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ABSTRACT

Sustainability andawareness of the environment are becomimageasinglyimportantfor
transportation agencies worldwide. Sustainable development has significanbeibus and
relevant reasons in all areas of civil transportation infrastructure. In the asphalt industry,
large number of innovative materials and technologies are explored in order to evaluate their
suitability in the design, construction and mamaece of pavementéttaining a sustainable
solution has become a critical and urgent priority in the asjpidlistry to solve various
problems including lowering the consumption of virgin materials, decreasing waste materials
in landfills and reducing efironmental problems.

For the abovenentioned reasons, the utilization of Recycled Concrete Aggregate (RCA)
increasingly becoming a highly interesting issue in Canada, and worldwide. The use of RCA
has been successfully applied in base aggregatedParithnd Cement Concrete (PCC)
aggregates. However, there have been very limited investigations for theoiRGa in
asphalt pavement mixtures due to its inferior properties such as higher water absorption and
low density, but the main challenge is tHRCA is a highly porous material. These

characteristics have become strong restrictions for its usage irapptieations.

The overall objective of this study is to evaluate the application of Coarse Recycled
Concrete Aggregate (CRCA) as an alterratifior coarse natural aggregate in asphalt
mixtures within Ontario specification§o achieve this, theresearé obj ect i ve i s
five major goals. The first goal is to enhance the physical and mechanical properties of
different CRCA types by commting different types of treatment methods. The second main
objective is the assessment of surface microstraaif different CRCA types. The effsaif

different treatment types on the morphological and mineralogical properties of the CRCA
surface such as surface texture, roughness, surface morphology and chemical composition
are examined.The influence of diffeent treatment types on the interfacial sigion zone

(ITZ) is also extensively studied. Volumetric properties of hot mix asphalt (HMA) are
necessary requirements to ensure good performance for asphalt mixtures. Therefore, the third

major objective is th evaluation of volumetric properties of hafi mixtures that include
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CRCA addition The fourth main objective is the assessment of the application of treated and
untreated CRCAf two different typesn typical Ontario HMA mixtureswhereas the fifth
main objective is to investigate a simple casid statistical analysis for different mixtures

that include various untreated and treated CRCA.

Different types of treatments were performed under various conditions to evaluate each type
of treatmentseparatel, then the combinations of various treattsemwere tested. In order to
achieve the objective, pmoaking and heat treatment followed by different types of short
mechanical treatment were conducted to evaltr@hysical and mechanical properties of
CRCA before and after the treatment method coration. Heat treatments were conducted

at the followingtemperatures250°C, 350°C, 500°C and 75®C. The presoaking method
involved the use of strong acid HCIl and weak acitH£ ., whereas short mechanical
treatment included the utilization of a Mieleval device with two different testing
techniques with/without steel balls. To evaluate the surface characterization of the CRCA
surface of both treated and untreated CR@&jousadvanced techniques were fmemed:
Scanning Electron Microscopy (SEM), Energy Dispersivea)X Microanalyzer (EDAX), X

Ray Diffraction Analysis (XRD). The performance of typical Ontario asphalt mixtures for
usage in a Superpave (SP) SP19 with various perges of CRCA (0%, 15%, 38 and

60%) was evaluated using many laboratory tests such as indirect tensile test (ITS), dynamic

modulus test, rutting and thermal stress restrained specimen test (TSRST) test.

Compared to Natural Aggregate (NA), tbbtained results indicated that R@®As inferior
physical and mechanical properties. RCA has a lower Bulk Relative Density (BRD), higher
water absorption, and higher porosity than NA. With respect to the mechanical properties,
RCA has a higher abrasion $oand Aggregate Crushing Value (AC¥Han NA. In these
properties, a significant difference is observed between different CRCA types. The amount of
adhered mortar and the original source of RCA have a considerable effect on these
properties. The use of he&reatment method is highly succkdsin improving various
physical and mechanical properties. For different CRCA types, the heat treatment has the

maximum influence at 350C, which results in lower absorption with an approximate



decrease of 9.5% and .2B% for CRCA#1 and CRCA#2, respeetiy and decrease
porosity with an approximate reduction of 8% and 10.3% for CRCA#1 and CRCA#2,
respectively. However, it is recommended to use this method at temperatures betw¥en 300
and 350°C because of the notiable negative effects of higher teemptures on the CRCA
properties.The acid treatment at low concentration is an effective technique to enhance the
quality of CRCA depending on the acid type due to corrosive influence on the attached
mortar. Neverthelessit is concludedthat using weak ad is more efficient than the strong

acid to decrease the influence of acid attacks on the CRCA surface as demonstrated by the

characterization images.

In terms of water absorption, the combination of heaatment at 300°C and short
mechanical treatmeéreads to a reduction of 30% and 23.0% for CRCA#1 and CRCA#2
respectively, whereas, the application of the-gmaking with the weak acid solution and
short mechanical method results in a reduction of 22&% 37% for CRCA#1 and
CRCA#2, respectivelyWith respect to the porositg, significant reduction, approximately
26%, and 20.9%, is recorded for CRCA#1 and CRCA#2 respectively after applying the
combination of heat treatment at 300 and short mechanicdateatment, whereas the
combination of presoakng in acetic acid method and the same mechanical treatment leads to
a substantial decrease with an approximate reduction of 19.4% and 33.5% for CRCA#1 and
CRCA#2 respectively.

The observations of SEM and EBAests indicated that the surface morphologymifeated

CRCA is a rough and heterogeneous surface and a highly porous structure, whereas the
surface of treated CRCA is more homogeneous and exhibits less adhered mortar depending
on treatment type. A sigiicant enhancement of CRCA microstructure wasamed under
influence various treatment types. However, improved microstructure mainly includes
increased density, increased surface homogeneity, reduced pore size, reduced Ca/Si ratio, and
improved properes of ITZ microcracks including width and lehgdf microcracksThere

was a significant negative impact of heat treatment within a temperange of (356600

°C) due to a considerable increase of pore size compared with untreated CRCA.
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The obtained results indicated that the optimum asphalt dof@exC), voids in mineral
aggregategVMA), and voids filled with asphalt\VFA) decrease as the filler content is
increasedFor control mix, the addition of filler with 2.5% percentage is \&rgcessful due

to satisfying all Ministry of Transportation @mio (MTO) requirements for volumetric
properties of HMA.The NA replacement by CRCA leads to increasing the OAC for the
mixtures, whereas the VMA and VFA are decreased. Compared to the nmuxtiar80%
untreated CRCA, a small improvement and a slighteimse in VMA and VFA properties,
respectively, were seen for mixtures with 30% treated CRCA with different treatment
techniques. The CRCA addition with different proportions is very successfubdth
untreated and treated CRCA due to achieving all MTQ@Quirements for volumetric
properties of HMA. However, CRCA treated with various treatment methods appears to be
more successful than untreated CRCA application.

The addition of different typesfantreated CRCA in various proportions produces higher
rutting resistancendhigher stiffness modulus than the control mix. The CRCA type has an
effect on therutting characteristics of asphalt mixtures. The application of treated CRCA
with heat treatmenand short mechanical treatment leads to an increase inuttiegr
resistancea decrease in the total rut depth, a slight increase in the stiffness modulus, and an
increase in the rutting factor of asphalt mixtures depending on the type of CRCA. The
apdication of treated CRCA with thpre-soakingmethod and shomnechanical treatment
results in an increase in the stiffness and rutting factor of mixtures, depending on the type of
CRCA.

The findings demonstrated that the mixtures that included untreated CRCA have much higher
ITS values than the control mix, registgy a significant increase of 68%, 70%, 85.6% and
86.7%, for the mixtures that included 30% untreated CRCA#1 and CRCA#2tln bo
unconditioned and conditioned samples, respectivdlis is followed by the ITS values of

the mixtures that included 60% urdted CRCA# and CRCA#2 for both unconditioned and
conditioned samples with an increase of 41.4%, 49.0%, 71.5%, and 56.8%gtikedn
Additionally, a reasonable improvement in the ITS values in both conditioned and
unconditioned samples were recordedtha mixtures that included 30% treated CRCA with
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different treatment techniques compared to the mixture that included 308atedt CRCA.
Furthermore,all tensile strength ratioTSR) values for mixtures that included untreated
CRCA with different typesrad percentages are higher than the minimum required value of
MTO specifications. This indicates a successful application RCLin these mixtures. The
use ofthe combination technique of pisaking method with weak acid followed by a short
mechanical #atment methodvas a highly successful method for enhancing moisture
resistance of asphalt mixturas compared tother comlmnation methods.

From TSRSTtest the findings indicatedhat the fracture temperature is reduced due to the
CRCA addition compad to the control mix. However, there is significantinfluence for

the RCA type on the thermal cracks at low temperatures. Additionally, the fracture stress of
the mixtures that included different untreated CRCA types with various proportions is
generdly higher than the fracture stress of the control mix

Furthermore, the application of the combination of various treatments leads to a significant
reduction in the fracture temperature, indicating a successful application of treated CRCA in
HMA mixtures in cold regions. However, the combination of heat at 300and short
mechanical treatment has a considerable impact on the fracture temperature of asphalt

mixtures as compared to other combination techniques.

The results of ANOVA statistical analysis shexvthatthe type of CRCA had a significant
effect on tle stiffness and rutting, ITS, and the fracture temperature of asphalt mixtures.
Additionally, the type of treatment method had a considerable effect on the stiffness, rutting,
and fracture temperatuaf HMA mixtures. In contrast, both the type of treatmsrethod

and the type of CRCA have an insignificant effect on the fracture stress of asphalt mixtures.
The results of cost analysis revealed that both heat andopking treatment is quite
reasonablereferring to many economic benefits and indicatirag these treatment methods
could be applicable. In conclusion, the results of this study indicate that the application of
different CRCA types in various forms: treated and untreated is very succasdfudan
contribute greatly towards more RCA applicagan the asphalt pavements.
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Chapter 1

Introduction

In this chapter, the main parts have been published in two journals: Construction and
Building Materials (AlBayati et al., 2016and Resources, Conservation & Recycling Journal
(Al-Bayati et al., 2016).

1.1 Background

For the construction of road pavements throughout the world, one of the essential materials
required is asphalt mixture (Liu et al., 201Asphalt mixture can becategoized as a
complex mixture that consists of three main phases: aggregiatder and air voids.
Additionally, various additives including fibers and polymers are generally utilized for
enhancing its performance (Poulikakos et al. 2017). Howeasghalt nxture is mainly
composed of approximately 95% aggregate and 5% aspimaer materials. In asphalt
pavement, the aggregate particles represent a structural framework (skeleton) for the mixture,
whereas, thasphalt binder workkke a sticky substancet Was estimated that one kilometre

of road approximately 150 mm thick and @0wide needs roughly 3750 tonnes of hot mix
asphalt (HMA) mixture, whereas another study showed that a kilometre of pavement
construction required 12,500 tonnes of natural aggee@A) (Zoorob and Suparma, 2000;
Ektas and Karacasu, 2012).

In terms of mtural resources, NAs are quickly becoming exhausted worldwide due to an
overwhelming demand for raw materials. It is estimated that the consumption of the
construction industry widwide for raw materials is approximately 3000 > t@nnes per

year. Thisrepresents twice the required quantity for any other induBtaghecelorgal &
Labrincha, 2018 In the province of Ontario, Canada, the average consumption of aggregate

reached pproximately 179 million tonnes per year in Ontario during the period 0®-200
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2009, while this average is projected to amount to approximately 191 million tonnes between
2020 and 2029 according to the ministry of natural resources OntdNRQ, 2010.
Therefore, this would lead to a critical shortage of NAs in Ontario and slgnilarother
Canadian provinces and in other countries worldwide. Additionally, the manufacturing
process of concrete and its main constituent, Portland cement (PC), releases amassivts

of various pollutants including carbon dioxide, sulfur compounuk ratrogen compounds

that are responsible for serious environmental pollutddokparjee & Barai,2014). For
instance, the manufacture of one ton of PC leads to the releaselgfareaton of carbon
dioxide into the environment depending on the typgrmiduction processDemie et al.,
2013).

Simultaneously, tremendous amounts of construction and demolition (C&D) waste are
generated from various human activities including batlin@ted to construction, renovation

and the demolition of aged buildingadacivil engineering structures. Recently, the amount

of C&D waste generated annually has been estimated at 1,183 million tonnes worldwide
(Purushothaman et al., 2014).

The solidwaste material consists of a significant proportion of construction deldrich is

the result of C&Dworks Among different types of C&D wastes, concrete is the most
significant component, which makes up a considerable proportion of the total C&D wastes as
shown in Table 41. The management of these huge waste quantities isnbera serious
challenge espediw for large urbanized areas because of the continuous increase in waste

guantities, shortage of dumping sites, and cost increases in transportation and disposal.

Due to the above factors, the accumulation of these lqugatities is related to serious
environmental concerns such as pollution and environmental deterioration (Rafi et al., 2011).
Moreover, with the existence of a global critical shortage of NA sources (Ismail and Ramli,
2013; Guneyisi et al., 2014), con@eawaste disposal in landfill s$ is not a feasible and

sustainable solutiorHpssain et al., 2036

To solve various problems including lowering the consumption of virgin materials,

decreasing waste materials in landfills (Hossain et al. 2016; Jin, &04l7) and reducing
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environmetal problems, the utilization of recyclable waste materials, especially recycled
concrete, as a sustainable solution has become highly required and an urgent priority in the
asphalt industry.

Table 1-1: Composition of Construction Waste in SouthEast New Territories Landfills
(Arabani et al., 2012).

Waste type Construction Demolition site  General civil Renovation
site (%) (%) work (%) work (%)

Metal 4 5 10 5
Wood 5 7 0 5
plastic 2 3 0 5
Paper 2 2 0 1
Concrete 75 70 40 70
Rock/Rubble 2 1 5 0
Sand/Soil 5 0 40 0
Glass/Tile 3 2 0 10
Others 2 10 5 4
Total 100 100 100 100

1.2 Problem Statement of the Research

Construction waste materials are increasing due to theg rd@mandfor new highways,
commercial buildings, housing developmerdsd infrastructure projects. Unless recycled
properly, these large amounts of waste end up in landfills every year, anal nesources

are being depleted rapidly because of a tremesddemad for raw materials (Bolden,
2013). Nowadays, recycled concrete aggregate (RCA) obtained from C&D waste has become
a valuable resource as an alternative solution to NAs (da Conceicécet@it, 2011). Due

to the lack of NA resources, the useaefyclal concrete in different civil construction works

has become widespread in Europe and countries such as Singaporeadapastralia for

more than 20 years (Paranavithana & Mohajerani, 2006).

RCA is a composite materiakhereinNAs (6570%) ae coatedby an adhered mortar layer
(30-35%) and can be produced from the crushing of the hunks of concrete into smaller pieces
(Pamanavithana and Mohajerani, 2006; Kong et al., 2010; Ismail and Ramli, 2013). The type

of crushingmethod can have an influem on tle shape and texture of the produced RCA
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(Guneyisi et al.,, 2014). The patrticle size, the strength of the original concrtéhen
crushing process have an impact on the percentage of adhered mortar in RCA (Akbarnezhad
et al., 2011; Spaeth and Teggu2013. The quality and the amount of adhered mortar are
also major factors, which may have an effect on the physical propefrfRSA (Spaeth and
Tegguer, 2013). In addition, tiny cracks that appear during the crushing process, and weak
adhesion betwen morta and aggregate are the other important factors (Lee et al., 2012; Tam
et al., 2007). These factotherefore play an impatant role in making RCA a poauality
substitute compared to NA (Lee et al., 2012; Pérez et al., 2012).

The properties oRCA aredifferent from those of NA due to the existence of an adhered
mortar layer on the surface of the RCA (Behring, 2013). RCdenerally rough, porous, flat
and irregular, but in particular, it is characterized by a lower bulk and specific geavitya
significantly higher water absorption, which results in inferior mechanical properties
(Mal egev et al ., Pepedeld.,;2014)eThe hglier parbsity,chaadetizZzing
the adhered mortar layer is the main reason behind this behaepm ¢Ph, 2014).

As a result, the general major reason for poor quality for RCA appears to be due to the
adhered mortar layer, wdh is more porous and less dense than crushed stone (Tam et al.,
2007; Gul, 2008; Lee et al., 2012; Pérez et al., 2013)e wHe porosity of RCA is the main

specific reason. These characteristics have become restrictions for using RCA in some

applications.

1.3 Research Approach

The application of RCA is more than just the use of a-dowlity material in asphalt
mixtures. © obtaina successful application, various aspects must be taken into account.
Some of these issues are related to RCA itself amef®tare connected to asphalt mixtures.
Figure 11 shows the conceptual framework of the possible related aspects e
mixtures. The main approach of this research was concentrated on testing and comparing the
performance effects of typical OnimrHMA mixtures containing different percentages of
RCA from different sources. The fundamental principle behind the uC#af in ssphalt

mixtures was that increasing the quality of RCA can significantly improve the performance
4



of HMA so that it can withend the combined stress of traffic and the environment. The
main approach of the study is dividedomanysubapproachedDifferent approaches have
been followed to make this research more practical. Brief explanations for each approach are

described afllows.

Natural
aggregate
(NA) type
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Figure 1.1: Schematic diagramfor various aspects of RCAasphalt mixtures.

It is generally accepted from the literature that the amount of adhered mortar in coarse
recycled concrete aggregate (CRCA) is lower than in fine recyobedrete aggregate
(FRCA) (De Juan & Gutiérrez, 2009; Akbarnezhad et al., 2013). This medar3RAaA is of

higher quality than &ne fraction of recycled aggregate, and in this way, it seeasonable

to work towards increasing the quality of a matettiat has a relatively high quality, rather
than attempt to work with a poguality material.For ths reason, the present research is
mainly focused on th€RCA fraction. Hence, this route was considered as the first sub

approach of the research.



It is obvious that the performance of HMA made with RCA is going to be affected by the
properties of A which are different, more precisely, inferior, compared to those of NAs.
Additionally, performance is also affected by the RCA content that can ratgyedn0%

and 100%. Therefore, the second sub approach concentrates on performing various types of
treatments under different conditions to improve the physical and mechanical properties of
CRCA. Various treatment methods were conducted under differeditioms to evaluate

each type separately, then the combinations of different treatments were tesisterito

achieve the objective, pmoaking method, heat treatment followed by different types of
short mechanical treatment were performed to evaltiagephysical and mechanical

properties of CRCA before and after the treatment method combination.

It is well known from the literature that concrete is a highly complicated structure at the
microstructural level, consisting of three regions, namely agtgegenent paste and an
interfacial transition zone (ITZ) (Kong et al., 2010), which is classifietth@sveakest region
among the other concrete components (Otsuki et al.,, 2003). Therefore, microstructure
enhancement of the RCA surface or ITZ zone camtritute to improved physical and
mechanical properties of RCA. Thus, the third -approach examinethe effect of the
abovementioned treatments on the ITZ zone and morphological and mineralogical
characteristics of the CRCA surface such as texture anghnes for surface morphology

and chemical composition of the surface, and calcium to silicon (Caf$ for surface
mineralogy. In order to achieve surface characterization, the CRCA surface of both of the
treated and untreated CRCA, different adwahdtecimiques were used such as Scanning
Electron Microscopy (SEM), ’Ray Diffraction Analysis (XRD) ad Energy Dispersive X

ray Microanalyzer (EDAX) to evaluate surface characterization.

It is known that asphalt mixture design requires highly accurateuai® ¢ both aggregate
and asphalt to obtain certain requirements of volumetric and mechanical tigper
(Anderson & Bahia, 1997). Therefore, the volumegnioperties are considered a Kagtor

for achieving optimum performance of the asphalt mixtufdse faurth subapproach

investigates the influence of filler with different proportions to obtain dpdémum
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percentage that can achieve successful volumetric properties for a mixture that includes only
NA, within the acceptable requirements of Ministi Trarsportation of Ontario (MTO)
specifications. This mix represents a reference mixture which erapared with different

mixtures that included both untreated and treated CRCA.

Before adding treated CRCA into asphalt mixtures, a criterion was beelopledto select

the best treatment method and its condition and/or its property among various riteatme
method types and different conditions and was combined with a mechanical method to assess
the main characteristics of CRCA. Then, the treated CRCA tivetlcanbination of the best
treatment method and a mechanical treatment was added to gain suceelsshdtric

properties for asphalt mixtures. This is the fifth-sygproach of research.

After obtaining successful volumetric properties for asphalt unest that included different
percentages of both treated and untreated CRCA, performance tests wie @at to
evaluate the mechanical properties of HMA that included different types and percentages of
both treated and untreated CRCA. The performarfcasphét mixtures with different
percentages of CRCA was tested by many laboratory tests suchrastitehsile test (ITS),
dynamic modulus test, thermal stress restrained specimen test (TSRST), and rutting test to
evaluate the performance of these mnigs. A water absorption is a main problematic issue

for RCA, the sub approach was also focused am ithpact of the moisture damage
phenomenon on the asphalt mixtures that included both treated and untreated CRCA. This

pathway is considered to be thetbisubapproach.

1.4 Research Hypotheses

The hypotheses of this research are as fatlow

U There is a cosiderabledifferencebetween NA and untreated CRCA in terms of physical
and mechanical properties.
U Theuse of heat treatment method is successful in improviygiqdd properties such as

water absorption and density due to removed water molecules fromtégdompounds.



This results in forming new compounds, which enhance weak areas and improve physical

properties.

1 The acid treatment at low concentration is Haative technique to enhance the quality of
CRCA depending on the acid type due to corrosiiuence on the adhed mortar,

which is dissolved into acid solution and leads to successful removal of the mortar layer.

1 The use of mechanical methods aftettbheat and chemical treatment definitely help to
increase the amount of adhered mortar rerhaltee to collision ad high friction
especially with the presence of steel balls in the Midewal device. Therefore, the
combinationof various treatment typeseems to be more effective than using each

method separately.

