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Abstract

Very large quantities of construction and dematitwastes and especially concrete wastes
are produced yearly. At the same time, high amoohtsatural aggregates are needed for
construction industry. Up to now, only a small fran of these concrete wastes is re-used as
recycled concrete aggregates (RCA) for the manurfaatf concrete. RCA are composed of
an intimate mix between aggregates and hardene@éntepaste (HCP). Hardened cement
paste is much more porous than the natural aggegatd the properties and proportions of
HCP largely influence the properties of RCA. Asansequence, the fine fraction of RCA
(FRCA), essentially composed of mortar and cemeastq) possesses a large water demand
which makes it harder to recycle into concrete.

The objective of this research was to better undedsthe role played by HCP on the
properties of RCA in relation with the improvemefhtthe characterization methods of these
materials and their reuse in the manufacture oftan@r concrete. Firstly, an experimental
method based on salicylic acid attack of RCA alldws to determine a soluble fraction in
salicylic acid (SFSA) that is related to the HChtemt. FRCA properties were then studied
as a function of SFSA, particle sizes and prop&id@mposition of the original concrete.
From the obtained relationship between water alisor@and SFSA, the water absorption
coefficient of the smaller fraction (0/0.63mm) westimated as it is not accurately measured
with the standard methods. Secondly, different stdal RCA were characterized which
allowed us to expand the preceding conclusiongdal ‘RCA”, meanwhile, the influence of
carbonation on the properties of FRCA was alsdexhwut.

Finally, the influence of the saturation state BfGA on the properties of fresh and hardened
mortars and on their microstructure was explorde fiecycled mortars with dried FRCA had
better compressive strength than that made witlrataid FRCA, which was confirmed by the
study of ITZ properties. The mechanical propertiesortars with different RCA content and
replacement fraction were determined. The finectiom of RCA had a worse influence on

the mechanical properties of RAC than the coarsetion.

Key words: fine recycled concrete aggregates, watabsorption, hardened cement paste
content, carbonation, recycled mortar, interfacialtransition zone
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Résumeé

De tres grandes quantités de déchets de construgtide démolition sont produites chaque
année, en méme temps, de grandes quantités ddagsanaturels sont nécessaires pour la
construction. Jusqu'a présent, seule une petitdidrade ces déchets est réutilisée comme
granulats pour la fabrication du béton. Les GrasuRecyclés (GR) sont principalement
composeés d’'un mélange intime de granulats natetetke pate de ciment durcie (PCD). La
pate de ciment durcie posséde généralement unsifgonettement plus élevée que celle des
granulats naturels, la teneur et les propriétésipbychimiques de la pate de ciment présente
dans les GR a ainsi une forte influence sur leugprEtés. Les sables recyclés qui
contiennent essentiellement du mortier et de la,gédssédent généralement un coefficient
d’absorption d’eau trés élevé, ce qui freine cafrsillement leur valorisation dans le béton.
L'objectif principal de cette étude était de miemxnprendre le réle joué par la PCD sur les
propriétés des GR afin d'améliorer les méthodesadactérisation de ces matériaux et de les
réutiliser dans la fabrication de mortiers ou debs.

Tout d'abord, une méthode expérimentale basééastague de la pate de ciment par l'acide
salicylique a été développée et a permis de déatermma fraction soluble dans I'acide
salicyligue (FSAS) des GR. Les propriétés des GReonuite été étudiées en fonction de la
FSAS, de la taille des particules et de la compositiu béton d'origine. De la relation
obtenue entre I'absorption d'eau et la FSAS, |Hicmant d'absorption d'eau de la fraction fine
(0/0.63mm) peut étre estimé. Différents GR indefdriont ensuite été caractérisés afin
d’étendre les conclusions précédentes a des GRiipsathns des conditions plus réalistes.
Par ailleurs, l'influence de la carbonatation sgrgropriétés des GR a également été étudiée.
Enfin, l'influence de I'état de saturation des @GRIgs propriétés des mortiers frais et durci et
sur leur microstructure a été explorée. Les martiecyclés avec GR sec ont présenté une
meilleure résistance a la compression que ceux &Rcsaturés. Ces résultats ont été
confirmés par I'étude des propriétés de I'lTZ. pespriétés mécaniques de mortiers fabriqués
avec des teneurs variables en GR ou avec desofiactie substitution différentes ont été
étudiées. Les résultats obtenus ont montré guadédn fine des GR avait une influence plus
néfaste sur les propriétés des bétons recyclémdtaction grossiere.

