either good or poor quality RCA in concrete resulted in
tensile strength losses. This could be significant to the use of RCA in the concrete
industry, specifically inmppl i cati ons wher e ¢ @amiroportante 6 s
design consideration

In terms of elastic modulus, the RCA1 mixtures generally behaved similarly to the NA
mixtures, with the exceptions of RCA168100 and RCA1l Sa00, which were
relatively lower. RCA2 mixtures all exhibited lower elastic moduli than NA and RCA1l
mixtures This indicates that the quality of RCA, specifically in terms of the absorption
capacity and therefore the density, has an impact orcdltd RCA concretes, which
could hae relevance to concrete applications whereirktfis a governing factor.

The elastic modulus equation from ACI318 provides thebest estimatefor the E. of

the RCA concretes under the given conditions, though it was found to underestimate the
E. of the NA mixtures In practice, the estimation of ti& of RCA concretes should

consider the concrete density to produce accurate estimates.
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1 At 28 days, the LCTEsf RCA mixtures vere typically lower than those of the NA
mixtures although the 100% satuhtd00% replacement mixtures were not statistically
unique from the control mixture8vhen LCTE was measured at 150 days, changes in the
testing environmerdéind sample moisture conditionsy have resulted in the noticeably
different and variable result§hermal response of concrete is an important consideration,
especially in the concrete paving industiy. RCAG6 saddition to concrete causes
reduction of the lowtlemperature thermal expansiontié material then thigcreasethe
mat er i al OGake iethidimdastryi ve v

1 100%replacement of NA with RCA in concrete regdlin increased permeable porosity.
30% replacemenbf NA with RCA in concrete alsoesuled in an increase, but the
magnitude of this increasesmaller

1 The initially entrained watr levels measuredripr to pressurized soaking of concrete
samplesconfirm thefindings of the hardened densitgsting Specifically, these findings
are that RCA samples lost less moisture than the NA mixtures, despite higher overall
water contents. Thiindicates that the RCA may have helped to retain moisture normally
lost from concrete due to drying.

1 The level of initially trained water in drops significantly more between the ages of 28 and
91 days inRCA concreteshan in NA concreteslhe total absrptionlevel of all types of
concreteat both testing agas notlargelyaffected

1 Internal curing effects are not observed in the permeable porosity results
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CHAPTER 5
ANALYSIS ANIDISCUSSIONDFRESEARCHDBJECTIVES

The results of desorptidest indicate thateither RCA desorb significant water at 93%RH. The
permeable porosity testing indicatihat no internal cumg is taking place within the concrete
samples However, there do appear to be effects caused by the inclusion of saturated RCA in
concrete. Somehese effects are studied in the following comparison$ the variations in

saturatiorof aggregatecuring condition, and aggregate replacement level.

5.1 Saturation Comparisons

One of the objectives of this study was to determine how the satutetiels ofthe coarse
aggregate féect the properties of concrete produced using coarse RCA. During this study, the
overall water content for a given aggregate replacement amount was kept conssamatéh

was initially added into the mixture as part of threesgisathe mixing water, the water adhered

to the coarse aggregate, or the water entrained within the coarse aggregatsount of water

in each of these phases was varadfollows. The aggregate saturation water was included
wholly within the aggregat€l00% saturation), wholly within the mixing water (0% saturation),

or partially in each of the aggregate and mixing water (60% saturation). The total and effective
watercement ratios are summarizedTiable4-7 of Sectiord.2.1.1 All mixture types within this
section were cured according to the specified curing regime outlin&edtion1.3.1.4 This
means that they were exposed to drygngditions after 7 days of moist curing with burlap.

As discussed in Sectiods2.1.2and4.2.1.4 the slump and fresh density of each mixture type

varied with the RCA saturation. The concretes kitad their highest slump values in the 60%
saturation mixtures and their lowest in the 100% saturation mixtures. This could be due to the
presence and absenceeatramixing water respectivelybecause of the absorption behaviour of

RCAs. It has been tmd that RCA has high initial absorption ratefichtaper off as saturation

|l evel s i ncrease. This could contribute to th
extra mixing water as fast as the 0% saturation mixtures, thus resulting in higtehy in

available mixing water and higher slump values. RCAs have also been found in the desorption
tests outlinedn Section4.1.4to retain their absorbed moisture. This could explain the tendency
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for 100% saturation mixturds notcontributeany of theabsorbedvaterwithin the aggregate to

the mixing water and thereby slump developme&igure5.1 outlines the key questions relating
to the saturation variations in coarse aggregdte.effects oftiese variations in saturation were
examined in each of the hardened concrete propéées/ere studied within the scope of this

study.
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Figure 5.1: Key questions regarding the effects of variation of caae aggregate saturation

5.1.1 Hardened Density

Figure5.2 illustrates the hardened densities for all mixture typasincluded 100% replacement

of natural aggregate (NA) with RCA. The densities are presented as measuardte de@ases
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shown correspond to moisture losses from the exposed spedmemns drying At seven days,
the specimens were exposed to the laboratory conditions and this is considered to be the onset of
drying. To assess the differenceshardened densityalues between thenixtures a statistical
analysis based on the 5% LSD (least significant difference) values was carradrmibges of

28 and 91 daydable5-1 tabulates this statistical evaluation.
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Figure 5.2: Hardened density for saturation comparison (100% replacement)

Table 5-1: Statistical Comparison of HardenedDensity at 28 and 91 day$Saturation)
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5 2429.712421.32315.92307.02298.4 2401.32418.32383.4 2289.0 2276.9 2282.3 2368.7 2385.4 2380.
(kg/m°) (28 day)
STD DEV (kgfn 12.3]| 103] 90| 85| 62| 99 | 282( 149| 91 | 41| 27| 153| 23 | 9.0
COV (%) 05| 04] 04| 0403|0422 06|04]02]01]06]|01]04
LSD (kg/r) 39.7 30.9 74.6 23.1 40.0
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STD DEV (kgfin 93| 64| 27| 43| 23| 53| 88| 68| 102]| 17.0| 24 | 44 | 43 | 123
COV (%) 04/ 03Jo1flo02]01]02]04]03]05]08|01]02]02]05
LSD (kg/r 27.9 12.5 27.5 44.5 30.8
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The mixtures displayed iRigure5.2 divide into two distinct groupings due to the type of RCA
used in each. RCA1 has a higher density than RCA2 and that largely contributes to the disparity.
At 28 days, the differencas hardened density due to saturatchanges were not statistically
significant for any aggregate typelowever, & 91 days thehardened density of the Q%
saturatedRCA1 mixture was found to be significantlizigher than the other saturation levels.
Since this test is considered as a measf moisture retention, this indicates that the 100%
saturated RCA1 mixture retained significantly more moisture than the 0% and 60% saturated
mixtures, while this was not observed in the RCA2 mixtures.