1 The SEM, EDAX and XRD techniggeare capable of accurately identifying the
morphological and mineralogical properties of CRCA such as surface texture, roughness,
and chemical composition. Thisnformation is extremely helpful for understanding
different factors that relate to the micmgture of surfaces and affect or enhance the
physical properties of CRCA. Therefore, advanced techniques are very beneficial for
studyng the CRCA surface.

1 The optimum asphalt content and bitumen absorption for asphalt mixture with CRCA are

increased wh rising CRCA content in the mixture.

1 The utilization of CRCA in HMA mixtures has produced stiffer mixtures, resulting in

increased restance of mixtures toggmanent deformation.

1 The moisture susceptibility of asphalt mixtures with CRCA is a hightgpdizated issue
due to diverse factors such as natural aggregate type and CRCA. Therefore, the behavior

of moisture susceptibility is ungdictable for these tgs of mixtures.

1 Mechanical properties of HMA mixtures such as permanent deformation, theaoks,c
tensile strength and stiffness for asphalt mixtures with treated CRCA seem to be
promising due to the influence of combinationsdifferent treatment tygs on CRCA

properties.



1.5 Research Objectives

The overall objective of this research is to evaéduthe use of CRCA as an alternative for
natural coarse aggregates in HMA within Ontario specifications. The research cofsists

five mgor objectives that incide many suobjectives as in the following:

x The first major objective is the evaluation @ihancing physicamechanical properties
andsurfacemicrostructureof two different CRCA types.

1 Evaluate the effect ovarious treatment types under difat conditions separately
regarding the physical and mechanical properties of different typ&RCA. Heat
treatments were conducted at various temperatures:°25850°C, 500°C, and 750
°C). The presoaking methodnvolved the use of strong acid hgahloric acid (HCI)
and weak acid acetic acid 4840,) at low concentratiorwhereas short meahical
treatment included the utilization of a Mieleval device to achieve treatment
with/without steel balls.

1 Investicate the ability of the combinatioof different types of treatment methods to
enhance th@hysicalproperties of different typesf €RCA such as water absorption
and specific gravity and others. The heat treatment andgaking method followed
by short nechanical treatment included thelimation of a MicreDeval device to
achieve two different treatment types with/without stedlsbare used to evaluate the
combination of various treatment types.

1 Examine the effects of different treatment types on the morphological and
mineralogical poperties of the CRCA surface such as surface texture, rouglamess,
chemical composition usingarious advanced techniques such SEM, XRD, and
EDAX. Surface charactemation is conducted for both treated and untreated CRCA.

1 Examine the effect of differerireatment types on the ITZ zone using the above

mentioned techniques.

x Thesecondmajor objetive is the evaluation of volumetric properties of asphalt mixtures.
1 Examine the effect of filler with different proportions on the volumetric properties of

HMA to obtain the optimal percentage for a mixture with a 0% CRCA that successfully
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meets the reqrements of MTO specifications. This represents a reference mixture fo
comparison with different mixes that include various CRCA types with different
proportiors.

1 Investigate the influence of CRCA on the volumetric properties of asphalt mixtures.

x The third main objective is the assessment of the application of treatedirarehted

CRCA for two different types in typical Ontario HMA mixtures.

1 Examine the pedrmance of HMA mixtures that included various CRCA types with
different proportions. DifferenCERCA percentages are added to asphalt mixtures. The
performance of aslt mixtures is evaluated by various laboratory tests such as the
indirecttensile test, ghamic modulus test, thermal stress restrained specimen test and
rutting test.

1 Explore the inpact of CRCA on moisture damage in asphalt mixtures that include

various CRCA types with different proportions.

x The fourth main objective is to investigate ample cost and statistical analysis for
different mixtures that inclugevarious untreated artceated CRCA.

1.6 Significance of Research

Until now, little research has been done on the use of RCA waste in HMA, even though it is
probably more appropriate as aggregate in asphalt paving (Aljassar et al., 2005; Wong et
al., 2007; Chen et al., 2011;reg et al., 2012; Lee et al., 2012). Thdecause of the clear
difference between RCA and the NA which is the presence of adhered mortar on the surface
of the original NAs after the crushing process of recycled concrete (Paranavithana and
Mohajerani, 206; Gul, 2008; Shen and Du, 2005). In énw, there are no effective studies

or viable efforts for using RCA in asphalt mixtures. The Canadian constructiostriyndutil

now still hesitates to use RCA as a replacement for NA in concrete due to two tisetess

no willingness from engineeend asphalt suppliers to assume a risk which is related with the
guality of a material and there is a lack of technaad field data (Butler, 2012). Earlier,

there was no support from the MTO for recycled aggeegatdifferent applications due to
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the almve-mentioned reasons. Then later, MTO stimulated the application of blending
aggregates that consist of NA and recycégregate for only the base and fase of
pavement construction (Huda, 2014). The applicatibRCA is very limited, with only a 3%

utilization rate in Ontario (Huda, 2014).
From this research, various benefits are obtained that can be summartzefbliewing:

i Participation in the reduction of natural resource usage, precisely NA, fmusar

construction industry works.

1 The findings of the research lead to release the pressure on landfill sites towards more
RCA applications that are generateohi C&D waste.

1 The obtained findings of the study provide a better understanding of RCAerange the
hesitation related to RCA apghtions.

1 The research findings can provide more understanding related to both physical and

mechanical characteristic§ RCA in terms of measurements and evaluation.

1 The study can contribute to provide more kneage related to different microstructure

aspects such as surface morphology and surface mineralogy.

1 The study can participate to encourage various sectors asiglesearch centres and
relevant companies towards more RCA applications especially asphaltesi

1.7 Organization of Thesis

This thesis is organized according to the general guidelines of the Graduate Studies at the
University of Waterloo. It is forntéed into sixteen chaptersChapter one introduces the
study, problem statement of researchy agsearch approach. It also inbds the research
hypotheses and objectives, significancetloé research, and organization of the thesis.
Chapter two reviewshe literature related to the propertessd current practices of recyad
concrete aggregatd. dlso presents the treatment typbkatare currently used for enhancing
properties of RCA with intention to identify existing research gaps and opporturties f

innovation. Chapter three discusses the proposed research methodology and describes the
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labaratory testing protocols for bofRCA and asphalt mixes that are used in this stlitig.
influence of different treatment types separately on the physical acttameal properties of
CRCA is demonstrated in chapter 4, whereas the impact of the combioatiarious
treatment types on eahcing the physical and mechanical properties of CRCA are explained
in chapter 5.Chapter 6 demonstrates the effect of varidteatments on the surface
morphology, surface texture, and surface mineralogy of CRCA. Thevibehaf different
microstructureproperties including pore size, matrix cracks, and matrix crack density under
the effect of different treatments is discussea@hapter 7. Chapter 8 explains the impact of
various treatments on ITZ microstructure in terohdTZ microcracks. Both aggregaside

and mortar surface dhe ITZ zone are evaluated for ITZ improvement using Ca/Si ratio as
an indicator for the mentionachprovementChapter 9 explains the obtained findings of the
effect of various treatment tedgnes on ITZ improvement. Two ddfent assessment types:
general and specific evaluation are followed for ITZ improvement. While the general
assessment is apptl using surface morphology and Ca/Si as indicators for such
improvement, the specific evaluani is followed using the main CSe¢bmpounds, namely
tobermorite and jenniteas an index for ITZ improvemenChapter10 demonstrates the
influence of variousifier percentages on theolumetric properties of asphalt mixtures to
obtain the optimum filleproportion that successfully ssfies MTO requirements. Chapter

11 explains the impact of various CRCA types with different proportions on the volumetric
propeties of asphalt mixtures that meet the MTO specificati@isapter 2 presents the
impact of ecycled concrete aggregate addition the rutting and stiffness properties of
asphalt mixtures such as permanent deformation and stiffness mddidyster B displays

the influence of recycled concrete aggregate addition on the moisture susceptibgiphalt
mixtures in terms ofT S and tensile strength ratio (TSR). Chaptérd&émonstrates the effect

of recycled concrete aggregate addition on low temperataeking in terms of fracture
temperature and fracture stress. In all performance evaludtmptess, statistical aspects
suchas standard deviation and coefficient of variation are evaluated for various mixtures. In
addition, oneway and tweway ANOVA analyses are carried out for various asphalt

mixtures to investigate the impact of many factors the various aspects of mixture
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evaluation indicators such as rutting, complex modulus, and TSR. In addition to these
chapters, chapter5ldemonstrates an ewation of cost analysis carried out for various
asphalt mixtures that include untreated andté@ CRCA with different treatmeniChapter

16 presents the major conclusions of this research that focused on the feasibility of the
application of differentyipes of untreated and treated CRCA with different treatments at
various proportions in the coemtional Ontario HMA mixtures. Adgonally, the
recommendations and future research are also provided in thibgs@don the obtained
findings of this study.
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Chapter 2

Literature Review

In this chapter, many paragraphs have been published in two different journals: Construction
and Building Maerials (AlBayati etal., 2016) and Resources, Conservation & Recycling
Journal (AtBayati et al., 2018) while othgparagraphs have been presentedsatous

conferences.

2.1 Background

The consiousnessof the need for sustainable development and preservation of non
renewableaggregate resources has been rigiggificantly in Ontario, throughout Canada

and all over tb world over the past 15 yearfhe increased cost of energy with this
consciousnessshs contri buted to make changesingin the
to considerable increase amounts of these materials which are finished into using in the
transportation section (MNRO, 2009). Researchers of transportation believe that warm mix
asphalt (WMA) and recycling of waste materials are examples of maté@als/itl achieve

the future sustainability in the asphalt highway industry (Miksale & You,2010).

Sustainability is defined according to the World Commission on Environment and
Development (WCED) a$i Meet i ng the needs of t pehe prese
ability of t he future gerfNaik & Morioonis2006)oForme e t t
instance, the requirements of sustainable concrete constradet@lopment aim to achieve

two main goals: reasonable use of natural materials and lowering rameintal influence.

The first goal is achieved by using waste materials and decreasing theti@xt NA,

while the second is accomplished through deangasarbon emission@Naik & Moriconi,

2005).
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2.2 Waste Materials

2.2.1 Definition

The wor d A warsféereto undesirabéeromunusable substances. According to the
definition from the Oxford Digbnary, waste il ( o f a materi apragductt ubst anc
eliminated or discarded as no longer useful or required after the completof a pr ocess
(Oxford Dictionary). In waste management perspective, there are many definitions for the

term waste. Hoever, these definitions have almost the same conception. Earlier, Basel
Convention pointed outthitWa st es ar e s u blsich aredisposedoforaobj ect s
intended to be disposed of or are required to be disposed of by the provisions of national

law 0 (Basel Convention, 1989whereas the United NatiorfStatistics Division (UNSD)

stated thafiWastes are materials that are not prim@ducts (that is produstproduced for

the market) for which the generator has no further use in terms of his/herwwosps of

production, transformation or consumption, and of which he/she wants to dispose. Wastes

may be generated during the extractiof raw materials, therpcessing of raw materials

into intermediate and final products, the consumption of final ptsluand other human
activities. Residuals recycled or redMsed at
StatisticsDivision, 2011).

2.2.2 Classification of Waste Materials

Many types of human activities usually lead ttee generabn of waste becausef dhe
imperfect use of both energy and natural resourBast€lings,2003). However, economic
growth, expansion afirbanization andindustrializationhaveled to a considerable increase

in the quantities and types of generated wastéaste materials cabe classified into
different categories. The most popular classification is based on the source that generates
waste Figure 2.1 shows the types of waste accwydo the mentioned classification.
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Waste Municipal

Materials Solid Waste
(MSW)

Construction
& Demolition
Waste

Figure 2.1: Classification of waste materialsadopted from (Ahmedzade & Sengoz,
2009; Ektas & Karacasu, 2012; Pepe&015)

Globally, thereareno accurate calculations for the quantities of wastes. However, there are
estimations dr some types of wastes. Fosiance, it is estimated that the globalnicipal

solid wastgMSW) generation is approximately 1.3 billiomtges per year, and it is expected

to reach approximately 2.2 billion tonnes per year by 2025. According to $tafdnada,

the total amount oflisposed ofolid waste materials was around 26 million tonnes; it was
equivalent to 777 kilograms per capifehis amount of waste registered an increase of 7
percent over 2002 as shown in Tabid. At the provincial levelthe highest increase was
recaded in Alberta with an increase of 39 percent, followed by New Brunswick with an
increase of 16 percent. Netlegless, Ontario recorded the highest provincial level of total
waste disposalStatistics Canad2012).
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Table 2-1: Comparison of Solid Waste Disposal Based on Source, Canada, Provinces,
and Territories between 2002 and 2008 (Statistics Canad2012)

Residential Source’ Non-Residential Source3 Total Waste Disposal
2002 2008 2002 2008 2002 2008
Tonnes

Canada 8,446,766 8,536,891 15,634,606 17,334,419 24,081,371 25,871,310
Newfoundland and 216,218 216,992 160,36 193,598 376594 410,590
Labrador
Prince Edward Island X X X X X X
Nova Scotia 169,649 148,060 219,546 206,171 389,194 354,231
New Brunswick 203,506 233,703 210,100 245,758 413,606 479,461
Quebeéd 1,875,235 2,052,182 3,971,225 4,105,970 5,846,459 6,158,152
Ontario 3,438,048 3,231,399 6,207,225 6,400,160 9,645,633 9,631,559
Manitoba 412,612 400,297 483,944 565,902 896,556 966,199
Saskatchewan 278,692 289,760 516,432 613,182 795,124 902,943
Alberta 866,398 958,539 2,023,896 3,070,895 2,890,294 4,029,435
British Columbia 929,101 960,472 1,758,781 1,851,097 2,687,882 2,811,568
Yukon, Northwest X X X X X X

Territories and Nunavut

1. Residential noazardous waste disposal includes solid waste produced by residences that is picked u
municipality usimg its own stdf or through contracting firms or that is skbuled to depots, transfer stations &
disposal facilities.

2. Nonresidential norhazardous waste disposal includes solid waste produced by the Industrial, Commerc
Institutional IC andl) sector andhe Construction, Renovation and Demolition (CRD) sector. IC and | waste mat
are generated by manufacturing, primary and secondary industries; commercial operations, such as, shoppi
restaurants, offices, amathers; and indtitional facilties, such as, schools, hospitals, government facilities, se
homes, universities, and others. CRD waste generally includes materials, such as, wood, drywall, certai
cardboard, doors, windows, wiring, and othdrst excludes ghalt, concret, bricks and clean sand or gravel a
materials from clearing previously undeveloped land.

3. Waste disposal data for 2002 were derived from a survey administered by REGYREC.

Note(s): Total amount of nelnazardous wastdisposal in puie and privaé waste disposal facilities includes was
that is exported out of the source province or out of the country for disposal. This does not include waste di
hazardous waste disposal facilities or waste managed by #te generator osite.

Source(k Statistics Canada, CANSIM table 18841 (accessed July 18, 2011).

Additionally, the percentage of waste generation is highly variable from one sector to
another. For example, the percentage of contribution of the municipal waste teettter
generdéion of waste is totally different from the energy and industry secitdmstefore, the
generated waste amount is highly dependent on the sourcseotathat generates waste.
Based on a study by thEBuropean Environment AgendfEEA), which included da
gathered from the first 15 members of the European Union, the obtatediemonstrated

that the construction and demolition sector is the highest contributor to the generation of

waste with a percentage of 48% among different types tdrsed he sences sector ranked
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the second largest contributor with a percentage &f,1Whereasthe energysector

represented the lowest contribution of waste generation as shown in ERj(fPef2e, 201p

u Construction & Demolition # Producing Services
& Mining Operations of Caves & Mines Municipal Waste
u Other Activties u Energy Production

Figure 2.2: The percentage of waste generation for different sectors (Pe)15)

2.3 Construction and Demolition Waste

Billions of tonnes of concrete are extensively consunmethe construction of different
structures including buildings, bridges, damoads, andtbers. It was estimated th#te
wor | dos prodoctiion raageannually between 6Ma r i n k o v 2010; V& dera |
Heede and De Belie, 2012) and 15 (Huda & Alam, 2Qiilion tonnes, indicating 1 to 2
tonnesper person per yeafo construct the ab@-mentioned structures, massive amounts of
C & D waste are generated. More precisehe amount of C & D waste generated was
estimated to be approximatelybetween 900 (Poulikakos et al. 2017) and 1,200
(Purushothaman et al., 2014) million tonnes worlawi@ptical images for different sources
of C&D wage are presented in Figure8Za & b)
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Figure 2.3: Different sources of C&D waste: (A) Concrete pavement, (B) Demolition
building.
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https://www.aggregatetechnologies.com/bridge-demolition/

The mangiement of these tremendous waste amounts is becoming a serious problem and an
urgent priority at the levels of municipalisiecities, and countries. This is due to different
reasons including the considerable increase of waste amounts, signifitaot fadficient

landfills for the dumping of waste materials, and the large increase in transportation and
waste disposal cosA(-Bayati et al., 2018). Hence, the disposal of C& D waste into landfills

is considered an unsustainable management option andndgronmentally unfriendly

solution due to serious environmental consequerttessgiret al., 2016).

Generally, the ten C&D is defined as a type of waste from different types of construction,
renovation and demolition including land excavatidrycure and building construction, site
clearance, demolition works, roadwork and building renovation (Sandler, 30@8; et b,

2004; Nejad at el. 2013; Pachecdorgal & Labrincha, 2013). Concrete waste is usually
processed using the crushing processHerlocal C&D waste to produce smaller particles of
crushed concrete. Compared to the fine portion, the coarse portioa pfatiuced crushed
conaete is separated as the main product, generally known as RCA, of the crushing process
(Wijayasundara et al.2016). In Europe, the generated amount of C&D waste is
approximately 850 million tons per year. This quantity account8186 of the total amount

of waste generated in Europe (Pepe, 2015). Annually, the quantity of generated C&D waste
from the Canadiananstruction industry is approximate® million tonnes.The generated
amount represents about ethérd of the total solid waste in CanadéYeheyiset al., 2013
However, Canada has a high percentage of civil infrastructures that will reach the emd of the
life spanin the near future. Therefore, the quantity of C&D waste is expected to increase
when this large portion of irdistructure is replaceg@iuda, 2014)Among different types of
components of C&D wastes, concrete is the most significant compavienh makes up a
large portion of the total C&D waste. The C&D waste generally consists of 50% concrete
waste by weightTam, 2008. Neverthelessthe percentage of concrete is highly variable
depending on the source and location of C&D waste. In HongKar(2002 found that the
concrete proportions of different types of C&D wastes collected from various sites were 40%
for a general civiwork site, 70% for a demolition site, 70% for a renovation work site, and

75% for a construction sité\(abani & Azahoosh, 2012)Iin addition to concrete, the C&D
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waste also includes a wide range of materials including but not limitedidks btiles,
ceramics, wood, glass, plastic, metals, and (fakchecelorgal & Labrincha, 2013; Pepe
20195. The main components €&D waste are displayed in Figuret2

u Concrete, Bricks, Tiles & Ceramics = Wood
i Glass, Plastic & Insulation © Metals
® Others

Figure 2.4: The common canponents and their portions in C&D waste (Pepe, 2015)

Various benefits are obtainday recycling and reusing C&D waste. Howeveng tmain

advantages can be summarized as foll@lvset al., 2017):

1 Due tothe reus of materials, the consumption of nedliresources, more precisely
natural aggregatewill be reduced

1 Reduced needor more landfill space. In other words, thaevailablity of space in
landfills is increased;

1 Lowered energy consumption and decredgreenhouse gas emissiopsecisely, tle
carbon footprint of the concrete industry;

1 Minimizedserious health concerns relatedC& D waste disposal;
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1 Participaton at various levels including government strategies and industry standards

for achieving environmental sustainability (Jin et2017).

2.4 Production of RCA
RCA is a material that consists of high quality and wgedided aggregate ranging between

60%75% and aached mortar layer. It also includes a proportion of asphalt material and
subbase soil materials from the shoulder or posite pavement accountingr fd0% 30%
approximately. Therefore, RCA can be represented as a type of mixture comprising diverse
materals such as concrete, soil, small amounts of asphalt, and other thalbrisremoved

from RCA (Behring, 2013). A pictur@r a type of RCA is showmiFigure 25.

Figure 2.5: Type of RCA produced from crushed concrete

Presently, the two main types of recycling methods which are used to produce recycled
aggregate from construction and demolished concrete are the refining and replacing method
Refining method includes RCA exposure thigh temperatug, about 300°C, whic causes

the adhered mortar to become brittle. Then, by using rubbing crushed concrete, the adhered

mortar can easily be separated from the original aggregate. The quatitigiofl coarse

23



aggregate which is produced by this methodasparable to natat coarse aggregate, and
without losing integrity, because of a highality process. While produced aggregates from

this methodhave good quality due to removing adhered maor{which contributes to
increasingstrength for recycled canete), the mecharat effect of the crushing process has a
negative impact which results in cracks and voids. The main advantages of this method are
preserving natural resources and reducinpaardioxide(CO,) emissions. Related to this,

there is a neefbr more energy ansgpecialized machines to separate the adhered mortar from
aggregates. For these reasons, the aggregate replacing method is becoming more effective
although there is no removaf adhered mortar through this method (Movassaghi, 2006).
Figure 26 explains tis method which is also known as a clo$eap concrete recycling

system.

