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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

18



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))

21



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

29



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.
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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)

35



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

e b
5D D@ Qi 6B | b DT (3.6)
Where o & OTEDE O @ODA Q106 Ba O
0 [ AOOC | £ OAOCBOAUOOA T OO AAEA LA
0 [ AOO TZFOUOCACCOACAOCA OAI BI Ah ¢
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