Overall, the RCA1 mixtures lost less moisture thiam RCA2 mixtures, which correlates well
with the higher absorption of RCA2 and therefore the higher total w/c ratio.

Within each groupingthe 100% saturated mixtures largely retain the highest densities
throughout the course of testinhough these tferences are natlwaysstatistically significant

This may be due to some retained moisture within the RCA but could also correspond to more
complete hydration, resulting in a greater percentage of the water becoming chemically bound
within the concreteThe 0% and 60% saturated mixtures appear to lose water similarly

throughout the course of the test and exhibit largely the same densities.

Figureb5.3 illustrates the density evolution for the mixtures containing 30% RCA replatdipe

volume. The saturations range frorl00% and encompass the time from casting to 91 days.

Similar to the 100% replacement mixtures, the mixtures exhibited a general loss of moisture over
the course of the testing schedule. In this case, both theallodensity change and the
differences due to the RCA saturation are considerably snthber the 100% replacement
mixtures Due to the reduced RCA content, there is proportionately less water entrained in these

mixtures initially.
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Figure 5.3: Hardened density for saturation comparison (30% replacement)

The mixtures appear to divide into two groupings due to the aggregate density, although these
groupings do not become obvious until the later testing 8gesed on the statistical analysis, the
differences observed within these groups are not statistically signifidaistis also due to the

smaller proportion of differerdensity aggregates within the mixtures.

Two maximawhich are not readily explainkd) can be observed within this plot. An abnormally

high density measurement is observed within RCA1-8b@t 28 days and an abnormally low
measurement is observed in RCAL3EDat 14 dayd\either point appears to exhibit the trend of

the remaining dataoints.As shown inTable5-1, the standard deviation of tiRCA1 S6630

values of hardened density was considerably larger than in other mixtdieating variability

within the resultsBoth mixtures were cast and tested orregponding days and may indicate a
repeatable testing error. These spikes are not considered to correlate to observable phenomena
usually associated with 30% replacement mixtures of RCA.

Saturation of aggregate does not appear to play a significannrdiensity change d@he 30%
level ofaggregateeplacement.
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5.1.2 Compressive Strength

Table 5-2 presents the statistical analysis of the compressive strength .\Vaige® 5.4 shows
the compresive strength development for 100% RCA replacement mixtures over the course of

91 days. For each RCA type, saturations of 0%, 60%, and 100% are shown.

Table 5-2: Statistical Comparison of Compressive Strength/alues at 28 and 91 dayéSaturation)
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Figure 5.4: Compressive strength development for saturation comparison (100% replacement)

124



In this Figure 5.4, the relative contributionsfdRCA1 and RCA2 can be observed. All three
RCAL1 mixtures exhibit significantly higher compressive strengths than their corresponding
RCA2 mixturesat 91 daysThis seems to be in agreement with previous findings regarding these

two aggregate typg8utleret al., 2013h)

Within each aggregate type, the strength development appears to be affected by the aggregate
saturation level. Although the magnitudes are different, the early strength gain appears to last
longer in the 100% saturated mixturesatiSticaly significant gains can be seen to happen
between the ages of 14 and 28 days for both 100% saturated mirtaogsparison to the other
saturation level mixtures, for which the strength ggppears to be retarded. By the age of 91
days, the disparity Ibween saturation levelss no longer statistically significantThe
compressive strengths of the 100% saturated mixtures are still Higheo longer significantly

so. In the case of the RCA1 mixturéisis appears to be due to a relatively large spiedde

100% saturated results datehichsubsequently increases the associated LSD value.

In both RCA types, the 60% saturation mixtures perform more poorly at later ages than the other
two saturation levelsbut this difference is not statistically sificant. The cause of this is
unclear. It is theorized that the differences in aggregate preparation could cause this effect. The
soaked RCA had a film of water adhered to its surfaces when it was added to the mixture. This
water could have formed a mortanating around the aggregate similar to the film discussed
previously(Tam et al., 2005) which would limit the moisture transport between the aggregate
and cement paste. This could effectively raise the w/c of the 60% saturated mixtures by trapping
the «tra water from mixing water corrections outside of the aggregate at early ages. In this
scenario, the 100% saturated mixtures would seal in the full absorption capacity and the 0%
saturated mixtures would not form this initial coating, allowing for grestisorption. This could

account for the 60% mi xturebs relatively | ow

Figure 5.5 shows the compressive strength development for the mixtwtash contain only
30% replacement of NA with RCA.
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Figure 5.5: Compressive strength development for saturation comparison (30% replacement)

The mixtures generally show a similar but less pronounced version of the results Begman
5.4. With the exceptin of the 28 day strength of RCA1 S180, the 100% saturation mixtures
show the highest strength within thefjgregate type. In this case tREA2 mixtures and the 0%
and 60% saturated RCA1 mixtures all display similar strength development over the @burs
the test and result in strengths approximately 5MPa lower than RCA1-3810Ghich is
statistically higher at 91 day$Vith the exception of RCA1 S16R0 at 91 days, there were no
statistically significant differences observed at the 30% RCA replatdewl.

While this appears to support the idea that 30% replacement of NA with RCA is generally
acceptable, it also indicates that 100% saturation is most beneficial for RCA in terms of concrete

compressive strength under these conditions.

Figure5.6 illustrates the relative compressive strength of 100% saturated mixtures as compared

to their corresponding 0% saturated mixtures over time. The horizontal line represents

equivalency between t he midtad anrnnersase inFcompregsise a b o v
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strength in 100% saturated mixtures. 30% and 100% aggregate replacement mixtures are

considered.
1.3 = NA
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Figure 5.6: Comp. strength of 100% saturated mixtures normalized to 0% saturéed mixtures

Figure 5.6 illustrates that the compressive stremsgth the 100% saturate®lA mixtures are
generally reduceth comparison to the compressive strengths of the 0% saturated NA mixtures.
The 7 day strength is 20% highe the saturated mixture, but this quickly reduces and does not

reach the level the 0% NA compressive strength again.