Preliminary

&j Recycled aggregate

[ concrete mixng | W | B

Coarse aggregale

I - g

Fne aggregato

Material of cement M

\
Ground improving Powder ’ L_

Survey -—3

Heaating and rubbing ]

Figure 2.6: Refining method (closedloop concrete system) (Movassaghi, 2006; Smith,
2009)
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For the aggregatreplacing method, the demolished concrete is crushed by using one or more
of different crushers while ferrous materials such as steel reinforcement and others are
extracted through a screenipgpcess that uses magnetic separators. TNpithe recyclng

plants use two main types of crushing equipment compression crushers and impact crushers
(Movassaghi, 2006; Smith, 2009; Behring, 20X3mpression crushers can be classified to

two known tyes: cone crusher and jaw crushers. Impachets also areategorized into

two types: impact (vertical) and horizontal crushers. The production process may use one or
more crushers. Generally, the purpose of the primary crusher is to crush demoligireteco

into big pieces that then progress lhe secondary caler through a screening process. The
secondary crusher works to break recycled concrete into the required size (aggregate size).
The percentage use of jaw crushers for the primary crushing%sd recycling plants in

North America, while43% of the recgling plants utilize cone crushers for secondary
crushing in the same region. (Smith, 2009; Behring, 2013). Figuraliplays different

types of crushers used in the RCA production process.
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Figure 2.7: Schematic diagrams ofvarious crushers (Movassaghi, 2006; Smith, 2009)

2.5 General Properties of RCA

RCA is produced through a crushing process to demolish concrete from various sources to
obtain aggregateof suitable grdesthatis then utilized invarious applications within civil
engineering works (Shehata and Thomas, 2000). RCA consists of two major parts: the

original natural aggregate and the adhered mortar which is comprised of fine aggregate and

26



cement paste. Theement pate includes both dfiydrated and unhydrated cement particles
(Butler, 2012; Adams, 2012).

Because of the required crushing process for RCA production to obtsaiggregateof
suitable size, RCA is angular and irregular in shape (Saeed etG8;, Roar et al., 2006;
Wong et al., 2007; Geiger, 2010; Adams, 2012). Many studies found that RCA has a
significant water absorption capacity compared to original aggregates (Shen and Du, 2005;
Geiger, 2010; Rafi et al., 201 Pérez et al., 2012; Wu et.,aR013; Singh et al., 2014;
Pasandin and Pérez, 2014). Some studies indicated that the fine aggregate type has a higher
percentage of adhered mortar than the coarse aggregate type (Tu et al., 2006). The main
reason behind increased water absorption istaltiee higher porosity oftie adhered mortar
which is more porous than natural aggregates (Geiger, 2010; Adams, 2012; Zhao et al., 2013;
Wu et al.,, 2013). Adhered mortar can be found to ber@®® by weight of RCA
(Akbarnezhad et al., 2011) or it is betwme25%60% of the RCA by volme (Tu et al.,
2006). The main factors which highly affect the amount of adhered mortar are the number
and types of crushing methods used in the production plants, and the size of recycled
aggregate (De Juan and Gutiérrez, 2@8gberia et al., 2007)Additionally, the presence
of adhered mortar layer contributes to creating the rough texture for the RCA surface. Hence,
the adhered mortar the major reason behind the unsatisfactory quality of RCA (Lee et al.,
2012; GUL, 2008 Tam etal., 2007; Pérez etl., 2012; Ismail and Ramli, 2013). Compared
with natural aggregatéhe physical and mechanical properties of RCA casupemarized as
follows:
x Increased water absorption, abrasion loss, crushability, and quantity of organic
impurities if concrete is med with earth duringhe demolition process.
x  Decreased bulk density and specific gravity
x  Possibility of the existenceof some harmful mata&ls depending on the service
condition in the original buildinghat wasdemolidied for RCA production (Matge v e t
al., 2010).
The main properties of RCA are further discussed in the following subsections.
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2.5.1Water Absorption
According toAmerican Standasland Test Method@ASTM) standards, absorption can be

defined as mass increasé aggregate caused by wateenetration into the pores of the
aggregate particles during a specific period without wettirggsurface ofthe aggregate
(Smith, 2009). Numerous researches have denadadtthat the absorption capacity of RCA
higher thanNA. Adhered mortar which has tagher porous area thawA results in RCA
being more susceptible to absorbed water comparBidtram et al., 2007). These studies
are estimated limits of absorption capador the coarse aggregate type betweet0%, and
betveen 38% for the fine aggrgate type (Adams, 2012). Meanwhile, other studies found
that the water absorption of tRRCA was4-12% andCRCA was2-6% (Katz, 2003; Smith,
2009), whereas the limits ofater absorption for both coarse and fiw&s betweenwas 1-

2%, approximately (Adams2012). The standard test methods to determine the absorption
capacity of coarse and fine aggregate are ASTM C127 and ASTM C128 respectively. The
summary of some previoususliesregardingwater absorption o€RCA types is shownin
Table 22.

2.5.2 Specific Gravity

In comparison with NA, RCA has a lower specific gravity due to the adhered mortar content
which is more porous. Higher porosity means a large number of voids rgsaliiowering
weight or mass of the material, which isedtly related to specifigravity. According to
ASTM standards, the specific gravity is defined as the ratio of the density of a material to the
density of distilled water at a specific temperai@&°C) (Smith, 2009). The specific gravity

of NA is gererally estimated between 2258, while the literature shows that the specific
gravity of RCA is lower than NA and recorded at between-2.87 Table 23 summarizes
some literature resultelated to the specific gravity of both coarse and fine typesC#.R

The standard test methotb determine the specific gravity of coarse and fine aggregate are
ASTM C127 and ASTM C128 respectively.
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Table 2-2: Literature Studies for Water Absorption of CRCA Types

Researchers No. of RCA Absorption of NA, Absorption of
Sources % RCA, %
Shen and Du, 2004 1 0.6 8.8
Shen and Du, 2005 1 0.6 8.8
Paranavithana and Mohajerani, 2006 1 0.3 5.9
Fathifazl et al2009* 1 0.34 3.3,54
Rafi et al., 201 1 1.09 4.57
Cho et al., 2011 1 0.973 2.79
Ektas and Keacasu, 2012 1 0.23 2.1
Pérez et al., 2012 1 0.21,0.12 6.1
Zhu et al., 2012 1 0.2 6.76
Nassar and Soroushian 2012* 1 2.28 4.35
Wu et al., 2013 1 0.26 6.91
Butler et al., 2013a 3 1.52 47,6.2,7.8
Younis and Pilakoutas, 2013 4 1.0 4.2,55,12.7, Q.
Boyle, 2013 3 1.17 3.87,3.3,3.05
Leite et al. 2013* 1 0.4 55
Alam et al. 2013* 1 2.17 5.23
Pasandin and Pérez, 2014 1 1.08 5.08
Singh et al.2014 1 1.1 3.447
Huda, 2014 1 1.2 4.5

*Adopted from (Huda, 2014)
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Table 2-3: Literature Studies for Specific Gravity of RCA Types

Bulk Relative Apparent Bulk Relative Aggregate
Researchers Density BRD) Specific Gravity Density (SSD) Size
RCA NA RCA NA RCA NA  Fraction
Shen and Du, 2004 2.202 2.655 - - - - Coarse
Shen and Du, 2005 1.870 2.516 - - - - Coarse
Du and $en, 2007 2.20 2.66 - - - - Coarse
1.87 2.52 - - - - Fine
Chenetal., 2011 2.637 2.768 - - - Fine
Rafi et al., 201, 2.23 2.67 - - - - Coarse
. 2.457 2.650 2.484  2.685 2.471 2.662 Coarse
Arabani and Azarhoosh, 201" ca™ 5 657 5681 2496 2477  2.660 Fine
Zhu et al., 2012 - - 2.584 2.715 - - Coarse
- - 2.629 2.681 - - Fine
Pérez et al., 2012 2.68 - - - Coase
2.63 2.69 - - - - Coarse
Ektas and Karacasu, 2012 2.39 2.62 - - - - -
Nassar and Soroushian 201: 2.4 2.65 Coarse
Nejad efal., 2013 2.676 2.683 2.680 2.697 - - Coarse
2.685 2.672 2.691 2.708 - - Fine
2.37 2.63 2.47 Coarse
Butler et al., 2013a 2.31 2.66 2.67 2.77 2.45 2.70 Coarse
2.23 2.7 2.41 Coarse
2.35 2.61 2.45
Younis andPilakoutas, 2013 2.25 2.61 2.57 2.68 2.37 2.63 Coarse
1.87 2.46 2.1
2.40 2.64 2.50
2.52 2.63 Coarse
Boyle, 2013 2.53
2.57
Alam et al. 2013* 2.03 2.11 Coarse
Pasandin and Pérez, 2014 2.63 2.79 - - - - Coarse
Gul andGuler, 2014 2.302 2.684 - - - - Coarse
2.280 2.681 - - - - Fine
Huda, 2014 2.37 2.62 2.66 2.71 2.48 2.65 Coarse

* Adopted from (Huda, 2014)

2.5.3 Abrasion Resistance

The definition of abrasion resistance of the aggregate is the resistanaggogégate to
abrasion and degradation due to different conditieoch as manufacture, placing,
stockpiling, compaction of the HMA and mixing under the influence of actual traffic load
(Movassadgi, 2006; Asphalt handbook, 2010). Los Angdlie&) (ASTM C 13L) and Micre
Deval (ASTM D 6928) abrasion test are common standathaeds utilized to evaluate the

toughness and abrasion resistance of aggregates. The-Déead test was developed to
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determne the influence of moisture on aggregate abrasion resistauzrise of various
reasons. The first important reason is the evtatlanoisture effect on aggregate. This
characteristic is not tested through laArasion test which is used for only coaese dry
aggregate type while MicfDeval test utilized for bothcarse and fine aggregate types
(ASTM D 742815) which is the seconthain reason. Therefore, many researches have
recommended using the Micideval test rather thathe LA abrasion test becausé abetter
ability to reflect real field conditions and prediteld performance (Williamson, 2005). The
previous studies showedtat abrasion resistance for RCA is lower tiNgk by 12% due to
the presence of weak adhered mortar which is easily remowdbel dmction or abrasion
conditions. The abrasion resistance RCA is estimatedo be between 2815% and the
upper limit could each 50% (Smith, 20097 summary of some studiesveringabrasion
resistance o€RCA is presented in Table4

Table 2-4: Summary of Some Studies for Abrasion Resistance of CRCA

No. of RCA Abrasion Abrasion
Researchers Sources Resistance Micre Resistance Los
Studied Deval, % Angeles, %
NA RCA NA RCA
Shen and Du, 2004 1 - - 20.2 40.¢
Du and Shen, 2007 1 - - 200 41.C
Rafiet al., 201 1 - - 27.21 36.88
Pérez et al., 2012 1 - - 221 34.C
Zhu et al., 2012 1 - - 24.3 37.8
Arabani and Azarhoosh, 2012 1 - - 226 25t
Nejad et al., 213 1 - - 2149 28.31
Arabani et al., 2013 1 - - 22.60 35.5(C
23.0 33.0
Younis and Pilakoutas, 2013 4 - - 35.0
43.0
30.0
15.1 - -
Butler, 20.2 3 11.9 22.]
25.0
Pasandin and Pérez, 2014 1 - - 14.1 32.0
16.2
Pickel,2014 2 10.6 - -
23.6
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2.5.4 Aggregate Crushing Value (ACV)

The unbound aggregate and asphalt concrete aggregate are subjected to high stresses at
contact points, therefore the evaluation of aggregate strength is a important
characteristic for the mixture. Generally, aggregate strength is a significant fiactagh-

strength concrete and largely traveled pavements. Therefore, the strength of PC concrete and
asphalt concrete cannot neglect the impact of aggregadeg#t. Thestrength test of
aggregate particles is a difficult and uncommon test. Preserghg, ifino specific method in

the various standards: ASTM, Canadian Standards Agency (CSA) and American Association
of State Highway and Transportation OfficiesdsASHTO) standards, to determine aggregate
strength in a direct way. However, there is an eatirassessment of aggregate strength
through the testing of the original rock sample or bulk aggregate sample (Mamlouk and
Zaniewski, 2006). Therefore, Britishtandard (By(812110) (British Standards Institution,

1990), which is based on the evaluatadrthe relative strength of aggregate in concrete can

be a suitable application to determine aggregate strength.

Rakshvir and Barai (2006) examined ACV tdststwo natiral coarse aggregate sources and
three sources of recycling concrete wa&enerally, the results showed that the values of
ACV for RCA were higher than NA values. The values of RCA ranged between 26.2 and
28.1 while the ACV values for the Nvkere 16.8,17.7. Table 5 summarizes some literature

results covering ACV values forfterent types of RCA.

Table 2-5: Summary of Findings for Literature Studies Covering ACV of CRCA

Researchers No. of RCA Natural Aggregate RCA
Sources Stulied ACV, % ACV, %
Rakshvir and Barai, 2006 3 16.8,17.7 26.2,27.3,28.1
Rafi et al., 2011 1 26.04 31.50
Zhu et al., 2012 1 22.7 27.7
Butler et al., 2013b 3 18.2 23.1, 26.0, 28.5
Wu et al., 2013 1 19.0 25.3
Ismail & Ramli, 2013 1 24.32 29.15
Pickel, 2014 2 18.80 26.1, 28.2
Mukharjee & Barai, 2014 1 15.11 31.52
Zhang et al., 2015 1 8.00 11.3
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2.6 Current Applications of RCA

2.6.1 Base and Sub-Base Applications

For base and sdbase applicationghe utilizationof RCA hasbecome an attractive and
successful material because of its characteristics of high resistance amcpaosive
behavior (Da Conceicao Leite et al., 2Q1GJobally, many researchers have studied the
possibility of using RCAIn base and subase layers.Park (2003) studied the physical
properties and performance of using RCA as a base andbaseb material. Different
engineering properties were examined including the moiskeingity relationship, particle
index, and fine agggate angularitywhereas vaous tests such as stability, shear resistance,
and particle breakage were usedtf@ performance evaluation of RCA. The results of RCA
were comparable to natural aggregate and it was concluded that RCA can be utilized
succesfully as a base madl subbasematerial. Poon and Chan (2006) investigated the
feasibility of using RCA as a sdilmse material. The outcomes of this study indicated that the
use of RCA at 100% leads to increasing optimum moisture content and decreasingmmaxim
dry density ofthe subbag materials compared with the natural 4ase materials. Many
other researchers confirmed the possible application of RCA in base ahdsmitayers
(Bennert et al., 2000; Poon et al. 2006; Da Conceicao Leite et al. 20Ngrttn America,

the obtainedresults of the use of RCA as base material were excellent according to many
reports of transportation agencies in Texas, Virginia, Minnesota, and California. These states
have recorded strength improvenwenf the RCA baseabowe that of theNA base used.
Minnesota and California concluded that the use of residual cementitious materials can
provide the RCA with bondinghatcannot be found iNA base. This characteristic with high
angularity playsanimportantrole into providing optimum gradatiorand densitation of the

RCA material which results in higher stiffness (Bosquez, 20t8ure 28 represents the use

of RCA as a base material for road pavement, whereas Figush@ws the number of US

states usng RCA as a base matal in asphalt rads
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Figure 2.8: RCA placed as base material for pavement projediFHWA, 2004).

A ves (35
Figure 2.9: Map of US states applying recyclingconcrete as a base materigFHWA,
2004)

2.6.2 Current Applications in the Province of Ontario

In the Province of Ontario, the MTO has used remychaterials in highway construction
sincethe 1970s due to many different economic, environmental, and engindadtays
(Senior et al., 208). Theestablishment of Aggregate Recycling Ontario (ARO) in 2011 is
one of the main steps which aims to provaenited program for stakeholders which are

responsible for generating, operating and consuming recycled aggregate in order to achieve
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the opimal soltion for increasing stockpiles and opportunitfes recycling old concrete
(ARO, 2014). The use of recyd materials in road construction has increased significantly
from approximately 6 million tonnes to 13 million tonnes annually during ¢nieg betveen
1991 and 2006 (MNRO, 2009).

In order to increase the use of RCA in the Province of Ontario, theeCfentPavement and
Transportation Technology (CPATBY the University of Waterloo has become one of the
leadingcentersin the use of RCAn new cacrete through many successful investigations.
Smith (2009) investigated the use @RCA in concretesections as shown in Figure.1D.

Four testsections include different percentages of coarse RCA 0%, 15%, 30% and 50%. The
results showed that theixtures which include RCA have similar behavior or better
performance in comparison with conventional concrete for different characteristics including
compressive and flexural strength, freg¢zaw durability and coefficient of thermal
expansion. Butle(2012) examinedCRCA usage in structural concrete in a comprehensive
study which included the inteelationships between aggregate properties, concrete
properties and the bond properties between reinforcing steel and RCA concrete. Three
different source®f CRCA with NA were used in this study. The obtained results indicated
that concrete which includes pseaked RCA can have higher compressive strerttns
conventional concrete at the same watnent ratios. The outcomes also demonstrated that
the poduction of concrete which includes 100% RCA is a possible applicasfier
adjusting the water content, cement content and veat®ent ratio in orderot achieve
different compressive strengths of 30, 40, 50 and 60 MPa with slumps between 75 and 125
mm. Pickel (214) studied the internal curing potential of RCA in concrete. Different initial
saturation levels of RCA were selected within concréfé, 60%and 100%. The RCA
percentage ranged from 30% to 100% by volume and there were two curing regimes. The
findings of the study showed that fully saturated RCA mixture contributes to increhse
compressive strength at early ages comparé@dAtanixtures. The eésults also indicated that
there is no significant effect of mixtures which include 30% RCA on thgl¢éestragth,

elastic modulus, and permeable porosity of the concrete. Permeable porosity for RCA
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concrete was higher thadA concrete while tensile simgth and elastic modulus were lower

thanNA concrete.

0% Coarse RCA 15% Coarse RCA

30% Coarse RCA 50% Coarse RCA

Figure 2.10: Application of CRCA in concrete pavement (Smith, 2009)

2.7 Improvement of the Characteristics and Quality of RCA

The main difference between RCA aNd\ is the presence of residual aged cement paste
(adhered mortar) on ¢hsurface of recycledygregates (Paranavithana and Mohajerani, 2006;
Shen and Du, 2005; GUL, 2008). Due to the diverse influence of adhered noortdrs

RCA quality, numerous researchers (Shima et al., 2005; Tam et al., 2007; Akbarnezhad et al.,
2011; Lee et al., 2012; Sui dnMueller, 2012; Gupta et al., 2012; Ismail and Ramli, 2013;
Pasandin and Pérez, 2014; Bru et al., 2014) have investigatedisvapproaches and
techniques to improve the characteristics of RCA. However, these approaches andéschniq

can be fundamentgliclassified into two categories (Purushothaman et al., 2014; Zhang et al,
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2015). While the first category aims to achieveeadd mortar removal, the second category
mainly targets enhancing adhered mortar quality. Various app®aatieding mechanical
grinding using balls (Montgomery, 1998), heat application followed by mechanical rubbing
(Tateyashiki et al., 2001; Tamura a@t, 2002), and ultrasonic cleaning (Katz, 2004) have
been successfully applied for adhered mortar remd@waimprove adhered miar quality,
several methods have been utilized including mortar surface coating using various material
types (e.g. water glay (Li et al., 2009), pozzolanic materials (e.g. silica fume anadh)
(Shayan & Xu, 2003; Tsujino et.aR007; Li et al., 209), polyvinyl alcohol emulsion (Kou

& Poon, 2010) and biodeposition (Grabiec et al.,, 2012). Figutd 8emonstrates a
schemadt diagram of various chronologically arranged treatment methods from the literature

for enhancing the phial properties of RCA.

Adhered mortar removal approach

|

Pre-soaking in strong acidic solutions

1 Freeze-thaw method ] 1 l

Heat treatment

l l J |

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

N AN A S A

Surface coating with pozzolanic materials such as fly ash and silica fume

Heating and rubbing

Pre-soaking in weak
acid solution
Authors' contribution
Noveltechnique

Precoating with different materials
slag cement, ground blast slag
Surface treatment with microbial materials: bacteria I

Combination between different treatments

Modification of RCA Surface Approach

Figure 2.11: Schematic diagram of various treatment approaches foenhancing
physical characteristics of RCA in the literature(Al-Bayati et al., 2018)
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2.7.1 Adhered Mortar Removal Approach

Many different méhods have been used to remove adhered nfootarRCA. The basic idea

behind these methods is that the removal of adhered mortar (which has poor quality
characteristics) can contribute to enhahgbysical properties of RCA. Thismprovement is

highly related to the quantity of adhered mortar which imaeed from RCA. Therefore,

many researchers are focused on the quantity of adhered mortaetdmorder to evaluate

the methodds perfor mance ¢ o mthads ef this approacht her me

according to the literature studies can be categdras the following:

2.7.1.1 Heat Treatment Method

Considerable research has focused on using heat treatment at higher temperatures. Wong et
al. (2007) applied the calcination process ©AR which involved incrasing temperatures
gradually up to 950C for two hours, then decreasing temperatures td°Q7n order to
transform calcium carbonate (calcite) to free lime (calcium oxide). The study concluded that
lime can be produced through tlealcination procedurewhich ultimately enhances the
rutting and low temerature cracking performance of hot mix asphalt. However, there was
some concrete particle breakdown as well as mass loss because of exposure to higher
temperature. Zega and Di Mgi2009) examined the infence of heating at high temperature

(500 °C) for one hour on the performance of different concretes prepared with RCA. In
concrete mix design, two different watsgment ratios and different coafsé\s (granitic

crushed stone, stleous gravel, and quaitiz crushed stone) were used. It was found that t
conventional and recycled concrete specimens prepared with quartzitic crushed stone showed
better performance after the heat treatment than that of granitic crushed stonecaadssili
gravel. Vieira etal.,, (2011) examined the effects of heating of R@Athree different
temperatures (400C, 600 °C and 800°C) for one hour on the concrete samples with
replacement oNA by RCA at different percentages (20%, 50% and 100%). They stud
reported that there wano heat influence on mechanical behaviour ofccete which
contained RCA compared to conventional concr@apta et al (2012) examined the

influence of heating at ranges between moderate and elevated temperatuf€s @mC,

38



600 °C, 800°C, 1000°C) for six hours on the mechanical and micracural properties of
concrete containing RCA mixed withA and fly ash as a replacement for cement. The study
concluded that treated and untreated RCA samples exhibited poor hehavigarious
higher tenperatures in comparison with natural aggregatsoAtoncrete suffers from broad
degradation after exposure to higher temperatures because of concrete microstructure
becoming rougher and increasing total pore volume resultingghehistrain and lower
compressive strengttSui and Mueller (2012)nvestigated the effect of the combination of
heat treatment at various temperatures (RB00 °C) for 30 min and mechanical treatment

in aball mill at different milling times on RCA pperties. The obtainedsalts indicated that

the adhered mortar sdbe removed by heating at a temperature range of@&8DO0 °C, if it

was followed by strong and sufficient mechanical treatment and this resulted in comparable

properties to that of virgiaggregate.