Mots clés: fines des granulats recyclés, absorptiod'eau, teneur en pate de ciment,
carbonatation, mortier recyclé, zone de transition
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Notations

Abstract

RCA: Recycled concrete aggregates

FRCA: Fine recycled concrete aggregates
HCP: Hardened cement paste

GR: Granualts recyclés

PCD: Pate de ciment durcie

ITZ: Interfacial transition zone

Chapter 1

RAC: Recycled aggregate concrete

C&DW: Construction and demolition wastes
CRCA: Coarse recycled concrete aggregates
SSD: Saturated surface dry

TSMA: Two-stage mixing approach
Chapter 2

OPC: Ordinary Portland Cement

W/C: Water to cement ratio

OCx: Original concrete x

Fraction D1/D2 mm: The minimal and maximal partisiees of the granular class are D1 and
D2 respectively.

RCA-OCx-28/90: Recycled concrete aggregates maturit from the original concrete x
which has been cured during 28/90 days in water.

CP-0.6-90: Cement paste which is made with W/Ca@d cured 90 days in water.
CPC: Cement paste content

XRD: X-ray diffraction

TGA: Thermogravimetric analysis
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ML 105.606 Mass loss between 105 and 600°C.
SSA: Specific surface area
BET: Brunauer-Emmett-Teller analysis for the meamgpof specific surface area

BJH: Barrett-Joyner-Halenda analysis for the deit@img of pore area and volume on
desorption isotherms from BET.

SFSA: Soluble fraction in salicylic acid
HPC: Hydrated paste content

RCA-OCx-90-carbo D1/D2mm: Recycled concrete aggesgmanufactured from the

original concrete x which has been cured 90daysaiter, these recycled concrete aggregates
are carbonated in the laboratory under accelerarditions, and the minimal and maximal
particle sizes of the granular class are D1 andd3ectively.

MIP: Mercury intrusion porosimetry for the measgriof porosity
EN: notation for water absorption coefficient datered from NF EN 1097-6

IFSTTAR: notation for water absorption coefficiel@termined from IFSTTAR method
number 78

Chapter 3

RCA-Colasl: Industrial RCA produced by Colas compiarthe site Valormat of Amien
RCA-Colas2: Industrial RCA produced by Colas conyparthe plant of Louvres
RCA-PNR: Industrial RCA produed for the French oatiprojet Recybéton

Chapter 4

CM: Calcareous mortar with the natural calcare@unsls

RM: Recycled motar with recycled sand

RM-W/C-S/D: Recycled mortar manufactured with sated sand (S) and dried sand (D), and
water to cement ratio= W/C

RM-W/C-Proportion for example RM-0.5-10: Recycledmar manufactured with water to
cement ratio 0.5 and 10% of natural sand is redlagethe same volume of recycled sand.

RM-W/C-Fraction for example RM-0.5-0/0.63: Recychadrtar manufactured with water to
cement ratio 0.5 and fraction of natural sand @@ is replaced by the same volume of
recycled sand 0/0.63mm.

SEM and EDX: Scanning Electron Microscopy and Epaligpersive X-ray analysis

CPS/D: Cement paste manufactured with saturated/dpiain
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General introduction

Very large quantities of natural aggregates aread ugarly for the construction of roads,
buildings or civil engineering infrastructures. timle same time, the demolition of concrete
structures produces high amounts of wastes thdtl dmirecycled as concrete aggregates in
order to decrease the amounts of natural aggretjateare used.

Up to now, only a small fraction of these materialse-used for the manufacture of concrete
and a better understanding of the properties ofcted concrete aggregates (RCA) and of
mortars or concretes made with RCA would alloweaduce the amounts of wastes that have
to be disposed in landfills and as a consequencddwimeserve natural resources.

Recycled concrete aggregates are composed of snatet mix between aggregates and
hardened cement paste (HCP). Hardened cementipasiech more porous than the natural
aggregates generally used for the manufacture rdrete and the properties and proportions
of HCP largely influence the properties of RCA. Ttmarse fraction of RCA, essentially
composed of gravel (surrounded by mortar) genegdlysesses satisfying properties for the
re-use as concrete aggregates. On the contrarfinth&action of RCA (FRCA), essentially
composed of mortar and hardened cement paste,gsess& large water demand which makes
it harder to recycle into concrete. A better untiarding of the role played by HCP on the
properties of FRCA is essential for improving tise wf FRCA in concrete. This necessitates
a better characterization of HCP content in FRCA.