Alternatively, all RCA mixtures tested appear to benefit in terms of compressive strength gain
from full saturation of coarse aggregaf& 28 days, the compressive strength of the 30%
replacement mixture of RCAL1 appears to be approximately 4% lower than the 0% saturation
mixture, but otherwise all mixtures exhibit compressive strength gains. These strength gains are
largely on the orderfd-10% throughout the course of testing and appear in both 30% and 100%
replacement mixtures.
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5.1.3 Splitting Tensile Strength
Figure 5.7 and Figure 5.8 illustrate the splitting tensile strength of mixturesl@0% and 30%
RCA replacement respectivelfable 5-3 summarizes the statistical evaluation of the tensile

strength results at 28 and 91 days.

Table 5-3: Statistical Comparison of Tensile Strength Values at 28 and 91 days ¢Buration)

4 SR Qfé > S S

> Q ¢ Q Q'

'»QQ QQ N@'\r »66 '»60 \?"\r 1»66 \,60 q,é» rl/@b q,60 q/(o'» (1/66 q,%Q
S SY S A W s A s s sy (s /e s

XY XY SE Y SESESE Y SESE L

Mean Tens Strengt
(MPa) (28 day)
STD DEV (MPa) 05| 02| 05| 04) 02| 03] 00) 06| 02| 03] 02| 02| 03] 0.1

COV (%) 11.8| 48| 135]| 100| 55| 74| 09 (131} 75| 95| 76| 56 | 9.3 | 3.7
LSD (MPa) 1.3 1.4 14 1.0 0.9

Mean Tens Strengt

(MPa)(91 day) 36| 43| 37| 34| 37| 43| 40| 39| 38| 36| 33| 35| 41| 4.0
STD DEV (MPa) 06| 02| 02| 04) 04] 02] 02)] 01| 04| 02) 00| 04| 06| 0.6
COV (%) 168| 47| 66| 111 11.1] 55| 57| 28| 108 56 [ 0.9 | 10.2| 15.7| 14.4
LSD (MPa) 1.6 1.4 0.8 1.0 2.1

Tensile Strength (MPa)

Mixtures

Figure 5.7: Tensile strength developmentdr saturation comparison (100% replacement)

The effect of saturation on the splitting tensile strength of RGrcrete is small. Previously it
was found that the effect on compressive strength was in the ordet@865Since splitting

tensile strength is approximately related to the square root of the compressive strength, the effect

128



may be too small to observévgn the nature of the splitting tensile tdstne of the variations
observed based on coarse aggregate saturation were found to be statistically significant at 28 or
91 days and at 95% confidence.
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Figure 5.8: Tensile strength development for saturation comparison (30% replacement)

Similar to the 100% replacement mixtures, there isstaistically significanttrend in the
splitting tensile strength results for the 30% replacement mixtures with regardgregate
saturation. Overall, these mixtures exhibit higher tensile strength than the 100% replacement

mixtures.

5.1.4 Modulus of Elasticity

Figure5.9, Figure5.10, Figure5.11, andFigure5.12 present the elastic moduli for each mixture
as saturation of RCA varies.

Figure5.9 and Figure 5.10 show the actual measured values wlklgure5.11 and Figure5.12

show these values as normalized to the square root of the measured compressive strength and the
density to the exponent 1.5. This normdii@a technique was chosen based on the results of
Section4.2.2.4 whichfound that the method of estimating elastic modulus using these terms was
most accurate. The results were normalizedi@étermine if any observable trends elastic

modulus could be seetmat were not due to the significant changes in concrete density and

compressive
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As shown, the measured moduli were all lower for RCA concretes than the NA concretes,
regardless of the aggregate saturation levels. TA& I@placement mixtures were also observed

to have loweE. values than the 30% replacement mixtures.
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Figure 5.9: Elastic modulus vsaggregate aturation (28 day)
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Figure 5.10: Elastic modulus vsaggregatesaturation (91 day)
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Table 5-4: Statistical Comparison of Elastic Modulus Values at 28 and 91 daysSaturation)

Q N S Q ) Q Q N P Q be Q
AL AMPASIPA 60'“’ 0SS S S LS 60'“’
> S N N N N N N 9 9 9 9 9 9
SV s /s s /e s 1o s (e s o s (o sl fe s Lo s (o s A ea
v & S A L A S T S AT A8 A S L0
Y EE S E &

Mean MOE
(MPa) (28 day)
STD DEV (MPa) 3082 | 691 | 722 | 614 | 82 | 870 | 658 | 490 | 467 | 3159 | 1669| 1155| 1376| 96

36707| 39755 35365( 31963| 31233 35513 35363| 35824 33261| 33507| 28763 36176/ 35589 33401

COV (%) 84| 17| 20| 19| 03| 24| 19| 14| 14| 94| 58] 32| 39| 03
LSD (MPa) 7806 2123 2667 8036 4013
Mean MOE

42820| 40270 34793] 32613| 3308() 36829 37850| 37441 33166| 30732 30813 37456| 36170 36903
(MPa) (91 day)

STDDEV (MPa) 2705| 668 | 792 | 153 | 445 | 524 | 548 | 416 | 369 | 841 | 433 | 328 | 512 | 795
COV (%) 63| 17| 23] 05| 13| 14| 14 ] 11] 11 ] 27| 14| 09| 14| 22
LSD (MPa) 6886 2054 1929 2264 2232

When mixtures are evaluated basecet@stic nodulus values angaturation level changes in the
coarse aggregate, mixtures with 100% RtDAtis 100% saturated display significantly higher
moduli than the corresponding 0% and 60% saturated mixtures. This effect is not observed at the

30% replacementlel or in the NA mixtures.
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Figure511: El astic modul YAd°@8dayymal i zed to foc

When the elastic modulus results are normalized any effects of saturation can be seen. These

effects appear to beimmal as all RCA mixtures generally remain constant independent of the

131



saturation levelsThis indicates that the statistical variations observed previously were due in

large part to changes in compressive strength and density.

55
50 I — —
fe——
- 45 —— e e—— :P'ei =X
< S 40
5 Agg Repl.
. 35 == NA-0
=fi—-RCA1-100
30 =>¢=RCA1-30
RCA2-100
==RCA2-30
25 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 a0 100

Coarse Aggregate Saturation (%)
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At 91 days all RCA mixtures appear to behave approximately independently of RCA saturation
changes. This indicates that any observed changes in elastic modulus catiessare due to the
other effects associated with RCA use. When normalizing the effects of compressive strength

and density, the NA mixtures still exhibit stiffer properties than all RCA mixtures.