2.7.1.2 Pre-Soaking Treatment Method

Recently, the use of pisoaking in acidic solutions to remove the adhered mortar has
attracted much research interest. Tam et (@D07) investigated RCA soaking in three
different strong acids solutions: HCllghuric acid (HSQs) ard phosphoric acid ((#PQs) at

low concentrdon of 0.1 mole at 20C for 24 hours. The obtained results indicated that there
was a considerable decrease in water absorption, improved mechanical properties, and there
was no adverse fluence from chloride ah sulphate ions on the RCA. Butler (2012)
investigated the effect of nitric acid at a high concentration (20% volume) and moderate
temperature (85°C) for two to three hours. It was observed that the acid removed the outer
layer of RCA; however, there werdyed yellowish spots on the RCA surfacemhil and

Ramli (2013) tested the effect of various concentrations (0.1, 0.5, and 0.8 M) afithCI
different immersion times (one, three, and seven days) on treating the RCA to improve its
performance. The findgs showed a linear correlation between d@heunts of mortar loss

with increasing concentration of acid while there was no significant effect for immersion
time. Purushothaman et al., (2014) tested the influence of different appsotcdecrease

the amout of cement paste adhered to RCA. Cheimtiezatment included prsoaking in

two acidic solutions; namely, HGAnd HSOQs at a low concentration of 0.1 mole for 24
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hours. The mechanical method consisted of mechanical scrubbingeatidgiscrubbing
which included heating RCA with hot air at 300, followed by scrubbing. The outcomes of
the study indicated that the &, treatmentmethod was more effective than HCI acid,
whereas heating and scrubbing was more successful in enh&Cilygand its properties.
The two successful methods also showegroved longterm performance that includes

water absorption and loss of weight on drying.

Meanwhile, there are many different methods which have received some interest from
researchers. Theanethods can be sumnmad as the following: ball milling (Mogbmery,

1998), ultrasonic cleaning method (Katz, 2))(heating, and then rubbing (Tateyashiki et al.,
2001; Tamura et al.,, 2002; Shima et al., 2005), microwaves heating (Akbarnezhad et al.,
2011; Bru et al., 2014)}thermal method (De Juan and Gutierre@02, Butler, 2012) and
freezethaw method (Abbas et al., Z0@utler, 2012).

2.7.2 Modification of the RCA Surface Approach

This approach mainly includes modification of the quality of adheretBmarthout removal
through surface coating with different mat#s such as water glass, pozzolanic materials
such as fly ash and silica fume. Li et al., (2009) studied the effect of surface coating with
pozzolonic materials powder fly ash and silica fusnethe workability angtrength of RCA.

The obtained results dwnstrated that mixing of these materials leads to enbance
workability and compressive strength. It was also noted that surface coating with pozzolans
contributes to increadedensity of ITZ structure which confirmbetter workability and
strengt h. Cak e b) examided tBe impaat rol ashdj JjliGa0fume tothe
concrete mix design to enhartbe quality of RCA. Different percentages of silica were used
(0%, 5%, 10%hps a replacemeifdr Portland cement. Ra series of concretes were produced
from natural and RCA which was combined with silica fume by using two different size
fractions of RCA. The findings of the study showed that the use of silica fume at 10% as a
cenent replacement for RCA can plan important role to improvethe physical and

mechanical properties of concrete. Besideese studies, the literature includes other
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investigations based on the same approach but using the same or different materials. Thes

can be summarized as the following:

1 Surface coating through the immersion of RCA in different types of solutions such as
poly vinyl alcohol (Kou and Poon, 2010), liquid silicone resin (Zhu et al., 2012) and
bitumen emulsion (Pasandin and Perez, 2014).

1 Precoating RCA through using differentaterials such as slag cement paste (Lee et al.,
2012) and ground granulated blast slag (Zhao et al., 2013).

1 Biodeposition technique using bacteria (Grabiec et al.,)2012
2.8 Surface Microstructure of RCA

2.8.1 Interfacial Transition Zone

Concrete is a highly eoplex, heterogeneous and multiphase composite material at the
microstructural level, consisting of three main phases: aggregate, bulk cement paste (matrix)
and anlTZ zonebetween the aggregates and the mdtri@t s u Kk i et al ., 200 3;
2005; Tam et al., 2005; Tam & Tam, 2008; Tam et al. 2007; Xuan ,2@09; Kong et al.,

2010; Erdem et al., 2012; Li et al., 20122Among the constituents, the ITZ, which is
structurally and mechanically differentofn the matrix and aggregate, is essentially
composed of three phasemmely water film,Ca (OH). (CH) crystallayer and porous paste

matrix layer (Wong et al., 2009; Erdem et al., 2012; Jawahar et al., 2013).

Though the origin of the ITZ has not beeflyfwnderstood yet, the common view for the

ex stence of the 1TZ is namely titled the #f
refers to spatial arrangements of anhydrous cement particles against an aggregate surface due

to size discrepancy. More egfically, it is well known that the typicadize of cement
particles range between-{10 0 € m) , whereas the average si ze
many times larger than that of cement particles. In freshly compacted concrete, the cement
particles aresuspendedandtheir normal packing is disrupt. The cement particles cannot

pack effectively when they are close to large solid objects, such as aggregatés the
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phenomenon of the creation of a geometric wall effect within the strutttatreesultsin a

narrow region around the aggregatesmely the ITZ. The region is characterized by a
relatively low concentration of cement particles, high water content anceoquaerstly
increased porosity (Cwirzen & Penttala, 2005; Leemann et al., 2006; Wang et al., 2009; Gao
et al., 2014; Sun et al., 2010\B/u et al., 2016).

As with other composite materials, the properties of the concrete are highly dependent on the
propertiesof each individual component, especially the connection area between major
components, and concrete properties are determined WyZhe a large degree Ak - aoj | u
et al., 2005; Li et al., 2012). It has been widely reported that the ITZ is a weak 1©tsoki (

et al., 2003; Tam et al., 2005; Tam et al., 2007; Poon et al., 2006; Duan et al., 2013) due to a
high presence of voids and microcracks that arénlfigelated to strength properties.
Subsequently, the ITZ plays a crucial ratedetermining the méxwanical performance of
concrete (Tam et al. 2005; Tam et al. 2007; Guneyisi et al., 2014), though it is generally thin,
between 16 0 & m ( Ko n g. Tketefora, the imprd&démer@ of RCA microstructure

has been a considerable concern tizeinteresed many researchers and compelled them to
enhance the characteristics of concrete (Kong et al., 2010; Jawahar et al., 2013,
Purushothaman et al., 2014).\mever, the factors that play an important roléorming the
structure of the ITZ and its propertiage the aggregate properties including type, shape and
surface conditions, cement and admixtures and particularly the-twatement (w/c) ratio of

them xture (Ak-ao] | u.lzrépresemts a sch@natk sliaggram for tledTize 2

zone.
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Transition zone with
large Ca(OH), crystals
and ettringite needles

Thin surface layer
of C-S—-H fibres

Bulk cement
paste

Figure 2.12: Schematicdiagram of phases inmicrostructure of the ITZ zone (Cement

Chemical Composition and Hydmtion).

2.8.2Microstructure Cracks

Though the matrix and aggregate properties have an important effect on crack initiation and
propagation, the ITZ properties have a considerable and particular importance with regards to
the cracking of a, @008)rFeoin¢he {tefaturd avasjconaoluded tthat

the main reason for initial microcracks is the large difference between the modulus of
elasticity of the aggregate and the matrix, resulting in higher tangential, radial and/or shear
stresses at thetmmr f ace zone (085 Jawabdgr ét al., 2013). Bhé migrocracks

can be mainly classified as either bond cracks or matrix cracks. The bond cracks typically
initiate and appear at the interface zone, whereas matrix cracks generally propagate acro
the cement paste (Jawaharaét 2013). However, the typical width of microcracks ranges
bet ween 0.5 and 10 asmhownWo Figgre .23t Durand concretg 0 0 9 )
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loading, increased concentration of microcracks m#k&s behave as sourcessabsequent
macrocrack developmerthat includes ITZ microcracks growing through the matrix and

combining with the matrix cracks to form macr

283598 15KV “1.208 180mm

Figure 2.13: SEM image ofmicrocrack for recycled concrete (Mo & Fournier, 2007)

2.8.3 Studies of Microstructure & ITZ Improvement

The effect of differenCRCA on the ITZ was examined on six different source€ERCA

with varying strengths and quantities of attached mortar. The obtaisdts emonstrated

that there is a significant influence of the quality of attached mortar on ITZ properties.
However, it was observed that there is no obvious impact of the quantity of attached mortar
on ITZ properties (Otsuki et al., 200Poon et al. Z004) investigatedhe influence of RCA

types onthe microstructure othe ITZ in concrete mixes prepared with RCA. Two different
types of RCA including recycled normal strength concret&QNand recycled high
performance concrete (HPC) with water absorpvalues 0f8.82% and 6.77% respectively

were used in concrete mix design with a constant water to cement ratio of 0.5 for both
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concrete mixes. The outcomes of SEM images showed that the ITZOfnNx mainly
consists of loose and porous hydrates, wisetha ITZ of HPC mix is fundamentally
composed of dense hydrates. The adverse influence of attached mortarcamga€ting
concrete (SCC) containing RCA using surface treatments was investigated. Various surface
treatment methods were applied includantyvo-stage mixing approach, pseaking in HCI
solution, water glass dispersion and cemghta fume slurry. The captured images of SEM
analysis revealed that the new ITZ with treated RCA using thestage mixing approach,
water glass and HCI soluticame characterized by less porous, highly dense and connected
microstructure compared to untreated RCA due to the recovery of microcracks and voids in
RCAs. In contrast, the use of cemsilica fume treatment resulted in porous microstructure
and weaker onding in the new ITZ. Among different surface treatments, a considerable
improvement to the ITZ was recorded for the 4stage mixing approach through providing a
layer of cement slurry on the surface of RCA which fills up the microcracks and a®ids

shown in Figure 2.14Glneyisi et al., 2014).

Numerous studies focused on the addition of pozzalanic materials such as fly ash and silica
fume as a way for enhancing microstructure, especially the ITZ region of RCA. Tam and
Tam (2008) developed two mixing @paches namely twstage mixing approach (silica
fume) and twestage mixing approach (silica fume and cement). The first approach includes
the addition of silica fume into percentages of Recycled Aggregate (RA) in the first mix,
whereas the second techméronsists of the addition of silica fume and amounts of cement
into particular proportions of RA in the first mix. The results of both techniques revealed that
the utilization of silica fume and proportional cement percentages lead to filling up the weak
areas in the RA, resulting in an improved interfacial region and higher strength of the
concrete. Comparable outcomes were noted by other resesa(Then et al., 2005; Li et al.,
2009; Li et al., 2012) who investigated enhancing RCA properties and trnictage using a
two-stage mixing approach. The studies concluded that there is an improvement in the ITZ
region and RCA properties by using this approach. Compared with the double mixing
method it was revealed that there is a further improvement foifthand RCA properties
by using a triple mixing method. The technique includes surface coating of RCA with
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materials such as fly ash and silica fume. The captured images of SEM analysis indicated that
the coated pozzolanic particles can consume CH partiedésre accumulated in the pores

and on the surface of the attached mortar to form new hydration products resulting in
successful improvement in ITZ microstructure and enhanced strength of RCA (Kong et al.,
2010.
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Figure 2.14: Surface microstructure views of SCCs produced from treated RCAs using

() HCI solution, and (j) cementsilica fume slurry (Guneyisi et al., 2014).

2.9 Volumetric Properties of Asphalt Mixtures

2.9.1 Concept of Volumetric Properties

The design of asphalt mixtures can be described as a complicated process that requires very
accurate proportions of aggregate and asphalt binder in order to achieve specific
requirements of volumetric and mechanical properties (Ande$sBahia, 1997). To dweve

a desirable performance for the asphalt mixtures, the volumetric properties of pavement
mixes aretaken into accountThe concept of volumetric properties of asphalt mixtures has
been progressively developed using various @spas described in thi®llowing brief
explanations. The significance of volumetric proportions of the constituents of asphalt
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mixtures regarding pavement performance was observed by Richardson in 1915. By the
1940s, the integration between two concepésnely, the degree ofts@ation of the voids of
the mixtures by asphalt, that can be named voids filled with asphalt and voids volume was
suggested by Marshall. In the 1950s, the conception of voids in mineral aggregate and its
significance in utilizationfor achieving asphalt wability had become highlighted and

widespread due to the contribution of McLeod (Bardini et al. 2013).

Currently, the volumetric properties of asphalt mixtures can be categorized into two main
groups: primary and secondary volumetric parameters (Baetlial. 2013). While the
primary volumetric parameters are directly related to the relative volumes woidikelual
constituents of asphalt mixtures: aggregate volume (Vs), air voids (Va), and asphalt binder
volume (Vb), secondary volumetric parametarsnmonly referred to as volumetric
properties of mixtures are Void Volume (Vv), Voids in Mineral Aggreg4i4gA), and

Voids Filled with Asphalt (VFA). Depending on the primary volumetric parameters,
volumetric properties of mixtures (secondary volumepammeters) can be determined. A
summarized interpretation of the secondary volumetric parameters canovidegr as
follows: Vv is defined as the air volume between the aggregate particles surrounded by the
film of asphalt and can be expressed as a pwgemnf the total volume of the compacted
mixture; VMA can be known as the sum of the Vv and volume effeesphalt binder (nen
absorbed) (VEAC). This can be expressed as a percentage of the total volume of the
compacted mixture whereas VFA is descrilasthe degree of VMA filled by asphalt or the

ratio of the volume of effective binder to the VMA and candxpressed in percentage
(Hislop, 2000; Bardini et al., 2013). The terminology of volumetric properties for the

components of a compacted asphalttorix can be found in Figurels.
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VMA = Volume of voids in mineral aggregate M, = Total mass of asphalt mixture
Vap = Bulk volume of compacted mix M, = Mass of asphalt binder

Vom = Voidless volume of paving mix M, = Mass of effective aggregate binder
Vg = Volume of voids filled with asphalt M,,, = Mass of aggregate

V, = Volume of air voids M, = Mass of air = 0

Vi = Volume of asphalt binder

Ve = Volume of absorbed asphalt binder

Va = Volume of mineral aggregate (by bulk specific gravity)

V.. = Volume of mineral aggregate (by effective specific gravity)

Figure 2.15: Components of a compacted HMA specimen (Hislop, 2000; Huner &
Brown, 2001)

2.9.2 Evaluation of Volumetric Properties

It is generally accepted that the three volurogbarametersnamely, air voids (sometimes
abbreviatedVTM), VMA, and VFA have been identifieds important indicators of mix
performance. While excessive air voids, VFA, and inadequate VMA could possibly be
referred to as durability problems, insufficient voids or excessive VFA could potentially

lead to rdting problems (Hislop, 2000; Bardini et al., 2013). Grain size, the volume of
aggregate in the mix, the degree of compaction, the asphalt content and the type and amount
of fillers in the mixture aré¢he main factors that influence the volumetric propsr@ardini

et al., 2013).

Marshall and Superpave methods are the common methods used in asphalt mixture design
and incorporate volumetric criteria mathematically calculated from the volumetric
propotions of the constituent materials of the mixtures. dtat] the methods determine the
optimum asphalt binder using HMA volumetric properties (Vv, VMA and VFA).

Additionally, Superpave method can evaluate the filler content in the mixture and the
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percenages of initial and maximum compaction as a functiothehumber of gyrations in

the Superpave Gyratory Compactor (SGC) (Bardini et al., 2013). In Superpave, a volumetric
mix design protocol was established with limits on all three volumetric paran(eisisp,
2000) . Depending on t hum szmmi(NMS)uance ttaffic vallomei n a |
Superpave method establishes minimum values of VMA, and minimum and maximum

values of the VFA as shown in Tablé2

Table 2-6: Superpave HMA Volumetric Properties (OPSS1151, 2007).

. ; Dust
- % of Theoretical Voids in Mineral Aggregate (VMA) % Minimum V.(ﬁ'ds to Minimum
Traffic Maximum Specific Filled | pider | Tensile
Category Gravity il Ratio | Strength
(Note 1) Asphalt

Nominal Maximum Aggregate Size mm | /e py (Note | Ratio %
3)

Ninitial Ndesign Nmax 3.75 25 19 12.5 9.5 4.75

A 915 | 96.0 | 98.0| 11.0 12.0 13.0 14.0 15.0 16.0 7080 | 0.61.2 80.0
(Note
4)

B 90.5 6578

C 89.0 6575
(Note

D 5)

E

Notes:

1. Traffic category as specified in the Contract Documents.

2. For Traffic Categories C, D, and E Superpave 9.5 mixes shall have a VFA range of 73 to 76%, while Superp
mixes shall have a VFA range db 7o 78%.

3. For Superpavd.75 mixes, the dugb-binder ratio shall be 0.9 to 2.0. Superpave mixes with gradation that pas
beneath the PCS Control Point in Table 4, the-thibinder ratio shall be 0-8.6.

4. For Traffic Category A, Superpave 25.0 mixealshave avFA range of @ to 80%

5. Superpave 37.5 mixes shall have a VFA range of 64 to 75%.

2.9.3 Influence of RCA on Volumetric Properties

In terms of volumetric properties, MitBeale and You (2010) investigated the feasibility of
using RCA for a typicaligght-duty or lowtraffic asphalt highway in Michigan. Various
percentages including 25%, 35%, 50%, and 75% RCA with respect to the total percentage of
HMA aggregate were used. As part of the research, the change in the volumogteitigs

of HMA due to RCA addition was evaluatedhe findings of the study demonstrated that the
increase of RCA proportion leads daodecrease of VMA and VFA in thaixtures while air

void content increased. The decrease of VMA could be explainec bigidhthat the increase
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in the proportion of RCAthat generally has a high porosity characteristic leads to the
absorption of some amounts of asphalt, resulting in a reduction of the effective asphalt
content in the HMA mixtureAs the effectiveasphalt ontent was reduced, VMAedreased.

In research byfopal etal., (200§ various proportions of RCA (10%, 20%, and 30%) were
utilized as a substitute for limestone aggregate in HMA mixtures. The results of the study
showed a discrepancy in terms of voluneproperties. When RCA peentagancreasesn

the mixtures, the values of VMA and VFA decreased. A similar behaviasregistered for
specific gravity of HMA mixtures. An increase in RCA proportion leads to deatease
specific gravity. In contrast, Marshall stability increases$igher values while thamounts

of RCA increased. The research concluded that the RCA application as a substitute for NA is
highly successful due to mésg Marshall stability andTS requirenents. This could be
attributed to RCA crushing under the impaaf the compaction procss. Table 27

summarizes some literature resutis the volumetric properties for different types of RCA

Table 2-7: Lit erature Studies Covering thelnfluence of RCA onVolumetric Properties

Researchers RCA, % Volumetric Properties

Paranavithana & Coarse aggregate VMA and VFA are lower than the C.M.

Mohajerani, 2006

Bhusal et al., 2011 20%, 40%, 60%, 80%, and 100¥ VMA, Gmb and Gmm decreased as the percente
of RCA increased.

Rafi et al., 2011 10%, 20% ad 30% VMA increases with increasing RCA percentage
and Gmb decreased as the percentage of RCA
increased

Motter et al., 2015 25%, 50%, 75%, and 100% VFA, Gmband Gmm decreased as the percentag

of RCA increased, whereas VMA inases as the
RCA percentageincreased.

2.10 Relationship of RCA and Moisture Damage

Moisture damage in asphalt mixtures has become a widely discussed topic due to its high
influence on asphalt mixture behavior. Moisture damage plays an important role in many
different types of distresincluding rutting, fatigue cracking, raveling, andhmes (Moraes
et al ., 2011, D 6 R008) ea$ showa mdFiguterd®l & hereforg the
reduction of moisture damage impact is becoming one ofsidp@ficant challenges for

researchers, ageies anddepartments of transportation. In asphalt paeets, moisture
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damage can be defined as deterioration of mechanical properties such as stiffness, durability
and strength due tthe presence of water. More specifically, g the deterioration of a

pavement mixture through losing adhesive bogdt the binderaggregate interface or

losing cohesive resistance in asphalt binder (Zollinger, C. J., 2005; Moraes et al., 2011,
Geiger, 2010; Pasand?2n AndedsonP2803;eSnlaimaiiabt.lal, ; D6 AT
2003). Many different factors influence mims2 damage such as asphalt film thickness,
permeability, the bond between asphalt and aggregate (chemical and mechanical bonding),
aggregate shape distribution and Hugre@te crushing process (Zolln g e r 2005; D6
and Anderson, 2003). Figurel1 displays the influence of moisture damage on asphalt

mixtures.