The objectives of this research are twofold. Riystée aim at studying the properties of fine
recycled concrete aggregates (FRCA) as a funcfitimmened cement paste content, particle

sizes and properties/composition of the originaharete. Secondly, the influence of the
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saturation state of FRCA on the properties of frasld hardened mortars and on their

microstructure is explored.

The first chapter of this manuscript presentsaditure review on the properties of RCA and
of concretes manufactured with RCA. From this #itare review the main scientific issues
and research objectives are defined. In the secloapiter, properties of laboratory made RCA
are studied. An experimental method allowing meaguthe HCP content of RCA is
presented and FRCA are then characterized forrdiftgparent concretes. In the third chapter,
different industrial RCA are characterized in orderextend the preceding conclusions to
“real RCA”. Chapter four presents the study caroetlon mortars containing RCA that were
defined in Chapter three. The influence of satarasitate of RCA on the variation of slump
with time is first studied. Then, the mechanicabgerties of mortars are determined for
different RCA contents in the mortars and differsaturation states of the aggregates. The
influence of saturation state on the microstructoiranortars, especially on the interfacial
transition zone is studied. Finally, the generadatosions and some perspectives of this work

are exposed.

All this research work has been carried out at ¢chl and environmental engineering
department (Mines Douai) under the supervisionrofd®2 Damidot and Rémond. It has been
done in collaboration with Prof. Xu (Hohai UnivaysiChina) with the financial support of

the China Scholarship Council (CSC) and Mines Douai
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Chapter 1Literature review

1.1Introduction

This chapter presents a review of previous reseannks on the use of recycled concrete
aggregate (RCA) to make recycled aggregate con(R&€). The literature review will focus
first on the global issue of construction and detiomi wastes (C&DW), then on the

properties of RCA, and finally on the propertiedR#C.

1.2Construction and demolition wastes

Due to the growth of population and rapid developimef construction industry, large
amounts of construction and demolition wastes (C&DAMke generated annually and these
guantities are expected to increase in the fulddfleen structures are demolished, the wastes
are either dumped in landfill sites or recyclednew applications. Therefore, it is very
important to recycle C&DW in order to protect theweonment and save natural

aggregates|[1-2].
1.2.1 Recycling situation

European Union

The generation of C&DW in the European Union redc880 million tonnes in 2008, which
represents 31% of total waste generation in the[HUSince the total population of EU is
500 millions, the annual production of C&DW per habt in EU is about 1.7 ton. Figure 1-1

shows that most countries of EU have a recyclingcepgage over 60%. Denmark,
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Netherlands, Germany recycle nearly 90%, while &thiKingdom and France only recycle

60%.
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Figure 1-1 Recycling of C&DW in percentage of genated amount in the EU[3]

In 2005, the production of recycled materials fggregates use accounted for 6% of the total

production of aggregates used in civil works andding activity in Europe. The use of

recycled materials from C&DW is encouraged esphcial areas where there is a lack of

natural resources [4]. Figure 1-2 shows that Frarsaes a very little percentage of recycled

aggregates from C&DW in comparison to Germany, @Kd Netherlands. The consumption

of aggregates in France is about 379 million tertsle the production of recycled aggregates

is about 15 million tons in 2009 [5]. France therefhas a very large potential for reusing

recycled aggregates.

China

In China, the generation of C&DW comes from twofelént sources, one is the normal

demolition of constructions, and the other is theamal demolition like earthquakes and

other natural disasters. For example, Wenchuanh&aake which happened in 2008 in

© 2014 Tous droits réservés.
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Sichuan Province (China) killed 90000 persons angsed approximately 380 million tons of

C&DW [6].
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Figure 1-2 Aggregates (including Recycled Aggregad® production in EU 2005 [4]

According to Shi and Xu [7], the quantity of C&DVéached 239 million tons in 2010 in
China. Due to rapidly developing construction, a®®20 million tons of cement and 8 billion
tons of aggregates are consumed yearly to satisdyldarge demand [8]. Therefore, natural
aggregates could be used out in the future. Theerand recycling in China is less developed
than in EU, and most of the C&DW is dumped in laligl{9]. But fortunately government
and society are paying more attention to reusereeytling of C&DW. In 2003, the "Law of
the People’s Republic of China on Promotion of @é&aProduction” has been established in
order to develop circular economy, and promote congs to make good use of resources

and wastes.
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From the statistics of EPD (Environmental Protectizepartment) of Hongkong, 20 million
tons of C&DW are generated every year which repiss@8% of the solid wastes in

Hongkong [10-12].