Figure 5.13 illustrates the efficts of 100% saturation of RCA on elastic miadu The figure
shows the normalized moduli compared to thosthef0% saturated mixtures anccansiders

the effects of compressive strength and density by removing their contributions through
normalization.The horizontal line within the figure represents the level of parity between the

two saturation levels.

Overall a general trend igbserved witithe RCA mixturesas compared witthe NA mixtures.

At 28 days, the effects of aggregate saturation appdae targely beneficial, with three of the
four 100% saturated mixtures exhibiting increases of-224% over their corresponding 0%
saturated mixtures. The exception to this trend is the RCA1 100% sattB@%omeplacement

mixture, which is approximately gual to its corresponding 0% saturated mixture in terms of
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normalized elastic modulus. The 100% saturated NA mixture shows an 8% decrease at 28 days

age.
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Figure 5.13: Elastic modulus of 100% saturated mixtues relative to 0% saturated mixtures

At 91 days the relative normalized moduli for all RCA mixtures are lower. The relative NA
mixture increases significantly over this time. This appears to indicate that any positive relative
effect of full saturation des not extend into later ages of concrete, or is at least lessened with
time. This could be correlated with to the fact that the samples had been allowed to dry over this
period. It has been found that drying can reduce the secant modulus of c¢Booetes &

Neville, 1977) Due to lower levels of initially entrained water, the overall humidity levels of the
0% saturated mixtures are lowevhich could reduce the moduli in comparison to the 100%
saturated mixtures. At later ages the humidity level digphatween the two mixture types has
lessened due to exposure, and the perceived benefit can no longer be observed.

5.1.5 Linear Coefficient of Thermal Expansion
Figure 5.14 and Figure 5.15 illustrate the effets of aggregate saturation on the LCTE of
concretes at 28 days and 150 days, respectiValyle 5-5 summarizes the statistical evaluation

of the variations within the mixtures due to saturation variations at 28 and 150 days.
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Figure 5.14: LCTE vs aggregatesaturation (28 days)

Table 5-5: Statistical Comparison of LCTE Values at 28 and 150 daysSaturation)

N ( N $ Ny
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Mean LCTE
(x10%7C)(28 day)
STDDEV(xtoc) | 1.0 | 20| 30| 16 | 1.9 20| 09| 14| 56 | 1.6 | 23| 24 | 1.1 | 15

COV (%) 9.3 | 18.0]| 24.3| 18.3| 25.4| 26.5| 11.8| 18.7] 59.7 | 22.1| 33.1] 29.3| 16.2| 19.4
LSD (x1%°C) 16 2.7 1.8 4.3 21
Mean LCTE

6 70| 87 )] 97| 3.7 | 160 16.7| 84 | 99| 104 7.9 | 11.3| 5.2 74 | 8.8
(x10% C)(150 day

sTDDEV(xEoC) | 25 | 28 | 09 | 21| 36| 35| 12| 14| 24| 13| 63| 24| 14| 16
COV (%) 35.1| 32.0] 89 [ 57.5] 22.7] 20.8] 13.9] 13.9] 22.9] 165] 56.0] 465] 18.7] 18.4
LSD (x1%°C) 7.9 3.0 2.7 47 2.2

At the age of 28 days, ttanly mixturethatexhibits significant changes due to changes in RCA

saturation is RCA1 S10000. All other RCA mixtures exhibit LCTEs between 7 AT and

10 x10% C regardless of aggregate saturation. At 0% and 60% saturation, the 100% replacement

RCA1 mixtures exhibit this same behavipbowever at an RCA saturation of 100% the LCTE is

approximately 12x1&C. Both RCA2 mixture types exhibit an increase at the 100% saturation

level, butthe increase is not statistically significafine possible gtanation for the observed
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behaviour is due to the nature of thermal expansion of cement wasthis 100% saturated. In

this condition, cement paste exposed to temperatures below freezing point can exhibit CTE
levels higher than at other temperatugdsville, 1997) If pockets of fully saturated paste are
present within the samples, they could exhibit increased thermal expansion. Thi©onawiitd
potentially be presenwithin 100% saturated mixturesvhich have been faud to retain more

moisture

With the exception of the RCA1 S1AMO, all RCA mixtures appear to exhibit lower LCTEs
than NA concrete, regardless of saturation level. This appears to confirm previous findings
(Smith & Tighe, 2009).
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Figure 5.15: LCTE vs aggregatesaturation (150 days)

The sampleshatwere tested to gain the results showrrigure5.15 were the same samples as
the 28 day test. These samples were left exposed talibeatory conditions during this period

andwere assumed thaveundergmedrying.

At the age of 150 days, the thermal expansion results indicate an increase in vasasahality
function of saturation levels. AlImost all RCA mixtures exhibit higher LCTEueal while the
NA mixtures decreased. At this age, the RCA mixtures no longer exhibit lower LCTE than the

NA mixtures.
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The observedvariatiors aredifficult to explain.There are a cleartrends when these results are
considered as a group or in conjunotiwith the 28 day testing. It is assumed that the results in

this second round may have been influenced by thestamdard testing procedutlkat was

employed. Two significant factors are considered as potential reasons for this vatlaion
fluctuatiors in the thermal expansion behaviour of cement at low temperatures based on the
moisture content of the cement and the changes in the thermal expansion coefficient of cement
due to the temperature at which the thermal expansion is measheethck of aeémperature
controlled fAiwarmd environment all owed the upp
more than in the previous round of testirignsuring the same upper and lower bound of
temperatures is reached during each cycle would minimize fibet of the latter factor. Because

the samples are allowed to dry as part of thi
the former factor is not easily controlled. Additionalilye warm portion of the test occurred in

the concrete laboratgr but the second round occurred in a different laboratory with outdoor
access. Th&kH condition of both environments was subject to change based on the external

conditions. This can have a significant effect on the measured results.

Typically it is recomnended that a temperaturand humiditycontrolled environment be used
for sample cycling in order to alleveathese effects on the testing, however this is a non
standard implementation of this testhich assess the effects of entrained moisture and the

effects of dryingThese research objectives make interpretation of the results challenging.