Figure 2.16: Effect of moisture on asphalt pavemen{Pavement Interactive, 2008)

Basd on the literature review, it is noted that some studies indicated that asphalt mixtures
which include RCA have higher moisture susceptibiltgntNA asphalt mixtures (Pasandin

and Pérez, 2013). These indications are predictable results due tovhétgreabsorption of

RCA material which has a porous structure. However, some other investigations revealed
that the addition of RCA as a coarse amef aggregate can improve the moisture
susceptibility of asphalt mixtures (Du and Shen, 2007, Cho e4ll, £hen et al., 2011). In

order to achieve better behavior for moisture sensitivity, some researchers stated that the use
of treated RCA possiblymproves this characteristic in asphalt mixtures. Lee et al., (2012)
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used a slag cement paste as a coatiatgial for RCA before its introduction to asphalt
mixture. The obtained results for water resistance were within the Taiwanese specification
requiranents. Zhu et al., (2012) utilized liquid silicone resin for RCA coating prior to its use

in asphalt mixtue. The findings showed improved moisture resistance through using this
method. Pasandin and Pérez (2013) used a method which includes leave miRtiR€Av

in an oven for four hours at a mixing temperature of X7®efore compaction. The Marshall

mix desgn procedure was used in this study. The outcomes of moisture resistance for this
study was acceptable and within Spanish specifications. The @upemix design method
originally includes leaving the mixture in an oven at 285for four hours. Therefer the
shortterm ageing process is very comparable to this type of treatment to improve moisture
sensitivity (Pasandin and Pérez, 2014). Finallg,uke of type of treatment to enhance RCA
properties before itds ut omimended by rasaarchers fhdea | t
et al., 2012; Zhu et al., 2012; Pasandin and Pérez, 2013) to produce mixtures with better
moisture resistance. Therefpitis highly expected that the use of Superpave method and a

type of treatment especially a treatment borvation, can lead to promising results.

2.11 Possible Application of RCA in HMA

Very recently, the use of RCA has become an attractive topic foy negearchers all over
the world. The successful use of RCA in the base anébasé applications is ond the
main reasons to examine the feasibility of using RCA in HMA. One of the first effonte
RCA in asphalt mixtures wamade in astudyby Wong et al., (2007). The research examined
the use of fine aggregate of RCA agartial substitution ér NA (granite type) in HMA.
Three hybrid mixtureghat contain addd RCA were prepared to include 6% and 45%
untreated RCA, and 45% heat treated RCHAe Thtained results indicated that the mixture
thatincluded 6% RCA fillers give comparable results WA in termsof resilient modulus
and creep resistance while the useadfigh percentage of RCA in the two other mixtures
achieved better performance. €ltindings showedhat the utilization of RCA leads to
increasd resilient modulus and redutedynamic creep. Theesilient modulus test was
conducted at two different temperatures £5and 40°C); the addition of RCA increased

resilient modulus for botkenperatures. It was concluded that the use of RCA as a patrtial
52
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percentage of aggregate is possible in HMA. Pétea., (2009) evaluated the resistance of
asphalt mixture which includes mixed RCA wilhA to fatigue cracking. Two different
mixtures, a smi-dense mixture and a coarse mixture, and one type of RCA were used to
prepare various HMA mixture§.he fatiguetest and dynamic modulus test were performed

to evaluate HMA. The results revealed that fatigue behavior for the coarse mixture with 50%
RCA is smilar to the behavior ofhe same type without RCAN contrast the semidense
mixture with 50% RCA had lower fatigue behavior thatihe same type without RCA. The
findings indicated that the mixture which includes RCA has higher dynamic modulus than
the mixture without RCA. It was concluded that RCA leads to increased stiffness ¥@ues
HMA even if using a lege amount of bitumen. Wu et al., (2013) investigated the effect of
RCA on the performance adn asphalt mixture. The RCA used was dividedoirttvo
different sized coarse recycled aggregate and fine recycled aggregate. Three different asphalt
mixtures werepreparedithe first consisted ofCRCA and natural limestone fine aggregate

the second consisted BRCA and natural limestone coaraggregateandthe third mixture
consisted of natural limestone coarse and fine aggregate. Many laboratory tests were
corducted to evaluatthe performance of asphalt mixture includitige Marshall test, freeze

thaw split test, bending test at low temperatand ruing test at high temperature. The
obtained results demonstrated that the CRCA asphalt mixture has highmey resistance

than the other two types and higlf@AC. In terms of water damage resistance, the results
showed that the FRCA asphaltixture is ketter than CRCAwhich has better cracking
resistance at low temperature compared to FRCA. It was concluatedlltthe results meet

the specificatiorrequirements in China. Table&demonstrates some literature studies for

the utilization ofRCA in asplalt mixtures.

2.12 Identification of Research Gaps

After a comprehensive study of the literature related tartéthods and techniques of RCA
treatment, microstructal studies of RCA and the use of RCA in asphalt mixtures, the

following research gaps habeen identified for which further research study is required:
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x In the global literature, very limited studibave investigated the physiaaid mechanical
properties of RCA as a specific comprehensive study covering a large nunpbssiaial
and mechanal properties.

x Very few studies have evaluated the effect of various treatments types on the enhancement
of physical and mechanicakroperties of RCA. Howeer, it was evident that most of the
previous studies were mainly focused on the influence of ihdgatitreatment methods on
various RCA characteristics.

x There is a considerable lack of information about ¢benbination between different
treatment typedo enhance the physical properties of RCA because combisaifon
various treatmentarevery rarelyaddressedh the global literature. Though very limited
investigationshaveexplored the combination betweearious treatment methods, none of
the literatire studies heever explored the application of weak acid as an acidic treatment
technique. Howeverthe use of strong acids as a type of treatment is known. Therefore,
the application of combined techniquesang various treatment methods seems to be
quite reasonable to result in promising outcomes compared to individual treatment
utilization.

x While thoroughly examining the literature related to methods and techniques of RCA
treatments and microstructlirstudies of RCA, it was clearly observed that thés a
considerable lack of knowledgegardinghe effects of RCA treatments on ITZ properties
such as microcracks and macrocracks. The previous literature investigations have
extensivelyfocused onthe effecs of various treatment types on the enhancénoén

physical properties of RCAesulting in the knowledge gap mentioned above.

54



Table 2-8: Summary of Available Literature Studies for RCA Application in Asphalt Mixtures

Literature

RCA Type & %

RCA
Properties

RCA Treatment

Results & Notes

Shen & Du, 2004

100%RBM coarse & fine,
50%RBM coarse & fne,
100%RBM coarse

CS. G2.202
F.S. G 1.870
W. A= 8.8

Results indicated that mixture (509BR) has the lowest
permanent deformation at 25°C, but the highest permanent
deformation at 60°C. Mixtures (100¥BR1) and CRBM only)
are better than thmixture (1009NA) in permanent
deformation. The types of asphbihderused have no significan
effect on tke permanent deformation performance.

Mills-Beale and
You, 2010

25%, 35%, 50% and 75% ii
place of total aggregate

S.G =2.433
W.A=2341

Mixes passed rutting specification and passed specification g
moisture susgaibility with one exception at 75%Rynamic
modulus is increased with decreasing ratios of R@A test
temperature influenced the resilient rabgs more than the effec
of RCA percentages

Chenetal., 2011

Fine aggregates powder as
filler

S.G=2.637

Properties of water sensitivity, high temperature properties
(dynamic creep) anfhtigue resistance were improved with littlg
decrease of lowemperature performance (crack resistance).

Cho et al., 2011

100% CRCA andFRCA,
100%CRCA+100% NFA,
100%FRCA+100% NCA

Mixtures with(100% CRCA and 100% FNAand (00%
FRCA+100% NCA showed good performance compared to tf
mixture withNA only in terms of indirect tensile strength ratio,
deformation strengttpermanent deformatioandITS. The
mixturewith RCA (100% coarse and 100% fine) showed not
good performance.

Zhu et al., 2012

CRCA & FRCA

CS.G=2.584
CW.A=6.76
F.S. G2.629
FW. A= 16.8

Pretreatment (preoating) method
to the coarse RCA by using liquid

silicone resin

Addition coarse RCA without treatment causes poor moisturg
resistance and low temperatdiexibility. The addition of treated
RCA work to improve thse properties. The addition of treated
RCA improves strength, absorption and adhesion with aspha
while it has a negative effect on permanent deformation at hig
temperature. However, mixture properties at high temperatur
are still acceptable.

Paandin and Pérez

2013

0%, 5%, 10%, 20% and
30% in size 4/8 mm and

8/16 mm

S.G =2.63,
W.A=5.08

Mixtures leftin an oven for 4hrs at

170°C before compaction

Resilient modulus, permanent deformation (up to 30%), fatigy
life (up to 20%), Marshall stabili showed good results with hig
stiffness and a strong dependence on temperature.

C.S.G= Coarse recyclamncrete aggregate specific gravity; F.S.G= Fine recycled concrete aggregate specific gravity; C.W.A= Coarse recy@eahgoegede water
absorption; F.W.A= Fine recycled concrete aggregatier absorptionRBM= Reclaimed building materials; RBM= Coarse reclaimed building materials
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x It should be noted that investigation of RCA impact on the volumetric properties of the
asphalt mixtures igarely found in the relevant literature, and heracepnsiderable lack
of knowledge in this area presently &4 s . In addition, to the
knowledge, there are no investigations that have examined the influence of treated RCA
on the volunetric properties of HMA mixtures.

x Globally, thereare limited studies involving the use of RCA in asphalttores, while
there are no studies about this topic in the Canadian literature. As the use of RCA in
asphalt mixtures has become a new topic @literature recently, the investigation into
the efect of moisture damage in RCA asphalt mixtures will benaovative topic that

will contribute to the global literature.
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Chapter 3
Research Methodology , Materials, and
Testing

3.1 Research Methodology

The oveall objective of this study is to investigate the use of CRCA as an alternative for
coarse NA in HMA accordintp Ontario specifications. This objective is achieved thraugh
number ofmajorgoals: the first goal is the assessment of improvingipalyandmechanical
properties of various CRCA typeslhe second goal is the evaluation of surface
microstructure of dfierent CRCA typesand the third goal ishe assessment of volumetric
properties of asphalt mixtures. The fountiajor goalis the assesnent ofthe application of

treated and untreated CR@Adifferent types in typical Ontario HMA mixtures.

A study d the literature indicated that there is an urgent rteegrify the impact of these
materials on typical Ontario HMA mixtures. Both thek ofinformation within the Province

of Ontario about the use of this type of material in asphalt mixtures, ahardgieeavailable
guantities of these materialsre the main reasons behind this urgent necessity. This study is
conducted to evaluate g¢hperfomance of several prepared samples in the University of
Wat er | oo éaboratory and viarious othiaboratores at the University of Waterloo.

This experimental program is designed to evaluate the mechanistic properties and
performance of typical OntaridMA mixtures with two different types of RCA at different
percentages with one type of NA. The research aslndes the study of physical, reral

and morphological properties of both untreated and treated CRCA. In addition, it evaluates
combinations ofdifferent treatment types, which includes two different types of acids,
various temperatures and two typesneéchanical treatment after the kiaion of each
separate type of treatment. The primary outlined test protocols for the characterization of

physical and mechanical properties of NA and CRCA cover various factors including
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gradation, specific gravity, wat absorption, ACV, flat and eloated, adhered mortar loss
content and MicréDeval abrasion. In addition, the primary test protocols for evalyahe
performance of the HMA mixtures include various tests such as ITS test, dynamic modulus
test, TSRST tdsand rutting test. The evaluatiof surface characterization of untreated and
treated CRCA and NA includes the use of advanced techniquesasu8&BM, XRD, and
EDAX. These techniques are utilized to examine morphological and mineralogical analyses.
The research structure and experiméntast combinations used to meet the outlined

objectives in this study are shown in Figurg. 3

3.2 Materials

OneNA type and one filler type (commonly utilized for preparing asphalt mixtures; namely,
dust plant) were obtaidefrom the Miller Group, and ongge of asphalt binder; namely, PG
64-28 was used. In this research, two different RCA types were utilized. RQvss
provided from a readynix concrete plant through the crushing process of concrete that has
unsatisfactoryproperties, performance, and agkence, RCA#1 can be categorized as fresh
concrete that has not been used in civil engineering works. Thedsegquoe RCA#2, is
classified as a granular A according to the Ontario provincial standard specifications
(OPSSMUNI 1010). RCA#2 was produced b$teed and Evans Limited in St. Jacobs,
Ontario. From the relevant literature, it has been previously repdrégdcoarse recycled
aggregate has a lower proportion of adhered mortar compared to fine recycled aggregate (De
Juan and Gutiérrez, 2009; Akbarhead et al., 2013). Accordingly, it is expected that coarse
recycled aggregate possesses higher quality prepgttius, its use is likely to be more
successful; than the fine recycled aggregate type. Hence, from therec@mal the potential
success pepgctive, enhancing the properties of a material that has a relatively high quality
in comparison with the podauality characteristics of other materials appears to be quite
reasonable. Based on the factors mentioned abibvee present investigation prinigr
focuses on the CRCA fraction in recycled concrete aggregate. In this investigation, the
CRCA is describedsathe fraction of RCA that is retained during sieving, ranging between
4.75 and 19 mm. The optical images of NRCA#1 & RCA#2 are shown in Figai3.2 (a, b,

and c), respectively.
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Figure 3.2: Optical images of NA & RCA types

3.3 Description of Test Protocols of Aggregate

In order to determine the suitability of aggregate types NA and RCA for pavement
construction and comparisobetween the properties of CRCA and NA, the physical
properties of all aggregate types are tested and evaluated in the CPATT laboratory at the
University of Waerloo. The CRCA is washed thoroughly, so that all noticeable impurities

such as wood chips andhets are removed. Then, the CRCA is dried in an oven at ’ID+5
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for 24 hours. Then CRCA is then cooled to room temperature before conduatingsv

types of treatments and tests. The tests on untreated CRCA are performed at room
temperature, whereas threated CRCA samples are subjected to different treatment types
and conditions. For acid treatment, the CRCA is soaked in 0.1 mole of adidiorséor 24

hours, then the sample follows the same required steps as the untreated CRCA for conducting
specifc tests. The CRCA aggregate is heated to the treatment temperatuf€ (350 °C,

500 °C and 750°C) for one hour, then the sample follow® thame requiredteps as the

untreated CRCA for conducting each specific test.

3.3.1 Specific Gravity and Absorption

The bulk and apparent specific gravity and water absorption testing of coarse NA and
untreated and treated RCA is conducted in accordance hétkest procedes outlined in

ASTM C127.The steps of this procedure can be summarized as the following:

1 Approximately 3 kilogramgkg) (which is the required weight for the test) of oven dry
aggregate of 19 mm size is sieved to remove any passingahasiéng a 4.7%nm sieve;

1 The sample is immersed in water for 24 + 4 hours at room temperature, then the excess
water is removed, after which the aggregate is dried with a towel to remove surface
moisture and ensure the aggregate has reached a sasudte dry condition (SSD)

and then the weight of aggregate in this cas

1 The sample aggregateilmmersed in water at a temperature 23 £°Z0n a basket, then

the sample is weighed in water ACO.

1 The sample is removed from the water aniéd in an oven at a temgure of 110 £ 5
°C, then it is cooled with air to room temperature for 1 to 3 hahes dry sample is
wei gAeASTM, 2012).

The results of this test can be calculated using the following equations:
YOO AR | O ORGD VO G 0 — éé .6.é. -1) 3

6NN OTIREDOQAAURDH QO &€ . & ééééé. . éé (32
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3.3.2 Determination of the Porosity

The porosity is calculated by the equation which is sathffom the literaturelepending on
waterdisplacement method by taking advantage of the resulte &pecific gravity test as in

the following equatiorfAbbaset al., 2009)

,,,,,,,,

DET ERQOP —— YO pTIEE é 6 é 6 é 6 .6.. 35

Where: Wop = weight of oven dry sample, $&b= weight of saturated surface dry

sample SGssp= specific gravity of saturated surface dry sample.

3.3.3 Abrasion Resistance

The method which is used to determine the abrasion arsestd aggregate is thdlicro-

Deval method. This method is used to evaluate the durability of aggregate under moisture
condition according to ASTM D 69280 (ASTM, 2010). The Micrdeval test is conducted
using the following steps and an image of the cewsdisplayed in Figurd.3.

1 Approximately 1500 + fgram @) (required weight for the test) of oven dry aggregate
which of 19 mm size is recorded as aweihtd and graded accordi

6928 standard using the following gradation:

Passing, mm Retained, mm Mass, g
19.0 16.0 375
16.0 12.5 375
12.5 9.5 750

1 The sample is soaked in 2.0 =+ 0.05 liters of tap water at 20& Br minimum1 hour
before conducting the test, then the soaking water which includes the sample along with
5000 + 5 g bsted balls are placed in the stainlesteel container inside the device. After
the lid of the container is closed, the device israped at 100 revolutions per minute for

two hours;
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1 The sample is removed from the device and poured over two typeves:g.75 mm and

1.18 mm, then the steel balls are separated by using a magnetic rod;

1 The retained samples on the sieves (4.75 mdnlab8 mm) are mixed together and then
dried at a temperature 110 PG, then the weight of sample is takého .

TheMicro-Deval abrasion loss is calculated using the following equation:

(5B

Figure 3.3: Micro -Deval device

3.3.4 Aggregate Crushing Value (ACV)

This method is used to determine the crushing value tiallypes of aggregate according to

BS 812110: 1990. The concept of this method is based on compaction of the loose aggregate
in the test cylinder through the applicatiohaoconstant load rateO4kN/min. The device

image is presented in FiguB4 while the application of this test is conducted using the
following steps:
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1 25 kg of the oven dry aggregate is sieved to obtain a required gradation between 19 mm
and 12.5 mm, thethe gradednaterial is divided into three samples which weigh 3 kg

each.

1 The stel cylindrical measure is filled with aggregate sample in three equal layers which

are tamped using a tamping rod 25 times for each layer.

1 The sample is transferred frometisteel cylidrical measure to the test cylinder after the

steel cylinder is plackon the base plate.

1 The surface of the sample in the test cylinder is levelled, then the plunger is inserted into
the cylinder. The uniform loadare then applied at a ratef 40 kN/min on the sample,
then the load is stopped when the total load of A0@skeached during 10 min + 30 s.

1 The crushed material is removed from the test cylinder after the load is released, then the

weight of crushed materi al is taken AMlo.

1 The crushedmaterial is sieved on a 2.36 mm sieve, then the weight of crushed materia
which passes from t he (Batler32®12nPokles2Z0BIv e 1 s t ak e

The ACV of the sample is calculated using the following equation:

/////////////////// sz

00w — priEméééééeéeéeéeeeceeece.é €638

The ACV of the aggregate type is calculated as an average for three samples.
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Figure 3.4: ACV testingequipment (Pickle, 2014)

3.3.5 Analysis of Adhered Mortar Loss

The method used to measure the amount of adhered mortar is adopted from Ismail and
Ramlié study (2013) because there is no standard test method in the standard specifications.
The amount of adhered mortar loss of CRCA is measured afteuctorgl two types of

treatment methods which are acid and heat treatment on both types of CRCA. This test is

conducted through the following steps:
1T500 g of oven dry wuntreated and treated CRCA

1 The sample is placed in the MieBeval device wh and without st balls for 15

minutes;

1 The sample is washed and sieved with a 4.75 mm sieve to ensure that only the coarse
aggregate is retained, then the sample is dried in an oven at 105°C for 24 hours and

wei ghed again AM2o0.
The adhered mortards for each aggretmis calculated by the following equation:

6 NI D@1 olE DIQI iRt 6——ééééééeééeéeeé. . &7)(3
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3.3.6 Freezing and Thawing

This method is used to measure the resistance of coarse aggregate to degradation under the

effect of repeated freezing and thawing in a sodalmoride solution. The results provided

from this test can help in judging the durability and strength of aggregate under the impact of

freezing and thawing, especially in the case of insufficient infoomdor the materials that

are exposed to real wéating circumstances in service records-@1, 2012). The test

procedure is summarized as follows:

l

For each type of dried aggregates (NA and CRCA#IRICA#), the required quantity of

each size fractioof aggregate was prepared according to th&1% 2012) specification.

The required quantity was represented by 500 g of 4.75 mm size fraction, 1000 g of 9.5
mm size fraction, 1250 g of 13.2 mm size fraction, and 2500 g of 19 mm size fraction.

The abovementioned weights were represented as an originsé.ma

The samples were kept fully saturated in a 3% sodium chloride solution in suitable jars,
then the jars were sealed with lids to prevent evaporation. The samples were kept at room

temperature in thisituation for 24 + 2 hrs.

The solution was drainddom the samples except a remaining amount of two or three ml,

the jars were sealed again.

The samples were maintained under the impact of daily cycles of freezing and thawing
for five days. The repealecycles were performed 8.0 + 2.0°C for freezng for 16 + 2
hr and approximately 8durs at room temperature for thawing.

To evaluate the mass of each size fraction of aggregate after drying, the samples were put
in the sieve shaker for a specifime as mentioned in the E&l4 specification. Therthe

mass was recorded as a retained mass after the test.

The percentage of loss for each fraction size of aggregate was calculated using the

following equation:

0AOAAT EAOA Z PTT T €3)
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1 Then to determine the weighted average fredmen loss the following procedure is
followed:
A Based on the total mass that is returbgdhe4.75 mmsieve(Step 1), the percemge
of each size fraction of the coarse aggregate aiasilated.
A Then, the Product was calculated through multiplying the percentage of each size
fraction of the coarse aggregate by the percentage of loss for the same size fraction.
A The percersige of weighted average of freeziigawing loss for a sample wa

evaluatedy taking sum of the calculated produatsidividing by 100.

3.4 Description of Treatment Methods of CRCA

This section describes the treatment methods used to enhance the physical properties of
CRCA.

3.4.1 Pre-Soaking in Acidic Solution

The oven dy untreatedCRCA is soaked in an acidic solution composed of HCI (37%) and
CoH402 (99.7%) obtained from Sigmaldrich at a low concentration of 0.olar
concentrationM) for 24 hours at room temperature around°@0 A low concentration of
acidic soluton is chosen to provide a suitable acidic environment for CRCA without an
influence on the RCA quality. The CRCA is submerged in distilled water and drained to
remove acidic solution, then the samples are dried at 106ter 24 hrs to prepare for
testingas slown in Figure 4. The treatment method using strong HCI is adopted from the
literature (Tam et al., 2007; Ismail and Ramli, 2013; Purushothaman et al., 2014), whereas,
there is no mentioned use ofHGO; in the literature studies.
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Figure 3.5: Pre-soaking treatment procedures forrecycledconcreteaggregate (Tam et
al., 2007).