1.2.2 Recycling process

The production of RCA from the crushing of C&DW ss& similar industrial process than
that used for the production of natural aggregatasious types of crushers, screens, transfer
equipment and devices for the removal of foreigtenaas magnetic tools to separate metals
are employed. C&DW are crushed to produce gramukerials of small particle size. Figure
1-3 shows the process of producing RCA [13]. Onehef limiting factors in reuse and
recycling of the C&DW is their complex compositiamich may include concrete, bitumen,
mortar, gypsum, glass, soil, metals and others1@d4-The main constituent of C&DW is
waste concrete as shown in Figure 1-4. Indeedaiti@unt of concrete in C&DW varies from

32% to 75% [17-20].

Crushing is the most important step in convertingD@V into usable products. In some
operations, one step crushing (a primary crusisemsed. Sometimes two or three steps, with
several crushers are used to produce high qualiyegates [21-22]. Crushers such as jaw
crushers, impact crushers, and cone crushers acetosrush C&DW. According to Ogawa
and Nawa [23], jaw crushers can provide good gsae-distributions of recycled aggregates
for concrete production. Tam et al. [24] showedt tigwod quality RCA could be
manufactured and used in applications if waste r@@aavas first crushed with a primary jaw
crusher, then followed by passing the materialughoa magnetic separator and the hammer
crusher. Cone crusher is suitable as a secondashar with small feed size. Impact crushers

can provide good grain-size for applications indroanstruction [13].
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Figure 1-4 Compositions of C&DW from Xiao [18] (lef) and Nik.D. [25] (right)
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1.2.3 Application and problem

As the quantities of C&DW are becoming larger aargér, recycling C&DW becomes more
important for the society and for the environméup. to now, most of recycled C&DW has
been used as a base and sub-base material oragpiag:layer in road construction, while
only a small proportion is re-used as RCA in thenafacture of new concrete [26-28]. The
use of RCA as road base and sub-base materiairiparable to the natural sub-materials in
practical construction for road engineering [29-3pwever, when used in concrete RCA
might not have the same quality and performancesafsral aggregates, but the cost of
dumping C&DW can be saved. Moreover, it can de&dhs use of natural aggregates, and
protect the environment and natural resources [3@yever, lack of appropriate technology
and proper standards are serious barriers in pinghatidespread use of recycled aggregate

from recycled C&DW in concrete [33].

1.3Properties of RCA

Generally, two typical grades of recycled concraggregates can be classified by size
gradation: Coarse Recycled Concrete Aggregates fJR&hich are larger than 5mm, and
Fine Recycled Concrete Aggregates (FRCA) whosessize smaller than 5mm. RCA are
mainly composed of an intimate mix between natagdregates and cement paste (Figure
1-5). Adherent cement paste generally presents ahmarger porosity than natural
aggregates, the content and the physicochemicpepres of adherent cement paste therefore
have a large influence on the properties of RCAchsas density, porosity, and water

absorption.
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1-Natural aggregates 2-Adherent cement paste

Figure 1-5 Composition of recycled concrete aggretgs (RCA)

1.3.1 Adherent mortar and cement paste content

When concrete is crushed, some cement paste renatiashed around the original
aggregates. Adherent cement paste is much moraipdhan natural aggregates generally
used for the manufacture of concrete. Thereforalityuand quantity of adherent cement
paste are at the origin of the poorer propertied)RGA that are comparatively to natural
aggregates: lower density, higher water absorptioggher Los Angeles abrasion and higher
sulphate content. The determination of adherento¢maste content is however difficult to
carry out experimentally, and several experimemtethods have been developed in order to
measure adherent mortar content, which is easiquaatify. Therefore, in the following we

study both adherent cement paste and adherentmrmoR&LA.
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Methods for the determination of adherent cement paste and mortar content

Thermal treatment [34] : this method is based orers# cycles of soaking in water and
heating of the aggregates (500°C), which allowsadehg progressively adherent mortar
from coarse aggregates surface because of micoksci@curring at the interface between
aggregates and mortar. After several steps, somgameemains attached and a rubber
hammer is used to scratch the surface. The samgleréened to obtain the coarse aggregate
for which all the mortar has been removed. Mortamtent is calculated by the mass loss
between the original recycled aggregates and tteer@al coarsed aggregates. This method is

only suitable for measuring the adherent mortaterarin CRCA.

Treatment with a solution of hydrochloric acid:sthmethod is based on the dissolution of
cement paste in a solution of hydrochloric acid[3he adherent cement paste is determined
from the weight loss due to dissolution in a diluselution of hydrochloric acid.
Unfortunately, the treatment with hydrochloric acahnot be used with limestone aggregates,
which are also dissolved by this acid.