5.1.6 Total Permeable Porosity and Absorbed Water
Figure5.16 andFigure 5.17 show the total permeable porosity ofxuires as a function of the
initial RCA saturation levelsTable 5-6 tabulates the statistical analysis of the effects of coarse

aggregate saturation on permeable porosity at 28 and 91 days.
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Figure 5.16: Total permeableporosity vs aggregatesaturation (28 days)
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Figure 5.17: Total permeableporosity vsaggregatesaturation (91 days)
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Table 5-6: Statistical Comparison of PermeablePorosity Values at 28 and 91 daysSaturation)

Mean Permeable
Porosity (28 day) (%9

STD DEV (%) 11/10] 0609 05]01|]06)0412]|]08(10]01]04] 04
COV (%) 80| 71] 37| 52 ) 28| 10| 41| 28] 69| 43| 49] 09| 24| 26
LSD (%) 3.6 2.7 1.7 3.8 1.2

Mean Permeable

Porosity (91 day) (% 145 13.7) 17.1| 17.9| 17.2| 14.7| 154 | 14.0( 18.9| 19.8| 19.8| 14.7| 15.6| 153
0

STD DEV (%) 04({07]03|]08)06]|]05([06|08]05]09]06] 06| 03] 07
COV (%) 29[ 54] 16| 44 ) 35| 37| 40| 59| 28| 47| 28] 39 | 20 | 43
LSD (%) 2.1 2.3 2.6 2.7 2.1

Similar trends are illustrated at both testing ages. In each cageertheable porosity df00%

RCA replacement mixtures we considerably higher thathose ofthe 30% replacement
mixtures indicating that the RCA amountdren observable influence on the transport properties
of the mixtures. The RCA2 mixturasere consistently higher than their RCA1 counterparts,
indicating that the quality of the RCA (specifiiyathe absorption capacity) haah influence on

the transport properties of a given concrete. Within each aggregate and replacemembrievel

of the saturationvariations at either testing age were found to be statistically significant at 95%
confidence.The permeable pord®s at 0% and 100% saturationredower than those of the
60% saturated mixturebut not by a statistically significant margifihis may be explained by

the mixing procedurewhich could cause an effective water/cement ratio highan designed.

This slightly higher effective w/c would increase the porosity of the paste and thereby increase
the permeable porosity of the concrete.

Figure5.18 andFigure5.19 illustrate the water érained before and absorbed during the test at
28 and 91 days respectively. The absorbed wat

oven dry mass. In each plot, the mixtures are grouped by replacement level to show variations
across RCA saturatidevels.
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Figure 5.18: Absorbed and entrained water percentages for saturation comparison (28 days)

At 28 days the differences across the different mix types can be seen. The water absorbed by the
NA mixtures appears to be unaffected by changes in the saturation of the coarse aggregate. This

is expected due to the low absorption capacity of this aggregate.

In the 100% replacement mixes, the overall mass percent of water absorbed is higher than all
other mix ypes. This is at least partially due to the lower dry density of these miximehis

due in turn to the relatively high RCA contents. In these mixtures, it can be seen that roughly the
same amount of water was entrained within the aggregate at tineibggf the test procedure.
During the course of the test, higher levels of water were absorbed by the 0% and 60% saturated
mixtures in comparison to the 100% saturated mixture. In the case of RCA1 mixtures, this

increase in the order of 6% while in tREA2 mixtures, this increase is approximately 20%.

At the 30% replacement level, the magnitude of these effects is dimiraghedgh the 60%

saturated RCAL mixture still exhibits the highest absorption.
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Figure 5.19: Absorbed and entrained water percentages for saturation comparison (91 days)

At 91 days, similar trends and overall absorption levels were observed. In every case, the initially
entrained water levels dropped in comparison to the 28 daydash illustrates the dryinghat
the samples were undergoing. Despite this moisture drop in every mixture, a significant

proportion of the permeable pores remain saturated prior to the test.

In the 91 day testing the same trends were observed, specifictiithe 60% saturated mixture
absorbed the highest percentage of water. As previously noted, this could be due to an elevated
water cement rati o due t qgwhilycguiddéegdaa hgherpsresdyl i n g o
in the paste.

5.1.7 Conclusions
The fPllowing list of conclusions has been made from this portion of the study, for these

mixtures under the specified curing condition:

1 100% saturated RCAtoncrete sampleappear to retain more water in the form of
absorbed or trappesater and hydrated cemnten

1 RCAL mixtures lost less moisture than the RCA2 mixtures, which correlates well with
the higher absorption of RCA2 and therefore the higher total w/c ratio.

1 100% saturated RCA mixtures appear to gain compressive strength at a higher rate for

longer durilg earlyage strength gain, as compared to the 0% and 60% saturated
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mixtures.This suggests that the initial entrainment of water within the RCA is the most
effective means to include extra mixing water in concrete. When RCA is considered for
use in futureconcrete applications, this should be considered during concrete batching
procedure development.

For a given RCA type, the 60% saturated mixtures developr lomapressive strength

than the 100% or 0% saturated mixtures. While the disparity betweemthesees was

not statistically significant, it may indicate that partially saturated RCA in concrete
develops lower compressive strength than completely saturated or unsaturatethRCA.
valuation of RCA in concrete depends on using the batching procechiod produces

the best performing RCA concrete.

Coarse aggregate saturation was not observed to significantly influence splitting tensile

strength of concretdor all aggregate types and replacement amouhke initial

saturation level of RCAcanhavenee gat i ve ef fect on the concr

but does not affect the tensile strength, indicating that compressive strength effects

should govern the preparation procedure used when considering concrete strength.

100% saturated RCA mixtures ekhed significantly higher elastic moduli than the

corresponding lessaturatedRCA mixtures. Normalized with regard to density and

compressive strengtlthe elastic modulus of the 100% saturated RCA mixtures appears

to increase at 28 days, but this effisdessened over time. The effects on elastic modulus

appear to be governed mostly by the corresponding changes in compressive strength and

density.

In the temperature range 5 C - +20 C at the age of 28 days, the saturation level of

NA mixtures appea to have little effect on the LCTEvhich remains higher than the

LCTE of RCA mixtures. This indicates that RCA concretes may have significant value in

concrete applicationshat require that concrete not contract significantly under cold

weather conditns.