3.4.2 Heat Treatment

The oven dry untreated CRCA samples are heated at four different temperaturés: 250

°C, 500°C and 750CC for a period of one hr in a conventional electric oven.

3.4.3 Short Mechanical Treatment

The oven dry samples of untreated and treated CRCA are placed in theDdiabdevice

for 15 minutes in dry condition. This method is used in two diffeteciiniquesThe first
includes the use of 5000 g of steel balls with the sample while the second technique is
applied without steel balls. The sample is washed and sieved with a 4.75 mm sieve to ensure
that only the coarse aggregate is retained, therathels is died in an oven at 10%C for 24

hrs, after which the sample is used for various tests.
3.5 Surface Characterization of CRCA

3.5.1 Scanning Electron Microscopy (SEM) and Dispersive X-ray Analyzer
(EDAX)

The microstructure surface morphology, ITZ and chamimomposion of CRCA are
investigated at Waterloo Advanced Technology Labora(WATL) at the University of
Waterloo using SEM (Zeiss Ultra plus microscqome)d EDAX, respectively. To carry out
SEM and EDAX, the specimens of approximate 10 mm siz@rayared, ded and coated

with a thin layer of gold. The specimens are analyzed under an accelerating voltage (20 kV)
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at various working distances and magnification factors for SEM analysis, whereas EDAX
samples are examined at an accelerating voltagg0dtV and DOx magnification. The
specimens included untreated and treated CRCA with diverse treatment types and

temperature conditiongheopticalimage of SEMs displayed in Figur8.6.

Figure 3.6: Optical image of SEM.

3.5.2 X-Ray Diffraction Analysis (XRD)

XRD analyses werperformed using Panalytical Empyreagffractometer equipped with
Cu-X-ray tubeanda PIXcel3D detectoroperated at 45 k\and 40 mA Eachsample was
loaded into two XRD sample holders (withdiameter of 27 mm) by using batkading
technique Datawerecollected in BragéBrentano geometrwith a continuous scaover the

2 dange betweeb-120° with a step size dd.01° For each sampld0 repeated 2hscars
wereperformed and summed up for data analysresponding to a total acquisition time of

20 hr.Theoptical image of XRDs displayed in Figure.3.
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Figure 3.7: Optical image d XRD analysis

3.5.3 Characterization of Intermix Phases

To distinguish intermix hydrate phases rich in calcsilicate hydrate CSH, high calcium
hydroxide (CH) and monosulfate (AFm), thelldaving criterion was used in this
investigation (Erdem et al., 201Pragardh, 1999):

CSHphase 0 Ca#SiOQ.5,(Al+Fe)/Ca00.2
CHphase C a103Al+Fe&)Ca00.4

AFmphase C a4, @li+Fe)ica>0.4
3.6 Description of Test Protocols of HMA

3.6.1 HMA Superpave Mix Design

HMA Superpave mix design was performed according to AASHTO R 8)006). The
design equivalent to a singsxle load ranged between 10 and 30 million. The main
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characteristics of the design procedure can be simply explained in the following brief
descripions. The design gyration level 4§ was 100, whereas the maximum gyratievel

(Nmay was 160. The viscosity of 1.7 Poises and 2.8 Poises were established to define the
mixing and compaction temperatures, respectively. Aggregate gradations of HMAepegci
were individually prepared. After asphalt binder addition and mixingnpkss were
maintained for two hours at the compaction temperature to simulatetstmraging and
ensure the asphalt binder absorption by the aggregates. The samples wereyrasiad b

drum mixer. The mixing temperature was &3 whereas compactiorrmperature was 150

°C. Compaction was performed by using a Superpave gyratory compactor as showmen Fig
3.8. A picturefor the samplesfter compaction is presented in #ig 39. For the included
CRCA mixtures, four proportions (0%, 15%, 30%, and 60f&ye added as a partial
substitute for coarse NA, then mixes were prepared by following the same previous design

procedure.

Figure 3.8: Superpave gyratory compactor
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Figure 3.9: Some of the compacted specimens used in the study

3.6.2 Mechanistic Properties of HMA Mixtures

The HMA mixture behavior anchechanistic properties will be tested through the application
of various tests such:as

1 Indirect tende strength

1 Dynamic modulugest

1 Thermal stresgestrainspecimenest (TSRST)and

1 Hamburg wheel rut test (HWRT)

3.6.2.1 Indirect Tensile Strength Test (Modified Lottman Test- AASHTO T283)

The adoption of this method was by AASHTO in 1985. It was &alhigccepted method
from many states and transportation departments therefore it was appliedSupérpave

mix design pocedures to evaluate moisture susceptibdityasphalt mixturesThe ITS was
determined for mixtures that included both types of @R@ntreated and treated with
various treatment methods in accordance with AASHTQ83 method. By using a
Superpave gyratg compactor with a height of 95 £ 5 mm, the samples with air voids of 7%
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+ 0.5 were compacted. The compacted samples were divittetivim main groups in which
three specimens for each group; namely, unconditioned (control) strengths and conditioned
strergths. While the test temperature and loading rate vi2&e€C and 50 mm/min,
respectively, for the unconditioned samples, the othedrepns were applied for moisture
conditioning. The conditioning firstly includes achieving a saturation between 70% %nd 80
for the samplesAt a minimum period of 16 hrs, the samples then were placed in a freezer at
a temperature ofl8 = 3°C. After thd, the specimens were placed in a hot water bath at 60
+1 °C for 24 +1hr. After the hot water bath, the samples were kepa water bath at a
temperature of 25 +0.8C for 2 hrs £10 mins before the specimens were prepared for testing.
Thus, the TSRratio was determined by dividing conditioned strength unconditioned
strength.Accordingto the standard OPSS 1182007), theTSR value should be more than
80%. The ITS and TSR are calculated using the following equai{Sotimanian et. al.,
2003; Zollinge, 2005):

OY'Y— éeeeéééeeeceééeee (9B

z

Where: ITS = indirect tensile strength, kPa; P = imaxn load, N; t = sample thickness

before test, mm; D = sample diameter, mm; ‘ard3.14.
YYY ———ééééééééeééé (310
Where: TSR = tensile strengtatio; ITScon. = tensile strength of conditioned; [Insn. =

tensile strength of unconditionethe optical image ofmaster load device for measuring ITS
is displayed in Figure 3.10.
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Figure 3.10: Indirect tensile strength test setup

3.6.2.2 Hamburg Wheel Rutting Tester (HWRT)

It is known that pavement rutting represents one of the serious types of asphalt road distress
that can influence theaety of the road and quality of ride, especially when its depth reaches
critical values (Walubita et al., 2012; Oufa & Abdolsamedb, 2016). In this research, the
HWRT was used to examine the rutting resistance of the asphalt mixtures using the
AASHTO T 32404 standat. The application of HWRT test typically simulates the impacts
both of vertical compression and horizontal compaction generated by a wheel that runs over
the asphalt pavement (Lee et al., 2012). In this study, the test was conducted for four
replicates fo each mix to obtain reliable results. By using a Superpave gyredonpactor,

each mix was compacted with a height of 63 £ 2 mm and air voids of 7 £ 2%. Under the
influence of a solid steel wheel with an equivalent load of 705 + 4.5 N, thelesamere

tested in a hot water bath at 80 for 10,000 cycles, approximately equivalent to 20,000
passes, or until the rutting depth reached 20 mm (Asphalt Institute, 2010). To evaluate the
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rutting depth, linear variable differential transducers (LVDWs)e applid for realizing the

depth undethe impact of wheel loadss shown in figur8.11

Figure 3.11: CPATT HWTD testingsetup.

3.6.2.3 Shear Flow of HMA Mixture

To obtain a better understanding of theuefice of theCRCA type on the rutting resistance

for the HMA mixtures, the shear upheaves on the rutting sides was evaluated. To examine
the shear upheave, the following method was used. By using simple techsigle as
rutting bar, the total rutting dép was firsly determined and nameal ¢ 6 & & . The
application of this procedure simulates the method used to evaluate rutting depth in the field.
As previously discussed, the rutting tlegvas measured in the lab using the HWRT test. The
obtained value was nameil ¢ & . The shear flow, known also as lateral creep, was
calculated by taking the difference betweae 0 @ a anda & @ as in the
following equation. A schematic drawing tiie method used to evaluate shear flow is
provided in Figure3.12.

DG QOB O Q0 £ 0 Oa &0 6666 3L
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Figure 3.12: The procedure used for evaluating shear flow (upheave): (a) Total rutting
depth measured with a rutting bar (Shaheen et al., 2017)b) Rutting depth evaluated
in the field (Shaheen et al., 2017)and (c) Rut profile example (Gul, 2008).

3.6.2.4 Dynamic Modulus Test

Based on AASHTO R 302 (2010), the loose HMA mixtures were exposed to a gbort
condition at 135°C for a period of four hrs before compaction to simulate the plant mixing
and placement effects. In accordance with AASHTO TROB2specification, theest was
carried out to characterize stiffness for HMA mixtures at different temperatafesi( 21.1,

37, and 54.4C) and various load frequencies (25, 10, 5, 1, 0.5, 0.1Hz)ateldvemperature
and low frequencies are regarding with slow movementraffic, which represent the
conditions for rutting. At low temperatures, the mixtures were evaluated for thermal
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cracking, whereas the fatigue cracking of the mixtures was examihechoderate

temperatures.

Using a Superpave gyratory compactor, the cylagad specimens were compacted. Then, the
specimens were cored and cut into dimensions of 150 mm height and 100 mm diameter with
air void content of 7 £ 1% as shown in Fig@t&3. A master curve was used to evaluate the
dynamic stiffness (MPa) versus thedluced frequency (Hz). FiguB14 shows the dynamic
modulus test setup in CPATT.

5 NN

Figure 3.13: Coring procedure and thegyratory compacted specimen before and after

cutting.
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Figure 3.14: Typical dynamic modulustest setup

3.6.2.5 Thermal Stress Restrain Specimen Test (TSRST)
Based on AASHTO R 302 (2006), the loose HMA mixtures were exposed to a sieont

condition at 135C for aperiod of four lours beforecompactiorto simulate the plant mixing
and placement effects. An asphalt shearbox compactor (PReSBOX) wdse ueatpact the
beam specimenthat were approximately 390mm x150mm x130mm in length, height, and
width, respectively. Then, the beams were-saivinto TSRST specimens with approximate
dimensions 250mmx 50mm x 50mm at air voids of 7td86shown in Figur&.15, that
represent the typitaalues for compaction (AASHTO TP 4B 1993, NCHRP 2007). The
TSRST test was performed in accordance with AABHTP 1093 (1993). The test
specimens were conditioned afG in anenvironmental test chamber for siguns bdore
starting the test. An indl tensile load is applied to the compacted beam specimens.
Simultaneously, the specimen is exposed to a canstaoling rate of-10 °C/hr and is
restrained from the contraction by-establishing the initial length of thgpecimen.The
optical image othe TSRST test setup is shown in Figure 3.16.
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Figure 3.15: Saw-cut TSRST beamprocedure and thecompacted asphalt beam before

and after cutting.

Figure 3.16: Typical TSRST test setup
80



Chapter 4

Evaluation of Various  Treatment M ethods
for Enhancing the Physical and
Mechanica | Properties of Corse Recycled
Concrete

In this chapter, the obtained findings of CRCA#1 have been publighig Construction
and Building Materials Journal (Aayati et al., 2016). The outcomes of CRCA#2 have been
presented at the Transportation ddation of Canada (TAC) Conference {Batayti et al.,

2016).

4.1 Particle Size Gradation

As mentioned earliethe present study mainly focuses on the CRCA fraction in RCA. In this
research, the CRCA is described as the fraction of RCA that is retained) digving,
ranging between 4.75 and 19 mm. The obtained sieve analysis of NA aneérdifRCA

types is givenn Figure 4.1.

4.2 Properties of NA and RCA before Treatment
After utilizing different tests and protocols, the obtained results of the physichl a
mechanical properties of NA amtifferent types oluntreated CRCA are presented irblea

4-1.

81



120.0  —e— Natural aggregate I I 4.75<CA <125

/

—o— RCA#1
100.0 RCA#2

80.0 f

60.0 f

40.0

Percentage of passing

200

0.01 0.1 1 10 100

Sieve size (mm)

Figure 4.1: Particle size gradations of NA and RCAtypes

Table 4-1: Physical and Mechanical Properties of NA and Untreated CRCA Types

Untreated Untreated

Aggregate Propertieg Aggregate Types NA CRCA#1 CRCA#?
Bulk Relative Density (BRD), (ASTM C 127) 2.658 2.295 2.421
Absorption, %, (ASTM CL27) Physical 0.8 5.91 3.74
Fractured Particles, %, (ASTM D5821) Properties  95.5 89.9 95.7
Flat & Elongated, %, (L$08) 0.95 2.87 0.44
Micro-Deval Abrasion Loss, %, (ASTMD6928 15.89 23.57 16.03
Adhered Mortar, %  With Steel Ball _ - - 2.53
Without Steel Ball '\I’fr’ggzpt'l‘é";" i 3.02 1.08
Aggregate Crushing Value (BS 882) 19.48 27.42 23.28
Freezing & Thawing (LS614) 17.4 18.03 15.04

4.2.1 Physical Properties of NA and CRCA before Treatment

In terms of physical properties, namely, bulk relative density (BRid)veater absorption, a
considerable difference is registered between NA and both untreated CRCA#1 and untreated

CRCA#2 as bown in Table 41. Additionally, the findings indicate that aigmificant
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difference is highly noticeablbetween CRCA#1 and CRCA#8 the physical properties.
The existenceof adhered mortar on the RCA is theaim reason behind thdifference.
Adhered matar, which has a higher porosity than NA, results in the RCixgbenore
susceptible to absorbing more water compared to(AlABayati et al., 2018 It has been
previously found that the presence of adhered mortar can lead to @tbnedsr absorption,
decrea®d density, and lower bond strengitWong et al., 2007). Wle the value of water
absorption that can generally range betwe@3@is 0.8%, the water absorption of untreated
CRCA is considerably higher with values of 5.91% and 3.74% for CRCA#1 and\&ERC
respectively. These findings confirm the outcomes of poms investigations which
demonstrated that the absorption capacitRGA is significantly higher thaNA (Wu et al.,
2013; Butler et al., 2013a; Pasandin & Pérez, P0A&ignificant differewe regarding the
BRD property between NA and both of untrea®RICA types is also noticeable with a value
of 2.658 for NA and valuesf 2.295 and 2.421 for CRCA#1 and CRCA#2, respectivily.
more detailed discussion related to the BRD and water absorptovidedin the section

of mainproperties otreatedCRCA.

4.2.2 Mechanical Properties of NA and CRCA before Treatment

With respectto mechanical propertiesnamely, freezing and thawing, abrasion loss,
aggregate crushing value, and adhered mortar \@$us aspects can be observed as
presented in Table-#. For freezing and thawing, it is important to note that a small
differenceis registered between NAnd untreated CRCA#1 with values of 17.48ad
18.03%, respectively. Surprisingly enough, untre&BLA#2 has a lower value for freezing
and thawing with a value of 15.04% compared to the value of NA. As it is widely known,
this test is considered as a meaes of loss of aggregate strength and cohesion under the
impact of repeated freezing and thawicgrles. Hence, it has a high importance for the
countries that have extreme weather conditions, more precisely, drastic changashe&r we
conditions. Suchegonsinclude Canada, USA, Western Europe, and RuBsised on this,

the obtained results can bBpplied to the durability properties of CRCA, and this represents a
critical factor for RCA applications in the abereentioned counmies.
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Testing of abrasiomesistance for a certain aggregate type generally refers to the durability
and strength of aggrate under wet conditions. This test is widely used for evaluating the
hardness and abrasion resistance of aggregates. Generalymaimipercentage of abrasi

loss indicates that lower amounts of adhered mortar are lost and vice versa. It is intEresting
note that the abrasion loss values of both NA and untreated CRCA#2 are almost equal, with
15.89%,and 16.03%, respectively. In atrast, asignificantdifference is observed between

NA and CRCA#1The obtained results suggéisat CRCA#2 has a higdegee ofhardness

and strong resistance to deterioration. To obtain a better understanding, the results are further
evaluated by compaon with previous studieas shown Figure .4. Though literature
studies indicate various values of abrasion loss, iemahstrated that the majority of RCAs
have an abrasion loss of approximately 35%5%. Compared to the RCA literature, the
graphicaldata revealed that theralsion loss of CRCA is quite low, indicating strong types

of CRCA, especially CRCA#2. This conslon is strongly supported by variowsher

results

Adhered mortar loss is an important issue. It is known that adhered magaefers to an
amount of attached mortar that could be removed from the RCA surface using different
mechanical methods andrious chemical techniques. By using a mechanical adettith

two different techniques, the Miciideval device was used to evaluatthered mortar loss of
CRCA surface. It is important to note that the percentage of adhered mortar loss from
CRCA#2 was oly approximately 1.1% under no impact, and 2.5% undeirtipact of steel

balls. In contrast, with no impact of steel balls, the @atage loss of adhered mortar for
CRCA#1 was 3.0%. The obtained values also indicate a type of CRCA that has a strong
resigance to degradation. Hence, these findings stronglypastipthe results of other

mechanical tests.
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Figure 4.2: Abrasion loss of untreated CRCA compared with some available RCA

literature studies.

Another important issue is the strength of aggregate.rergé aggregate strength represents
an important factor for concrete, padiarly high strength concrete, and frequently traveled
asphalt pavements. Thus, the influence of aggregate strength siodudd neglected when
evaluating the strength ofCPconcrete and asphalt pavements. BS {81Q) evaluates the
relative strength of ggregate inconcrete andseems to be a quite reasonable option for
determining aggregate strength (British Standards titistn, 1990). Based on BS
(882:1992), the applicats of different aggregate types are categorized according to
maximum crushing vaks of various aggregate kindssi®wn in Table €. An important
difference is recorded in the ACV values for NA andreated CRCA types with an
approximate value of 19.5%r NA and approximate values of 27.4% and 23.3% for
CRCA#1 and CRCA#2, respeatly. Depending on the abowveentioned categorization, the
outcomes indicate that NA and untreated CRCA#2 can be usee jpratiuction of concrete

that is utilized in heawguty applications. Meanwhile, untreated CRCA#1 is suitable for
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pavement wearing siaices according to the same classification. These findings also
emphasize the obtained results of previous mechanicatipiepthat refer to a strong type of
CRCA.

Table 4-2: Aggregate Crushing ValueClassifications Based on BS (882:1992)

ACV Applications

< 25% Aggregate could be used in the production of hehuy
concrete floor finishes

Between 25%80% Aggregate typecould be utilized inthe concrete used fc
pavement wearing surfaces

Between 30%15% Aggregate could be utilized in concrete used for o
applications

4.3 Effect of Treatments on Physical Properties of CRCA

4.3.1 Influence of Treatments on Absorption and Specific Gravity

Table 43 shows the obtained results of water absorption, specific gréBRYD), apparent
specific gravity andoulk relative density (SSDfor various CRCA types after applying
different treatment types and conditions. It is vikelbwn that there is an inverseagbnship
between density and the water absorption for CRCA dubké presence of attached mortar,
which results in higher water absorption, lower density and weaker bond strength (Wong et
al., 2007). Therefore, the watabsorption of CRCA increases dsetattached mortar
increases (Butler, 2012). It is well known rimothe literature that the use of treatments
improves CRCA quality through increasing density and decreasing water absorption,
depending on treatment type amdatment condition (Tam et aRP07; Ismail and Ramli,
2013; Guneyisi et al., 2014). The reswt®w that the applied treatments, heat treatment and
acid treatment, have effectively removed a great portion of cement mortar from CRCA,
which helps to impove the density and absorption@RCA. Similar findings were reported

by other researchers (Shiregal., 2005; Tam et al., 2007; Sui and Mueller, 2012; Ismail and
Ramli, 2013; Guneyisi et al., 2014). As can be seen in TaB|édth types of CRCA exhib

the same behavior in responedtie two types of heat and acid treatment. The heat treatment
for CRCA#1 and CRCA#2 has a maximum influence at 350 which results in higher
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specific gravity, apparent specific gravity, SSD and lower absorption witipproximate
decrease of 9.5% and. 23% for water absorption of CRCA#1 and CRCA#2, respectively.
Regarding acid treatment, HCl has more effect than acetic acid on both types of, CRCA
generating aecrease of 4.23% and 10.43% for water absorption for CRGA#LCRCA#2,
respectively. It is lso observed that the results of specific gravity and water ptimorat
500°C and 750°C for both types of CRCA are in contrast with the other results. This
indicates that the exposure of CRCA to thermal expansion arse@o@nt internal stresses
highly dfected the mechanical performance of concrete in the temperange between
400°C and 60C0C. CRCA suffers from decarbonation (the release of carbon dioxide) which
causes severe microcracking of the cement matrixdstv60C and 80C°C (Vieira et &,

2011). Therefore, CRCA suffers from degradation, and thexrdisakdown and mass loss of
concrete particles due to exposure to high temperatures (Gupta et al., 2012; Wong et al.,
2007).

Table 4-3: Infl uence of Treatments on Specific Gravity and Water Absorption for rious
CRCA Types

Bulk Relative Apparent Bulk Relative

CRCA Treatment/ Property Density (BRD) Specific Gravity Density (SSD)
CRCA#1 CRCA#2 CRCA#l CRCA#2 CRCA#1 CRCA#2 CRCA#l1 CRCA#2

Absorption*, %

Untreated CRCA 2.295 2421 2.638 2.662 2.425 2.512 5.91 3.74
TreatedCRCA heat at 250°C 2.309 2.436 2.648 2.668 2.437 2.523 5.54 3.57
TreatedCRCA heat at 350°C 2.334 2.454 2.667 2.672 2.458 2.536 5.35 3.32
TreatedCRCA heat at 500°C 2.254 2409 2.623 2.659 2.394 2.503 6.25 3.90
TreatedCRCA heat at 750°C 2.302 - 2.652 - 2.434 - 6.73 -

TreatedCRCA soaking in @H4Oz 2.299 2.431 2.651 2.663 2.432 2.518 5.79 3.51
TreatedCRCA soaking in HCI 2.305 2.452 2.651 2.671 2.435 2.534 5.66 3.35

* The MTO OPSS 1003 specification limit is 2.0% Max.