In the temperatir range 0f15 C - +20 C at the age of 28 days, 0% and 60% saturation

of RCA appears to have little influence on LCTE, however 100% saturation of RCA1l

appears to result in an increase of thermal expanshos ispossibly due t@reasof high

moisturethatar e devel oped in the vicinity of t
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water This could be significant to concrete producers as it may affect the recommended
time before an RCA concrete can be safely exposed to low temperéttinessmoisture
retention and thereby LCTE increapersistsfor a significant period of time, RCA
concrete may not be feasible for placement late in the construction season of a cold
winter climate like Canada.

1 Itis recommended that future LCTE testsalve the use of temperatur@nd humidity
controlled environments to remove theirlince from the testing results, when the
testing objectives permit.

1 The permeable porosity and water absorption percentage were observed to be higher in
those mixturesprepared with 60% saturated aggregate, however not at a statistically
significant level.This could be due to the coating effect discussed previously, whereby
adhered surface moisture coming into contact with cement during batching produced a
coating which restricts the flow of mixing water into the unsaturated RCA prior to the
concretebds setting. Thi s -vementratiosringhe mortar i n h
which could increase the porosity of the sample. This indicates that partial satwfation

RCA prior to inclusion in concrete may not be the ideal preparation technique.

Overall, whenusing RCA in concrete cured in specifiednditions, 100% saturation of the
recycled aggregate appears to provide benefits to the performance of the conteetes iof
compressive strength development, stiffness, and permeable porosity when compared to concrete
mixtures with the same level of aggregate replacement but 0% or 60% saturation levels. In
particular, mixtures with 60% saturation appear to performswor terms of a number of

hardened concrete characteristics.

5.2 Curing Comparisons

A second objective of this study was to determine how the inclusion of saturated RCA in a
concrete mixture affected concretbat was exposed to variable curing conditions.eTh
hypothesis was that if RCA could provide some internal curkegbenefits, the RCA concrete

may be less susceptible to thegativeeffects ofspeecuring. The mixtures used for comparison
were produced with 100% saturated aggregate. Each mixtureiwvideddnto two portions with

half being cured in a 100®H (moist) environment for the duration of the test and the other
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cured with burlap for 7 days and then exposediriong in a 50% RH environment for the
remainder of the test. Within the followingsdussion, mixtures use the naming convention
discussed irSection3.2.5 Mi xtures denoted with an AMO or
curing or specified curing, respectively. Samples were tested according to the previously
discussed testing schedukggure5.20 outlines the key questions to be answered regarding the

comparison of different curing regimes.

Curing Regime Key Questions

Comparison

How much relative moisture do the

( ) different aggregate types retain (based
Hardened on hardened density values)?
Density
— Is compressive strength development
P ———— . .
affected by RCA with entrained water
|| Compressive under spec-curing conditions?
Strength
| S . .
Is tensile strength of water-entrained
o . .
RCA concrete similarly affected by
|| Splitting Tensile _ : s 2
Strength exposure to spec-curing conditions?
-~ ) . .
How is concrete stiffness affected under
 E—

variable curing conditions?
|| Static Modulus of

Elasticity .
Are the durability-related parameters
- .
(thermal expansion and permeable
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Figure 5.20: Key questions regarding the cung regime comparison
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5.2.1 Hardened Density

Figure 5.21 shows the hardened densities for all comparisons. The fresh densities are also

included

at zero days

as reference. Si

nce

i Mo

sane mixture, the fresh densities for each comparison pair are the same value. At the age of

seven days, the speared samples were subjected to expadgthg conditions, as denoted in

the figure. According to the mixture designs and water content tetmgpitial water contents
for the NA, RCA1, and RCA2 mixtures were 189 kg/m211 kg/mi, and 231 kg/m

respectively.Table 5-7 summarizes the statistical analysis of the hardened density values with

respect to changes in curirggime.
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Figure 5.21: Hardened density for curing comparison

Since these values are not dry densities, but show actual density the observed disparities are

assumed to be largely due to moisture loss. Thgityehaviours were similar for each of the

speccured mixtures while the moistuired mixtures also displayed similar trends. Each moist

cured mixture displays a slight gain in density up to the 28 day age and then remains relatively

constant. Eackpeccured mixture displayed a widening gap relative to its corresponding-moist

cured mixture. The moisture losses are determined based on a mass loss for each mixture type.

This means that any mass lost in the form of moisture is not consumed in a hydratiom,reac

but is lost to drying.
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Table 5-7: Statistical Comparison of Hardened Density at 28 and 91 days (@ring)

Q
()
(o
]

N NS
NN S /NS S
S A CEIANC

Mean Density

3 2449.8 2429.7] 2331.9 2315.9 2326.6 2289.0
(kg/m°) (28 day)

STD DEV (kgfn 82 | 123| 57 | 90| 57 | 91
COV (%) 03| 05| 02| 04] 02| 04
LSD (kg/r 36.5 26.5 26.6

Mean Density

3 2442.7,2399.1§ 2335.1] 2297.9 2325.1{ 2259.4
(kg/m°) (91 day)

STD DEV (kgfin 59 | 93| 189 27| 40 | 102
COV (%) 02| 04| 08| 01| 02 o5
LSD (kg/r) 27.2 47.1 27.1

The RCA1 mixtures remagd statistically similaruntil the end of the testing period, with a fina
disparity of 37 kg/m, whichis less than the least significant difference at 95% confidéHue
RCA2 mixture los significantly more wate with a 91 day disparity of 68Bg/m®, which was
statistically significantRCA2 had a higher absorption capactyd due to the mixture design,

had higher initial water content than either of the other two mixtures and more water to
potentially lose. The NA mixturevas observed ttose significant moisture up to the age of 56
days, but then remain relatively congtawer the following 35 day period. This may indicate
that all water reservdabatwere exposed to the external environment had been lost. The overall
disparity between the twouring regimes at 91 days was &kg/m°, which was statistically
significant. This indicates that although the RCA1 mixture had 22 Rgfrore initial water than

the NA mixture, the NA mixture lost 10 kgfnmore water over the course of 91 days. This
indicates that the RCA1 mixture was better at retaining moisitare RCA2 or NA which may

be beneficial to certain mixtures, but could also present freeze thaw durability concerns under
certain conditionsDue to the nature of water under freezing conditions, if the pores of a piece of
aggregate are more than 91% saturated then aggeaghthe concrete surrounding it could be

damaged by freezing (Neville, 1997). The actual saturation levels of the RCA types are unknown
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beyond batching, so the actual susceptibility of each mixture to freezing damage cannot be stated

based on these tests.