To obtain a be#ir understanding, the obtained findings are further assessed. The behaviour of
both water absorption arapparent specific gravity are graphically plotted in Figures 4.3 and
4.4. Within thetemperature range between 2D and 350°C, the outcomes indicate good
relationship between these properties and the temperature of treatment is observed. However,
heattreatment at high temperatures that range betweerf@G%hd 500°C has a negative

influence by lowering apparent specific gravity and increasing \aasorption. Moreover, it
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can be clearly concluded that these characteristics have an opposite behavidhevheat

treatment method is used.
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Figure 4.3: Behaviour of water absorption through heattreatment
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Figure 4.4: Apparent specific gravity through heat treatment

4.3.2 Influence of Treatments on Porosity

Generally, a lgght porosity improvement for different types of CRCA is obtained after the
different treatment types are applied. However, a significant reduction in porosity is recorded
for heat treatment at 35 with approximate reductions of 8% and 10.3% for CRCA#d
CRCA#2, respectively. Interestingly, it is observed that there is a weakno#uwith acid
treatment on the porosity of CRCA#1 with a decrease of only 3.7% and 1.6%fanid
acetic acid respectively as shown in Tablé. 4n contrast, a signific improvement in the
porosity of CRCA#2 was obtained after the same almo@stione acid treatment types with
approximate decreases of 9.9% and 4.4% for HCI and acetic aatcthérat, respectively.
However, acid treatment with strong acid appears to be mibective than weak acid for
improving the porosity of CRCA. At higher tempenas above 350°C, it is also
demonstrated that heat treatment has a negative influence pordsgy of CRCA. This was
found for both CRCA types.
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Table 4-4: Porosity Percentage of CRCA withDifferent Treatments

Porosity, % Porosity, %

CRCA Treatment Type RCA#] RCA#D
Untreated CRCA at 2C 13.56 9.1
Treated CRCA heat at 250 12.80 8.7
Treated CRCA heat at 350 12.48 8.16
Treated CRCA heat at 500 14.10 9.4
Treated CRCA heat at 750°C 15.35 -
TreatedCRCA soaking in eH4O; 13.34 8.7
Treated CRCA soaking in HCI 13.06 8.2

4.4 Effect of Treatments on Mechanical Properties of CRCA

4.4 1Influence of Treatments on Abrasion Resistance

An abrasion resistance test for aggregate matenessureshe durability ofaggregate under

wet conditions. The obtained results after one cycle of the abrasion resistance test in the
Micro-Deval device are shown in Figuréb4Generally, a highgpercentage of abrasion loss
corresponddo losing greateramountsof adhered mortarFor both CRCA types, it can be
observed that CRCA without treatment has a lower percentage of abrasion loss compared to
CRCA that underwentarious treatment types. Thiedicates thatreatment results i
positive effectwith respectto the remowal of attached adhered mortar from CRCA. The
obtained outcomes demonstrated that there is a significant difference in the percentage of
loss between the types of CRCA. Howeug results indicated that CRCA#2 hasoweér
percentage of loshian CRCA#1. Compad to untreated CRCA, the percentage of loss for
CRCA when treated with heat at 28C and 350°C increased by 4.8% and 18.3% for
CRCA#1, whereas the percentage of abrakies increased by 4.5% and 11% for CRCA#2

at the same temperatgreFor high tempatures, the test results also showed that there is
considerable difference in the percentage of abrasion loss, increasing for CRCA which, when
treated with temperatured 500 °C and 750°C, reached 54.6%, 112.2% for CRCA#1 and
64.1%, 1417% for CRCA#2, repectively. Therefore, the results of abrasion resistance tests
at 500°C and 750°C confirm water absorption behaviour at the same temperatures. The
aggregate types suffmt from thermal expansion followed by internal stresses due to

exposure to high tengrature between 400 and 600°C (Wong et al., 2007; Vieira et al.,
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2011; Gupta et al., 20LZThere is serious microcracking of the cement matrix as a result of
the decdsonation process when the material is exposed to a highgperature range
between600 °C and 800°C (Vieira et al., 2011)As a result, breakdown of material and
mass loss predominantly occurrddadng to easy removal of adhered mortar under the
influence of steel ballsn the MicroDeval test. For acid treaent, soaking in the low
concentration of HCI solution increased the percentage of abrasion loss by 7.4% and 5.1%
for CRCA#1 and CRCA#2, respectively. Previous research from Ismail and Ramli (2013)
confirmed that HCI has the potential to remove the loodber@d mortar. It is intesting to

note that the treatment with weak acid solution had no impact on the percentage of abrasion

loss of CRCA#1, whereas the percentage of loss was 9.48% for CRCARtluis same

acidic solution.
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Figure 4.5: Micro -Deval abrasion loss throughdifferent treatment types

The abrasion loss behavior through heat treatment is presented for both CRCA types in
Figure 46. For different CRCA types, the obtained results demonstth&gdbrasion loss is

strorgly correlated with the temperature of heat treatment due to obtaining an optimum
regression. Although there are different CRCA types, a polynomial equation obviously

reflects the behavior of abrasion loss through this typeeafrtrent.
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Figure 4.6: Behaviour of abrasion loss throughheattreatment.

4.4.2Influence of Treatments on Freezing and Thawing

Theexperimental results after five cycles of freezing and thawing are illustrated in Fable 4
It shows thee is animprovement in the resistance of freezing and thawing of CRCA after
various treatment types. However, a significant improvement is regigtertee acetic acid
treatment to the resistance of freezing and thawing which is decreased by moré%an 1
wheras the resistance of freezing and thawing is lowered by onlwi#¥41Cl treatment. In
addition, it can be observed that heat treatment af@xhhanced the resistance of freezing
and thawing by 9.0% which is decreased to only 3.0% when thestatupe eached 350°C.

In contrast, resistance to freezing and thawing isr@ased by 16.0%ecording a negative

influenceon these parameteia heat treatment type at 500.

Table 4-5: Freezing and Thaving Percentage of CRCA#1 with Different Treatments

CRCA Treatment Type (%) Percentageof Loss
Untreated CRCA at 28C 18.03
Treated CRCA heat at 25C 16.40
Treated CRCA heat at 35C 17.56
Treated CRCA heat at 50C 20.99
Treated CRCA soaking i@,H40> 15.09
Treated CRCA soaking in HCI 16.77
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4.4 3 Influence of Treatments on Adhered Mortar Loss

The obtained results of adhered mortar loss and its behavior through heat treatment were
further analyzed and presentedFigures 4.7 and 4.8, respectiveys mentimed earlier in
theabrasion loss section, the amounts of adhered mortar loss thoroefigtythe results of

the abrasion loss test, which can be defined as resistance to mechanical abrasion,
consequently it is highly related durability charateristics. The obtained findings revealed

that untreated CRCA has a minimum percentage of adineoedr loss compared to CRCA
treated with different treatment types. Thiglicatesan effectiveoutcomefor different
treatment methods on removing adheredrtar fom the CRCA surface at various
percentages. Generally, CRCA#2 hasrmaaller adhered mortaloss less than CRCA#1.
Among the test results, CRCA#1 treated with acetic acidaateinperatureof 350°C has

very close values: 3.92% and 3.98%, respegtiv@imilarly, CRCA#2 treated with the same
treatments has relatively convergent values: 2.61 2d@, respectively. One may also
observe that the adhered mortar loss for CRCA#1 treated with HCI acid is 4.56%. As
mentioned in abrasion resistance results,abramn loss was increased by 18.3% and 7.4%

for CRCA treated witha temperatureof 350°C andHCI solution, respectively. This
behaviourwas also found for CRCA#2. This indicates that there is an inconsistent result
regarding abrasion loss and adhemsattar bss. This is becausematerial which has a high
percentage of abrasion logsually hasa high adhered mortar loss. This could be explained

by the fact that there is a noticeable difference between the two tests. The abrasion loss test
uses watenvhereaghere is no watepresenduring the operation of the adhered mortar loss
test. The assuaption is that the water fills CRCA pores, creates a layer when pores are
saturated, and works as a lubricant filnreéduce friction during the abrasion tdstis noted

that there is a relationship between temperature and adhered mortar loss, wieiakescr
with rising temperature for both types of CROA.terms of the values of adhered mortar
loss, a significant difference is also observed between th€R@A types as can be seen in
Figure 4.8.
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4.5 Relationship between Physical and Mechanical Properties

Figures 49 and 410 demonstrate the relationship between water absorption of CRCA and

abrasion loss and resistance to freezing and thawing under impact of heat treatment.
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Complicatedand ronlinear relations are obtained that obviously reflect the behaviour of
these charactistics. A considerable correlation thoroughly indicates a strong connection
between water absorption and two different mechanical properties. Figurshbws the
relaionship between porosity and durability of CRCA in terms of abrasion loss. It is
obsenred that there is a second order equation with a significant regression which indicates a
strong connection between physical property and other mechanical factorsly porosity

and abrasion loss under the effect of heat treatment. As a result, arly dleticeable that
physical properties of CRCA including porosity and water absorption are strongly correlated
with durability characteristics in terms of resaiste 0 freezing and thawing and resistance to
abrasion.
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Figure 4.9: Relation between absorption and abrasion loss through heat treatment

(Al-Bayati et al., 2016a).
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4.6 Summary of This Chapter

This chapter focused @ssessing the effect of various treatment techniques on enhancing the

physical and mechanical properties of two different RCA types. The main findings of this

chapter arelsmmarized as follows:

i

Compared to NA, a significant difference is registered between NA and both types of
untreated CRCA in terms of physical and mechanical properties.

Compared to untreated CRCA, an important improvement is registered in the physical an
mechanical propertgeof both types of treated CRCA due to the utilization of different
treatment techniques.

A significant difference is highly noticeable between CRCA#1 and CRCA#2 in regard to
physical and mechanical properties. The amount of adheoedmon the RCA andhe
original parent of aggregate used in RCA are the main reasons behind this difference.

The acid treatment at low concentration is an effective technique to enhance the physical
and mechanical characteristics of CRCA; however, pipdication of this métod depends

on the used acid type due to the corrosive influence on the aggregate surface. Therefore,
the use of weak acid is more effective and suitable for all aggregate types.

In terms of water absorption, HCI has more effect thaatic acid on both RCA types,
registering a percentage reduction of 4.23% and 10.43% for CRCA#1 and CRCA#2,
respectively.

Of different treatments, the heat treatment3&0 °C had a maximum influencewith
respect toenhancingvarious CRCA properties. fis method leads to increasspecific
gravity and lower water absorption with an approximate decrease of 9.5% and 11.23% for
CRCA#1 and CRCA#2, respectively.

With respectto the porosity of RCA, the findings show that a significantuetibn in
porosityis recorded for heat treatment at 38D, with an approximate reduction of 8%

and 10.3% for CRCA#1 and CRCA#2, respectively. Interestingly, it is observed that there
was little influenceof acid treatment on the porosity of CRCA#1 witbccease of only

3.7% and 1.6% for HCIl and acetic acid respectively. In contrast, a significant

improvement in the porosity of CRCA#2 was obtained after the same -atmv@ned
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acid treatment types with approximate decrsadged.9% and 4.4% for HCI andcatic

acid treatmet) respectively.

I The obtained results dhe abrasiontest suggest that CRCA#2 has a lower amount of
attached adhered mortar to aggregate surface.

1 For acetic acid treatment, a significant improvement was recorded for the resistance to
freezing and thawigp with a decrease of more than 16%, whereas this characteristic is
lowered by only 7% with HCI treatment. Meanwhile, heat treatment at 250°C enhanced
the resistance of freezing and thawing by 9.0%.

I The application of ACV isa useful test to obtain a goodaegorization for RCA
applications.

1 Physical properties of CRCA including porosity and water absorption are strongly
correlated with durability characteristics in terms of resistance to freezing and thawing

and resistance tbrasion undaheinfluenceof heat treatment.
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Chapter 5
Influence of the APPLICATION OF THE
combination of various treatment TYPES
on ENHANCING THE properties of CRCA

In this chapter, the obtained findings of CRCA#1 have been published in the Construction
and Building Materials@umal (Al-Bayati et al., 2016). The outcomes of CRCA#2 have been
presented at the Transportation Association of Canada (TAC) ConferenBeté4xti et al.,

2016).

5.1 Influence of Combination Approach on Physical Properties

5.1.1 Effect of Combination Approach on Absorption and Specific Gravity

Tables 51 and 52 summarize the results of water absorption and density for both CRCA#1
and CRCA#2 aftetthe adhered mortar loss test. These results represent two stages of
treatment: the first stage included the acid hed treatment, whereas the adhered mortar
test or short mechanical treatment was performed in the second stage, which was conducted
usingtwo different techniques witand without steel balls. Therefore, comparison with the
untreated CRCA is an equitatdeduationof diverse conditions and methods.

In general, compared with untreated CRCA, there is a substantial improvement in both the
speific gravity and water absorptiaf the two types of CRCAThe outcomes also revealed

that the type of mechanicadmique usedo alterthe water absorption of CRCplays a
significant role, asndicated bythe noticeable difference in results. For #ert mechanical
treatment (without balls) technique, it can be observed in Tablesaldd 52 that the
percentage fowater absorption is reduced from 5.91% to 4.29% and from 3.74% to 3.14%
for CRCA#1 and CRCA#2 respectivelgue to the combination of theal treatment at
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350°C and short mechanical method, which is recorded as the highest performance of 27.4%
and 16% rdudion for CRCA#1 and CRCA#2 respectively. This was followed by the
integration of weak acid and short mechanical treatment: 20.6%, hbecombination of
strong acid and the same mechanical process: 16.4%, compared to untreatedl. CRCA
Whereasjn termsof the sequence of best treatments among various treatment methods,
was recorded that thergas an oppositeresult with regards to CRC#A2. The secondiest
performancewas with the combination of strong acid and short mechanical treatment
resulting in al3.1% reduction, then the combination of weak acid and the same mechanical
processresulting in an 11.8% reduction. This can be explaithegl tothe type of original
aggregate athe existence of material in the mortéatis more reactive to acid.

Interestingly, the results of the combination between short mechanical treatment with ball
technique and various treatment types demonsttatgdthe reduction of water absorption
with this technique igireaterthan thetechniquewithout balk for all typesof combinations.
Generally, compared with untreated CRCA#2, there is a considerable improvement in both
the specific gravity and water absorption. It is interesting to note that the percentage of water
absorptionis reducel from 3.74% to 2.8% due to the @amhination of acetic acid and short
mechanical method with steel tslwhich recorded the best performanegth a 36.9%
reduction. This was followed bthe integration of thermal treatment at 330 and short
mechanical treatment with stdmlls resultngin a26.7%reduction;then the combination of
strong acid and the same mechanical processailting in a23% reduction compared to
untreated CRCA#2. Surprisingly enough,considerable differencén decreasd water
absorption was obta@a between wealind strong acid treatment through combination with
short mechanical treatment with steel ®allhis indicateghatweak acid seems to be more
effective and preferable due to different concerns relatadgregate surfacégingattacled

by acid
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Table 5-1: Specific Gravity and Absorption of CRCA#1 with Different Treatments Followed by Short Mechanical Treatment

without Steel Balls

Bulk Relative Density (BRD | Apparent Specific Gravity Bulk Relative Density Absorption**, %
RCA Treatment/ (SSD)
Property Before M." After M.* Before M. After M.* Before M. After M.* Before M." | After M.*

Treatment Treatment Treatment Treatment Treatment Treatment Treatment | Treatment
CRCA without treated 2.295 2.329 2.622 2.638 2.445 2.440 5.91 4.80
CRCA heated at 25TC 2.309 2.367 2.648 2.674 2.437 2.482 5.54 4.85
CRCA heated at 35TC 2.334 2.384 2.667 2.656 2.458 2.486 5.35 4,29
CRCA heated at 50TC 2.254 2.379 2.623 2.663 2.394 2.486 6.25 4.48
CRCA heated at 75TC 2.302 2.167 2.662 2.629 2.434 2.343 6.73 8.13
CRCA soaking in @H40; 2.299 2.359 2.651 2.653 2.432 2.470 5.79 4.69
CRCA soaking in HCI 2.305 2.363 2.651 2.675 2.435 2.479 5.66 4.94

* M. = Mechanical, **The MTO OPSS 1003 specification limit20% Max.

Table 5-2: Specific Gravity and Absorption of CRCA#2 with Different Treatments Followed by Short Mechanical Treatment with and
without Steel Ball

RCA Treatment/ Property Bulk Relative Density (BRD) Apparent Specific Gravity Bulk Re(lgtslvs) Density Absorption****, %
AM.T AM.T AMT | AMT AMT | AMT AMT | AMT
BMT 1 wepe, | wae | BMT |\, W.B. BMT 1 weB. we. | BMT | wes. W.B.
CRCA without treated 2421 2.432 2.453 2.662 | 2.663 | 2664 | 2512 | 2519 | 2532 3.74 3.58 3.23
CRCA heated at 25TC 2.436 2.441 2477 2.668 2.671 2.673 2.523 2.527 2551 3.57 3.52 2.96
CRCA heated at 35TC 2.454 2.497 2.524 2.672 | 2.710 | 2.712 | 2.536 | 2.576 | 2.594 3.32 3.14 2.74
CRCA heated at 50TC 2.409 2.426 2441 2.659 | 2.661 | 2.662 | 2.503 | 2.514 | 2524 3.90 3.64 3.41
CRCA soaking in H40> 2.431 2.450 2.551 2.663 | 2.665 | 2715 | 2518 | 2.531 | 2.612 3.51 3.30 2.36
CRCA soaking in HCI 2.452 2.461 2.484 2.671 | 2.674 | 2,676 | 2534 | 2540 | 2556 | 3.35 3.25 2.88

B.M.T"= Beforemechanical treatment; A.M.T.Wt/B= After mechanical treatment without steel ball; A.M.T.W.B After mechanical treatment with steel
ball; and™ The MTO OPSS 1003 specification limitd9% Max.
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5.1.2 Behavior of Water Absorption

Experimental result®f water absorption during hetreatment and after the combination

with short mechanical treatment are shown in Figute Bhe results demonstrate that there

is a considerable decrease of water absorption with increasing temperatures that range
between(20 °C-300 °C) for both types oCRCA. The water absorption suddenly underwent
breakdown and increased dramatically at a high temperature range betwe®d-{S00C).

This outcome matches findings of previous investigations (Wong et al., 2007; Gupta et a
2012), who found that the eagure to high temperatures leads to degradation, breakdown,

mass loss and microcracking.

To demonstrate a better understanding, Tabi@ &ows some findings of material
decomposition at various temperatures. Thermal Gratvic Analysis (TGA) provided nie

details about the mass loss that included chemical breakdown of compounds such as H20
and CO2 due to exposure to different temperatures. TGA studies indicated that the mass loss
between 105C-200 °C is related to vapared water in pores and poorly hgted CSH,
whereas mass loss is correlated with water dissociation from well hydrated CSH between 200
°C-420°C. Ca(OH) decomposes between temperatures of°42850°C, whereas poor and

well crystalline CaC@molecules dssociate to release GOetween 50 °C-720°C and 720

°C-950 °C, respectively (Zhang et al., 2015;-Hhssan et al., 2013). These ranges of
temperatures are slightly different due to many factors such as aggregate type and chemical

composition.
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Figure 5.1: Behaviour of water absorption through combination of heat andmechanical

treatment: (a) CRCA#1; (b) CRCA#2.
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Table 5-3: Decomposition of Materials atVarious Temperatures

Author Ca(OH).TGA CaCOsTGA
decomposition, °C decomposition, °C

Stern @001) * 827927 calcite

Huijgen et al. 2005) * .500

Huntzinger 2006) * 3001 500 5001 800

Chang and Cher2006) * 425 550 5501950

Zhang et al.(2015) 4301 520 530/950

El-Hassan et al., (2013) 420550 5501 720 poor crystalline

7201 950 well crystalline

*Adopted from Haselbach (2009).

Experimental results of water absorption through combination between acid treatment with
both types of shortmechanical treatnmé were graphically analyzed in Figure25 The
findings show that there is a high influence for the type of mechanical technique used to alter
the water absorption of CRCA due to a significant variation in the obtainatisreShe
obtaned results showethat the percentage of water absorption decreased, with reduction
values of 16.4% and 13% for CRCA#1 and CRCA#2 respectively due to the combination of
strong acid treatment and mechanical treatment without steel balleg Wse same
medianical techniqueafter weak acid treatment, a significant decrease was registered in
water absorption with reduction ratios up to 20.6% and 11.8% for CRCA#1 and CRCA#2,
respectively. Interestingly, the combination of acid treatment and angeth method wh

steel balls ld to a greater reduction in water absorption than the use of the same mechanical
process without steel balls. For CRCA#2, the combination of weak acid and short mechanical
treatment with steel balls resulted in a 36.9% céida, whereashe combination otrong

acid and the same mechanical technique resulted in a 23% reduction in water absorption for
the same CRCA type. This indicates that weak acid appears to be highly influential and more
preferable than strong acid dte various conerns related to &t attacks on aggregate

surfaces.
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Figure 5.2: Water absorption through the combination of acid treatment and different

mechanicaltreatments

To obtain a betteevaluation, the laboraty results of wagr absorption and specific gravity

are further evaluated by comparing them with RCA literature studies. The values of the
abovementioned characteristics are graphically presented in FigBir&®m the mentioned
figure, it can be statethat the majorityof RCA studies demonstrated water absorption
ranging between 498%. However, extreme values can be found outside of that range with
water absorption values between A%%. Therefore, the water absorption and specif
gravity of untreate@RCA can be categized within the first half of the majority range with
respect to the physical properties of RCA according to available graphical data. This
obviously refers to relatively good CRCA types that are used in thenpr&sely compared

to RCA available in thditerature studies. It is clearly noted that a considerable difference,
more precisely, a significant improvement in terms of the albosetioned physical
properties, is registered for the findings of the presémtlysusing various combéed
treatment teeniques compared to the findings in the literature. This indicates successful
utilization of combination techniques due to the significant improvement in water absorption
and specific gravity. However, aggregategyprigin of RCA and ammts of adhered ortar

are still crucial factors that play important roles in the enhancement of RCA properties.
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Figure 5.3: The obtained water absorption and specific gravity of treated CRCA using

combination approach in comparison with RCA literature studies.