5.2.2 Compressive Strength

Figure 5.22 illustrates the compressive strength development for the mixtures used within the
curing comparisonTable 5-8 tabulates the statistical analysis of the different curegmes
based on a 5% LSD.
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Figure 5.22: Compressive strength development for curing comparison

At the initial measurement, the difference between mmistd and specured mixtures is

relatively small at pproximately 5 MPa, 3 MPa, and 4 MPa for NA, RCAL, and RCA2,
respectively. In all cases the metstred samples exhibited higher compressive strength. This
indicates that the burlaguring portion of specified curing provides comparable benefit to 100%

RH conditions for these mixtures.

The three mixtures developed compressive strength in three distinct ways. The NA mixtures
maintained a disparity between the compressive strength of moist anduspdamixtures of
approximately 4 MPa until 28 days age, @fhiwas not statistically significant. After this point,

the moistcured mixture continued to develop strength at a similar rate while thecgpest
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mi xXtureds strength gain was retarded. Thi s r €

days.

Table 5-8: Statistical Comparison of CompressiveStrength at 28 and 91 days (Gring)

Q Q Q Q
S S
N C AN LA
QWS o os
YR E S E E R

Mean Comp. Strengt

48.7 | 449 | 55.1 | 545 453 | 45.1
(MPa) (28 day)

STD DEV (MPa) 21| 01| 50| 32| 14| o6
COV (%) 44 | 03] 90| 60| 31| 13
LSD (MPa 5.3 14.7 3.8

Mean Comp. Strengt

1 1.2 2. . 2. 46.
(MPa) (91 day) 616 | 5 62.8 | 58.0 | 52.8 6.9

STD DEV (MPa) 00| o6 03] 57 07 ] 08
COV (%) 00| 11| o5 ] 98] 13 ] 17
LSD (MPa) 1.4 14.1 2.6

The moistcured and specuredRCAL mixtures also gained strength approximately equally up

until the 28 day test. At this pua the strength gain of the speared mixture reached a plateau

while the moistcured specimen continued to gain strength. A similar plateau was reached at 56
days for the moist cured samples and by the 91 daythestifference between the compressive
strength of the two curing regimes was still statistically insignificehé compressive strength

results for the RCA1 samples had relatively high standard deviatidnsh resulted in high

LSD valueghataffect the insignificant different between theMo s ampl es and t he
Even though the LSD is largehe difference between the means of the compressive strength for
theAiM0O and ASO samples is smal./l in compari son

containing the other aggregate types

The RCA2 mixtures remained approximately at parity until the 56 day test at which point the
speeccured samplesd strength gain plateaued and
strength.At 91 days, the differences in compressive strength betweest mwed and spec

cured RCA mixtures were statistically significant at 95% confidence.
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The entrained moisture in both RCA mixtures had different compressive strength gain benefits
under specuring conditions. RCA2 extended the period of initial strergdin while RCA 1
improved the later age strength of the mixtures. These benefits coincide with the previously
discussed findings that RCAL retains moisture for longer time periods than RCA2.

Relatively, the entrained moisture of RCA2 appeared to magerform similarly to the NA
mixture under specuring conditions, despite considerable variatmiween NA and RCA2
concretesobservedwhen both arecured inideal conditions. RCA1 mixtures exposed to spec

curing behaved similarly to moistured NA concree.

Figure5.23 illustrates the compressive strength of the speed mixtures relative to their moist

cured counterparts.
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Figure 5.23: Compressive strength of specured mixtures relative to moist-cured mixtures

Except for one slight increase, all compressive strengths were observed to be lower in those
mixtures which were exposed to the specified curing regime. This is intuitive as-owisig

provides a continuous source ofiog moisture in addition to any entrained moisture.
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At every age, the performance of sjpered RCA mixtures performed relatively better than the
NA mixtures in terms of compressive strength. This improvement is observed specifically at ages
of 7 to 28 dgs. At later ages, the benefit relative to the NA mixtures is less pronounced, but still
observable. RCA2 exhibits this relative benefit up to 56 days age.

Since all aggregates within this comparison were prepared in the same manner, the initial
aggregateoating discussed in the previous section should not provide any relative benefit within
these mixtures. An explanation for this improvement is that the entrained water within the
aggregate provided a buffer for the concrete from theindental effects ofspececuring in
comparison to moist curindt was previously found that the aggregate would not perform as a
traditional internal curing agent due to unfavourable desorption behaviour, however the entrained
moisture could still provide some moisture ttealte the negative effects of drying past the

point of initial hydration.

5.2.3 Splitting Tensile Strength

Figure5.23 exhibits the splitting tensile strengths measured for the mixtures being compared at
ages of 28 days and 91days.
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Figure 5.24: Tensile strength development for curing comparison
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Table 5-9: Statistical Comparison of TensileStrength at 28 and 91 daysCuring)

Mean Tens Strengt
(MPa) (28 day)
STD DEV (MPa) 04| 05| 02| 05| 03] 0.2

46 | 41| 36| 3.7 35| 3.0

COV (%) 11.8| 4.8 | 135| 10.0| 55| 7.4
LSD (MPa) 1.6 1.3 1.0

Mean Tens Strengt

(MPa)(91 day) 49| 36| 37| 37| 35| 38
STD DEV (MPa) 03| 06] 01] 02] 02| 04
COV (%) 16.8| 47| 6.6 | 11.1| 11.1| 55
LSD (MPa) 1.7 0.7 1.2

None of the dferences in tensile strength due to differences in curing regime were found to be

statistically significant.

The curing conditions appear to have the greatest effect on the NA mixtures. Undpedhe
curingconditions, the NA mixture exhibits an averafyep of 17% in tensile stngth. The spec

cured NA samples behaved similarly to the RCA samples exposed to either curing regime.

The RCA mixtures did not exhibit a similar drop in tensile strength spiecuring but this
should not necessarily be dbinied to any benefit of entrained moisture as 0% saturation RCA

mixtures exhibited similar tensile strengths (Secti¢h2.3.

It appears as though the magnitude of tensile strength loss associatedegihring is similar
to that of RCA use. These losses do not appear to be cumulaspeasired RCA mixtures are

not appreciably lower than moisured RCA mixtures.