5.1.3 Effect of Combination Approach on Porosity

The effectsof combinatiors of varioustreatments on porositgrepresented in Figure.s (a

& b). Generally, the outcomes indicated that the porosity \net of both CRCA types
through heat treatment is similar, although CRCA#1 has a higher percentage of pohasity.
porosity decreased Waitrising treatment temperatures and thegasa noticeable dzease in

the porosity of CRCA between 2C-350 °C as sown in Figure 5. At higher temperatures
above 350 °C, the porosity percentage gradually increased, and then the percentage of
porositysharply increased at temperatures 0® 8C andhigher, indicéing a negative impact

for heat treatment at elevatednjgeratures on porosity. This behavior can be explained by
the fact that the temperatuyaeshich ranged between 2@-350 °C, produceda sucessful

heat treatment. The laboratory test residtdhe water absorption test confirmed the success
of the heatreatment because the water absorption of a material is highly related with the

porosity of tle material.In comparisonCRCA suffered fronthermal expansion and internal
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stress due to exposuie high temperatures between 4@ and 800 C, which led to seere
microcracking of the cement matrix, breakdown and mass loss of concrete particles (Wong et
al.,, 2007; Vieira et al., 2011; Gupta et,aP012). Therefore, these conditions were
responsibldor greaty increasing the porosity of both types of CRCA.

The outcomes of porosity through combinations of different acid treatments and various
mechanical methods are shown in Figure 5.5 (a & bje@dly, the obtained results revealed
that there is aignificant improvement to the porosity of different CRCA typdowever, the
findings indicate that the type of applied mechanical method has a high impact on the
porosity of CRCA due to a high variea in the results. It is important to note that the
porosity decreased by 18.4% and 12.1% for CRCA#1 and CRCA#2ctasbe due to the
combination of weak acid treatment and mechanical treatment without steel balls. A good
improvement is obtained when CRGvas treated with strong acid followed by the same
medanical treatment with reduction values of 14% and 11% for RCand CRCA#2,
respectively. This indicates that weak acid appears to be highly influential and preferable
compared to strong acid duevarious concerns related to acid attacks on aggregedsess.
Hence, the application of weak acid followed by meotel method without steel balls
seems to be highly effective and more practical than the combination of strong acid and the
same mechanitdechnique. Importantly, a considerable improvemenvhtained for the
porosity of CRCA through the combination adid treatment and mechanical treatment with
steel balls. For CRCA#2, the obtained results showed that the combination of strong acid
treatment and short mechanical treatment with steel badiglterl in a 34.1% reduction of
porosity while the combinationf weak acid and the same mechanical procedure led to a
20.9% reduction of porosity. Thus, acid treatment with strong acid appears toree mo
effective than weak acid for improving porosity dRCA with this mechanical method type.
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Figure 5.4: Porosity behavior for CRCA through combinations ofheat andmechanical
treatment: (a) CRCA#1, (b) CRCA#2.
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5.2 Influence of Combination Approach on Mechanical Properties

5.2.1 Effect of Combination Approach on Adhered Mortar Loss

The behavior of adhered mortar loss for CRCA thratingttombination évarious treatment
methods is investigated in Figuré&65The mentioned figure reflects the obtained outcomes
due to the combination dfeat treatment and different mechanical methods. In general, the
obtained results demonstrated that the adhered mostahas a similar behaviour although
there is a signitiant differencebased on thenechanical methodised For CRCA#2, the
adhered modr loss increased with rising treatment temperatures and there was a
considerable increase in the percentage of renaiviaigh temperatures of 350°C and above.

It is importan to note thathe adhered mortar removal for CRCA¢@uld be describedith

a paynomial equation for both types of mechanical treatments. A strong correlation is
registered for the combination ofdigreatment and different mechanical techniques due to
obtaining high regression values. However, the type of mechanical method hgs a bi
influence on the amount of adhered mortar removal dadasige difference in the results.

[ m Mehanical treatment without ball

8 | ™ Mecchanical treatment with ball 7.

Adhered Mortar Loss, %

20 250 350 500

Heat Treatment, °C

Figure 5.6: Adhered mortar loss for CRCA#2 throughcombination of heat and

mechanicaltreatments
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The findingsof adhered mortar loss througlhmbinations of different acid treatments and
various mechanical methods are displayedrigure 57. There is generally little effect for

this combination approach on thehered mortar removal c€RCA#2. Compared to
untreded CRCA#2, a slight increase is obtained for the adhered mortadiesso the
combination of strong and weak acidatmerts and mechanical treatment without steel
balls, with values of 2.33% and 2.61%, respectively. Similarly, the combination of sindng

weak acid treatments and mechanical treatment with steel balls resulted in a small increase in
adhered mortar loder CRCA#2 with values of 3.25% and 3.5% respectively compared to
untreated CRCA#2. As a result, the type of acid and the type of meahtthnique have

very little (approximately negligible) effect on the adhered mortar removal.

4 r mHel = C2H402

Adhered Mortar Loss, %

untreated With M.M. (without ball) With M.M. (with ball)

Acid Treatment

Figure 5.7: Adhered mortar loss for CRCA#2 throughcombination of different acids

and various mechanicalmethods
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5.3 Influence of Combination Approach on Relation between Physical
Properties

The relation between two physical pesies; hamely, porosity and water absorption through

the combination of heat treatment and various mechanical treatments is presented in Figure
5.8. It is observed that a considerable regression is obtained for various techniques, indicating
a strong relton between porosity and water absorption, and successful treatment methods
for enhancing different characteristics of CRCA#2 without any negative impacts on
consistency between various properties. However, it is interesting to note that the behaviour
of the relation between porosity and water absorption completely transforms from a
polynomial (second order) equation to exponential and logarithmic equations for no
combination, combination with mechanical treatment without ball technique, and

combination wih mechanical treatment with ball method, respectively.

10

y = 8.7111x2 - 56.562x + 99.877 a
R*=10.99
. ®
-
L &
9 L
/.
- A
8 B “ — e+ == - - -
= A<
) ”~
et -
g -%
-
5 7F e - - y=14.01x2 - 92.14x + 158.0
A i ———= R>=10.99
6 F
# Porosity befor mechanical T.
A Porosity after mechanical T. (with ball)
5 1 '] 'l L L J

3.1 3.2 33 34 3.5 3.6 3.7
Water Absorption after Mechanical T. (without Ball)

112



10 r y = 4.7164e"2027x b

R® =0.98
=" *
a—
9 o * -
--P‘ ..."':-.-' --— g TT ==
. -
. e - X
- -
< s - -7
=>:; l’ - - .x'
. . f= g
= y = -3.0535x% + 20.123x - 24.325 - ¥ 6'4314{22'2“3’{;; 0.3938
2 RZ=0.95 LK :
[=] 7} - " -
Ay ) I

# Porosity after mechanical T. (with ball)
B Porosity after mechanical T, (without ball)

X Porosity after mechanical T. (with ball)

2.3 2.7 2.9 3.1 33 3.5

Water Absorption after Mechanical T. (with Ball)

Figure 5.8: Relation between porosity and water absorption through the combination of
heat treatment and various mechanical techniques: (ayith out ball, (b) with ball (Al-
Bayati et al., 2016b).

5.4 Influence of Combination on Relation between Physical and Mechanical
Properties

5.4.1 Relation between Water Absorption and Mechanical Properties

The relation between water absorption amechanical propeyt namely, adhered mortar loss
for CRCA#2is graphically plotted in Figure.8. As can beeensimilar behavior is observed
for various casesTherefore, he findings indicate a relation between water absorption and
adhered mortar losdt is also observedhait there is a significant difference in water
absorption values between the cases witld without mechanical treatment as shown in
Figure 5.9 (a).This indicates the influence of mechanical treatmétdwever, a slight
difference imoticeablebetweerthe different cases of mechanical treatntenhniques.
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Figure 5.9: Relation betweenwater absorption and adhered mortar loss through the
combination of heattreatment andvarious mechanicaltechniques: (a) without balls, (b)

with balls.
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5.4.2 Relation between Porosity and Mechanical Properties

The relationship betweeam physical property, namely; porosity and two different mechanical
properties in terms of abrasion loss and adhered mortafdoSSRCA#2 is analyzed in
Figures 511 and5.12. The obtained findings revealed that a significant relationship is
registered biveen porosity and the mentioned mechanical characteristics as shawa by
considerable correlations obtained. Nonlinear equatiare obtained that evidently describe
the behavior of these relations. It is notable that a second order equation refeects th
behaviour of the relation of various characteriséfter using different techniques including

no combination method, combim@n with mechanical treatment without Isaland
combination with mechanical treatment with balls.
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Figure 5.9: Relation betweenporosity and abrasion loss through thecombination of

heattreatment and various mechanicaltechniques(Al-Bayati et al., 2016b).
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5.5 Selection Criteria of Best Treatment Methods

After a comprehensive studylated to enhancing different properties of CRCA by applying
different treatments, different conditiores)d various combination techniquése following
can be stated:

1 The use of heat treatment is a highly successful technique for improving various
chamcteristics of CRCA when the method is performed at temperatures betwe®d 300
to 350 °C. However, the heat treatment has significant negative effects on the
characteristis of CRCA at high temperatures.

1 The utilization of acid treatment at a low conication is a highly effective technique for
enhancing CRCA properties. Neverthelessaise of the corrosive impacts of acids, the
degree of CRCA improvement is stronglglated to the type of acid used. It is
demonstrated that the application of acetitl dreatment has greaterinfluence on the
enhancement of CRCA characteristics coragaio the effect of HCI acid. In addition,
the use of acetic acid is safe and prdfralue to the high corrosive impacts of HCI acid
on some aggregate surfaces. DenJ8aGutiérrez (2009) stated that HCI treatment
should not be applied with RCA types tluiginally consisted of limestone aggregates
because of negative acidic attacks$h®e surface of this aggregate type.

1 The application of mechanical treatment is effee and highly successful for obtaining
a significant improvement in different CRCA rpperties. However, the use of
mechanical method with steel tsafbr enhancing CRCAharacteristics appears to be
more effective than the technique without steelsball

Based on the above, the use of heat treatment af@GQfhd presoaking with weak adi
treatment are chosen to be used with short mechanical treatment wghobapply a

combination techniguihat achievesdesirable improvemesin CRCA properties.

5.6 Main Properties of Treated CRCA

After the application ofa combination approaclusing various treatment methods, the
obtained findings of the main properties of CRCA are reanized in Table &. It is

important to mention that the findings indicate two eliént stages of treatment for CRCA.
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At the first stage, the CRCA treatmenvolved the application of two different approaches:
the presoaking in the weak acid solutio@H4O, and heat treatmenthe second stage
included the utilization of short meahiaal treatmentvith steel ballusing the MicreDeval
device. As different treatment techniques were used, the comparison with the untreated
CRCA appears to bguite reasomble to obtain an equitable evaluation for those treatment

methods.

As shown inTable5-4, a significant improvemerior both CRCA typess registered due to
the impact of treatment methods. However, the effettifferent treatment approaches on
CRCA characteristics seeno be different. In terms of the properties BRD and water
absorption, a considerable improvermemas obtained for both properties under the influence
of the treatment techniqueg\fter the combination of heat treatment at 3@ and short
mechanical treatment, the water absorption of CRCAnd CRCA#2were lowered from
5.91 to 4.13 and 3.74% to 2%3 respectivelyThis treatment approach leadsatceduction
of 30% and 23.0%for CRCA#1 and CRCA#2 respectively this important chaacteristic.
Meanwhile, it is observed that the water absorption of CR@aconsideably reducel from
5.91 to 4.58land 3.74% to 2.36%for CRCA#1 and CRCA#2 respectivelgdue to the
influence of the integration of two treatments:-poaking with weak adisolution and short
mechanical methodue to the application of this approach jgngicant reduction of 22.5%
and 3?6 is recorded for the water absorption for CRCA#1 and CRCA#2 respectively,
resulting in the best performance betwede different combnation approaches.
Simultaneouslya highly notable enhancement to the BRD chanastie is obtained for both
types ofcombinatiors. However,t is important to mention that the use of the combination of
presoaking method and short mechanical treatmegmpears to be more effective for
improving this propertyn terms of CRCA#2Meanwhle, the combination of heat method
and short mechanical treatment appears to be more effective for improving this property in
terms of CRCA#1.From the perspective of poitys the experimental findings demonstrated
a considerable improvement in this pragelue to the application of thefflirent treatment
techniques. There is a significant reductiapproximately 26%, and 20.9%, in the porosity
of CRCA#1 and CRCA#2 respively, after applying the combination of heat treatment at
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300°C and short mechaail treatment method. The combinatiof presoaking method and

the samemechanical treatment leads to a substantial decrease in the porosityBsalue.
achieving an approxmnate reductionof 19.4% and 33.5% for CRCA#1 and CRCA#2
respectively, the use dhis combination approach is highly sessful in improving the
porosity of CRCA#2. Meanwhile, the combination of heat treatment followed by short

mechanical treatment appe&ode highly effective for CRCA#1 improvement.

Table 5-4: Main Characteristics of Treated CRCA after Criterions Selection

Type of CRCA/ Untreated CRCA CRCA after heat &  CRCA after soaking
Sh.M.T. in C2H402 solution

Type of property & Sh.M.T.*

CRCA#1 CRCA#2 CRCA#1 CRCA#2 CRCA#1 CRCA#2

Bulk Relative Density (BRD) 2.295 2421 2.447 2.486 2.386 2.551
Absorption, % 5.91 3.74 4.125 2.879 4.581 2.36
Porosity, % 13.56 9.05 10.092 7.16 10.93 6.02

Sh.M.T.* =Short mechanical treatment.

5.7 Summary of This Chapter

This chapter focused on tlkeealuation of the effect of the combination of different treatment

methods on enhancing the physical and mechanical properties of two different CRCA types.

The major findigs of this chapter are summarized in the following goint

U The application of theombination of different treatments is a highly successful technique
for enhancinghe physical and mechanical properties of CRCA compared with separate
(single) treatments.

U For CRCA#1, the combination of thermal heating380 °C and short mechanical
treatment (without steel balls) exhibits the best performance by redubegvater
absorptionby 27.4%. Using weak acid treatment followed by short mechanical treatment

also ppears to decrease water absorption efficiently6). The reduction of water
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aborption is 16.4% for an integrated treatment between the strong acid and same
mechanical process compared to untreated CRCA#1.

1 For CRCA#2, the combination of acetic acidatment and short mechanical method with
steel ballsexhibits the best performanbg reducing thevater absorptiomy 36.9%. This

was followed by integration of thermal treatment at 3%D and short mechanical
treatment with steel balls by 26.7%, then toenbination of astrongacid and the same
mechanical process by 23%, comparedrvaated CRCA#2.

1 There is a considerable reduction in the porosity of CRCA with increasing temperatures
that range between (20C-250 °C) for both types of mechanical tresnt (with and
without geel balls). However, a significant decrease is observiedeba 250FC and 350

°C, recording the best performance for mechanical treatment with balls.

1 The outcomes also indicated that there is a negative impact on the porodigator
treatment with angvithout the combination of treatments at elevated temp&stranging
between (350C-750°C).

1 There is a significant improvement in the porosity of different CRCA types through a
combinationof different acid treatments and vaus mechanical methoddowever, the
findings show thatthe type of applied mechaml method has a high impact on the
porosity of CRCA due to a high variance in the results.

1 The porosity decreased by 18.4% and 12.1% for CRCA#1 and CRCA#2 respectively due
to the combination of wak acid treatment and mechanical treatment witstaelbdls. A

good improvement is obtained when CRCA was treated with strong acid followed by the
same mechanical treatment with reduction values of 14% and 11% for CRCA#1 and
CRCA#2, respectively. Thigndicated thatveak acid appears to be highly influentialan
more preferable than strong acid due to various concerns rdtatadd attacks on
aggregate surfaces.

I For CRCA#2, the obtained results showed that the combinatiomooigsacid treatment

and short mechanical treatment with steel ball results in 4%4reduction of porosity
while the combination ofveak acid and the same mechanical procedure led to a 20.9%
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reduction of porosity. Thus, acid treatment with strong aciccaspto be more effecav
than weak acid for enhancing therosityof CRCA using his type of mechanical method

U The findings indicate a stronglationshipbetween physical properties, namely, water
absorption and porosity as well as various mechauwitatacteristics: abrasidoss and

adhered mortar loss due to obtaining high resjoesvalues.

121



Chapter 6

Influence of Treatment Methods on
Surface Characterization of CRCA

In this chapter, the obtained findings of CRCA#1 have been published imtisér@:tion
and Building Materials Journal (Aayati et al., 2016).

6.1 Influence of Treatments on Surface Morphology

6.1.1 Surface Morphology of Untreated CRCA

The surface morphology driexture of treated and untreated CRQAre shown in Figres

6.1 to 6.5. According to magnified perspectives in &ig 61, the morphology of untreated
CRCA#1 was rough; an irregular with a high porous structure. It was observed that adhered
mortar was widely spread at different thicknesses causing surface heterogeneity. @herefor
the high magnification image clearly indicated the presence of many various ail
particles without specific shape and size. This explains the higher water absorption and lower
density for untreated CRGA. These results confirm laboratory test fimgs, which found

that the untreated CRCA hasigh-waterabsorption and low dergias shown in Tablé-1.

6.1.2 Influence of Treatments on Surface Morphology of CRCA

Compared with untreated CRCA#1, it was noted that there is a considerable difference in the
degree of roughness of the CRCA surface depending on the treatment method. Roughness
disappeared broadly from CRCA#1 surface due to the acid treatment (Figures 6.4 to 6.5), as
acidic solutions attack the surface and dissolve adhered mortar. Hence, tluid oagthbe an
effective way for adhered mortar. The SEM images, as shown in Figu2zeand 6.3,
indicated successful heat treatment at 360because of the small remaining amounts of
mortar, whereas there is a large area of mortar on the surface aC25Mhis outcome

confirms the laboratory test results presented in Figurard Take 4-1.
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Figure 6.1: SEM for untreated CRCA#1 (a: 100X, b: 200X, c: 2000X)

123



Figure 6.2: SEM for CRCA#1 with heat treatment at 250°C (a: 100X, b: 200X, c:
2000X)
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Figure 6.3: SEM for CRCA#1 with heat treatment at 350°C (a: 100X, b: 200X, c:
2000X).

6.1.3 Influence of Acid Treatment on Surface Morphology of CRCA

It can be seem the captured images (kigs 64 & 6.5 that there is a significant damage on
the CRCA surface with HCI treatment. However, this damage is completely different to the
surfacetreated with acetic acid. This could be explained by two matters: firstlye thex

significant variance of the aliyi between strong and weak acid to attack the surface adhered
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mortar and secondly, the surface material type. De Juan & Gut{@089) mentioned that
HCI treatment cannot be used to treat RCA with limestone aggeedae to the adverse acid
attacks onhis type of aggregates.

As a result, the surface morphology of untreated CRCA was a rough and heterogeneous
surface and high porous stture due to various thickness of adhered mortar which includes
different voidssize. Whereas the treated CRCA surfages more homogeneous and less
adhered mortar depending on treatment type. However, there was an obvious damage on

CRCA surface due to ¢himpact of strong acid attack.

Figure 6.4: SEM for CRCA#1 with C2H40:2 acid treatment (a: 100X, b: 200X, c: 2000X)
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Figure 6.5: SEM for CRCA#1 with HCI acid treatment (a: 100X, b: 200X, c: 2000X)

6.2 Influence of Treatments on Surface Mineralogy

The results of EDAX analysis for untreated CRCA and treated with various methods are
given in the Figures.6 to 610. The findings represent spectrum lgsia for chemical and
mineral composition of CRCA#1 tbugh EDAX quantification. For untreated CRCA
(Figure 66), the EDAX analysis clearly showed that the predominant elements are oxygen,
calcium, carbon, silicon and magnesium respectively whedeasnum, iron and potassium

were also revealed in trace quaes.
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Interestingly, oxygen is the highest weight percentage in chemical composition arar¢here
large amounts of carbon in CRCA#1. It is wielown that oxygen atoms correlate with other
atoms, specially metals, within a solid material to form metaldes seh asaluminum

oxide (alumina), silicon oxide (silica) and others. Moreover, there is no free oxygen within a
solid material because it normally has a gas state when liberated. Therefazeistlae
considerable difference between the chemical pmsitions observed after different
treatments, which include atoms of elements and a table, which include compounds such as
alumina and silica. This also explains the higher carbon percentage, wféch to the
existence of calcium carbonate (limestomaicating aggregate typeAs a consequence, it

was clearly understandable that chemical and mineral composition of the CRCA surface
through EDAX analysis is mainly categorized into two groups pred@amiand trace
elements. However, there is still a ndedfurthe tests such as XRD for more beneficial

CaKa Element Weight % | Atomic % Net Int. Error %
5.13K CK 96 1647 11036 946
0K 4776 6152 49818 1038
4.56K MK 1% 155 RS 006
399K AK 084 0.64 59.69 1031
SIK 234 172 20099 62
342K KK 0.36 0.19 27.62 1551
Cak 3415 17.61 196745 172
285K Fek 061 022 15.65 2361
20sd 9K u Al 265 028 936 568
171K ¢ K AIK
CK K K8
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Figure 6.6: EDAX analysis for untreated CRCA#1
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Figure 6.7: EDAX analysis for CRCA#1 with heattreatment at 250°C.

Figure 6.8: EDAX analysis for CRCA#1 with heat treatment at 350°C.
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