5.2.4 Modulus of Elasticity

Figure5.25 shows the elastic moduli assatgd wth the mixtures being studied afidble5-10
summarizes the statistical evaluation of the effects of curing regime on elastic modulus at 28 and
91 days.
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Figure 5.25: Elastic modulus development for curing comparison

Age
m 28 days
m 91 days

Table 5-10: Statistical Comparison of Elastic Modulus at 28 and 91 daysGuring)

SIVESIONS
N S 8 /[ S
Q Q N4 % N2 N
S QS AN ) AN )
\g \g O O @) @)
<> < <& <& <& <&
Mean MOE
(MPa) (28 day) 37003 36707| 36195| 35365 32625 33261
STD DEV (MPa) 531 | 3082| 570 | 722 | 200 | 467
COV (%) 1.4 8.4 1.6 2.0 0.6 1.4
LSD (MPa) 7729 2275 1255
Mean MOE
(MPa) (91 day) 40533| 42820] 36352| 34793| 36985| 33166
STD DEV (MPa) 881 | 2705| 498 | 792 | 2732 | 369
COV (%) 2.2 6.3 1.4 2.3 7.4 1.1
LSD (MPa) 7031 2311 63813
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The NA mixtures exhibited different behaviour than the RCA mixtures acrossdpe sf this

test. At the 28 day test, the curing regime appeared to have little influence on the elastic modulus
of the samples. Within each aggregate type, the elastic moduli of each curing regime were not
statistically different from one another at 9%%nfidence.

At 91 days of age, the elastic moduli were seen to increase for the NA mixture under both curing
regimes. While this increase appeared to be more pronounced ircuspdcsamples, the
difference between the two was not statistically signitiear95% confidence. The moistired
samples for both RCA types exhibited higher elastic moduli than the correspondincysgc
samples howevareitherexhibited a statistically significant difference between the two.

Based on these results it does appear as though the inclusion of saturated RCA in concrete
exposed taspecifiedcuring conditions has a significant impact on thestc modulus of said

concrete as it behaves similarly to NA concrete under the same conditions.

5.2.5 Linear Coefficient of Ther mal Expansion

Figure 5.26 illustrates the LCTE for the mixtures being studied at ages of 28 and 150 days.
Unlike the previously discussed tests, ttm@istcured samples were exposed to the same
conditions as thepeccuredsamplesafter the 28 day test. This was done in order to mitigate the
effects of moisture on the samples by allowing the two types to equalize under the same
conditions prior to final testing. The error bars on this plot represent one standard deviation in
both he negative and positive direction in order to illustrate the spread of thehdataas
collected.Table5-11 summarizes the statistical evaluation of the effects of curing regime on the
RCA concretes at 28 and 150 days.

At the initial testing age of 28 days, the results of this test were variable. Generally the RCA
mixtures exhibited higher variability within their results than the NA mixtures, as shown by the
higher coefficients of variation. For each aggregate type, therenwastatistical difference

between the moistured andspec ur ed mi xturesé results.
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Figure 5.26: LCTE development for curing comparison

Age
m 28 day
m 150 day

Table 5-11: Statistical Comparison of LCTE Values at 28 and 150 daysJuring)

NI S ST/ S
Q Q O N > N
S QS Ny Y 5
N A S A
Mean LCTE
(x10%C)(28 | 107 | 111 119 | 123 | 11.3 | 9.3
day)
STDDEV(xiod 15 | 10| 26 | 30| 16 | 56
COV (%) 135 | 93| 21.9| 24.3| 145 | 59.7
LSD (x1%°Cc) | 1.3 2.9 4.2
Mean LCTE
(x10%C)(150 | 116 | 70| 91 | 97 | 7.6 | 104
day)
STDDEV(xf0d 67 | 25| 12 | 09| 38 | 24
COV (%) 579 | 35.1| 128 | 89 | 50.6 | 22.9
LSD (x1trc) | 5.2 1.1 3.3
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When the effects of moisture content are accounted for in the 150 day test, toarspeRCA
concretes appear to exhibit higher thermal expansion values than their associatexlineist
samplesAlternately, the specured NA samples exhibit a lower thermal expansion. Due to the
variation within the results however, these differences are not statistically significant at 95%

confidence.

5.2.6 Total Permeable Porosity and Absorbed Water

Figure5.27 shows the permeable porosities for each of the mixture types tested. The results are
displayed for the tests at 28 and 91 days concrete Tadme 5-12 summarizes the statistical
analysis of the effects of dag regime on permeable porosity of RCA concrete at 28 and 91

days.
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Figure 5.27: Total permeable porosity development for curing comparison

RCA2, which had a higher absorption capacity than RCA1, had mdmerage permeable
porosity under the spemured condition as compared to the moist cured condition. However,
similar to the previous tests, the differences observed between the curing regimes at the same age
were not statistically significant to 95% calénce. Some minor variations were observed,
however the curing regime did not appear to have a large effect on the total permeable porosity
on any of the concrete types.
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Table 5-12: Statistical Comparison ofPermeable Porosity Values at 28 and 91 daysquring)

Mean Permeable

Porosity (28 day) (¢ 141 | 137 160 | 170 181 167

STD DEV (%) 04 11| 03] 06| 02| 12
COV (%) 30 80| 21| 37 10 69
LSD (%) 2.9 1.8 2.9

Mean Permeable

Porosity (91 day) (9 142 | 145| 164 | 17.1| 19.3 | 189

STD DEV (%) 07| 0afl 03] 03] 02 05
COV (%) 50 | 29[ 15[ 16| 08| 28
LSD (%) 2.1 0.9 1.4

Figure 5.28 and Figure 5.29 illustrate the water absorbed into the specimens, represented as a

percentage of the overall dry sample mass, at agg® afd 91 days, respectively.
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Figure 5.28: Absorbed and entrained water percentages for curing comparison (28 days)

The total absorbed water values are not statistically diffevdmthis similar to thepermeable
porosity results. However, the variation in overall sample saturation can be seen when comparing
the two plots. All moistured samples at both 28 and 91 days of age exhibifuiéaaturation

of the total permeable porosity while a moistiogs can be seen in the sproed samples. The
magnitude of this moisture loss increases as the samples are left exposed for the additional 63
days between tests, which is intuitive. These results correlate with the densities skaoguman

5.21 and confirm that observed density losses are largely due to moisture loss.
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