Sodium sulphate solution treatment [36]: this mdth® based on a few daily cycles of
freezing and thawing in a sodium sulphate solutiBepresentative samples of RCA are
obtained, then dried for 24h at 105°C. The samplesimmersed for 24h in a 26% (by
weight) sodium sulphate solution. After five datlycles of freezing and thawing, the samples
are washed with tap water, then they are placeahioven for 24h at 105°C. Mortar content is
calculated by the mass loss between the origingycted aggregates and the obtained
aggregates after treatment. This method is onlyalsleé for measuring adherent mortar
content in CRCA.

Image analysis [36]: image analysis is used to gfiyattne amount of residual mortar on flat

polished concrete section with CRCA patrticle in lster cement paste. Image analysis is not
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suitable for the quantification of adherent cemeaste content of FRCA. Indeed, the
distinction between fine aggregates and cemenepsishore difficult to carry out. Moreover,
this method is long to perform as a statisticalrepph is needed.

Linear traverse method [37]: a representative sangplRCA is mixed with a red-colored
cement and cast into cubes. After hardening, thesware cut into slices and polished. The
volume percentage of old mortar content is deteeghion a representative number of samples
by means of a linear traverse method, similar inggple to the method which is described in
ASTM C457-71, “Standard Recommended Practice farddicopical Determination of Air-

Void Content and Parameters of the Air-Void SysterHardened Concrete”.

I nfluence factors on the determination of adherent cement paste and mortar content

Adherent mortar content results are very diffesghén using different test methods. De Juan
et al. [34] pointed out that adherent mortar contare (25-70%) for treatment with
hydrochloric acid solution, (25-65%) for the protian of a new concrete followed by image
analysis, and (40-55%) for thermal treatment. Abbasl. [36] reported that the adherent
mortar content of two industrial CRCA (RCA1 was abed from a demolition concrete in
which the original aggregate was limestone, RCA2 made with river-bed gravel) were 39-
43%, and 21%-26% respectively by using image amalychey found similar results by

sodium solution method, adherent mortar contente 88-44%, and 20-30% respectively.

Lots of authors pointed out that the size of granalass of RCA had an important influence
on adherent mortar content. They showed that tlineradt mortar content was lower for
larger size CRCA [21, 34-38] (Table 1-1). But, Y&gta et al. [39] reported that mortar

content increased as the grain sizes increasedhwscontradictory to other studies.
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Table 1-1 Summary of adherent mortar or cement past content from literature

Author, Year (Reference Test methods Fractions of RCA (mm) Adherent mastarement paste content (%)

rI;%'()eberria et al. [21] Not metioned CRCA 4/10,28)/ 40% for fraction 4/10; 20% for fraction 10/25

De Juan et al. [34] Thermal method 15 samples dcE&R 33-55% for fraction 4/8; 23-44% for fraction 8/16
4/8, 8/16

Nagataki et al[35] hydrochloric acid CRCA 5/20 52.3-55% for level 1; 30.2-32.4% for le8e

solution method

Yagishita et al. [39] hydrochloric acid CRCA 5/10, 10/20 40.2% for low-grade fraction 1Q/26.2 for low-
solution method grade fraction 5/10; 26% for medium -grade fraction
10/20, 16.7 for low-grade fraction 5/10

Abbas et al. [36] Image analysis mehtodf'wo CRCA 4.75/9.5, RCA2 results. Image analysis:30%,21%,21% for
and sodium sulphate  9.5/12.7,12.7/19 4.75/9.5, 9.5/12.7, 12.7/19 respectively; Sodium
solution method sulphate solution method: 26%,22%,21% for

4.75/9.5, 9.5/12.7, 12.7/19 respectively

Hansen and Narud [37] Linear traverse method CRIBA8!16, 16/32 58-64% for fraction 4/8; 38-39% fiaction 8/16;
25-35% for fraction 16/32

Topgu et al. [38] Linear traverse method CRCA 4@32 60% for fraction 4/8; 30% for fraction 16/32

Some authors reported that the mortar content fisieimced by the crushing method.
Increasing crushing times allows to reduce the anatdntent of RCA [35, 39]. Nagataki et al.
[35] determined the adherent mortar content of CRIGAhydrochloric acid dissolution
method. As can be seen in Table 1-2, using only gaa impact crushers (level 1), the
adherent mortar content of the CRCA (fraction 5/2Qnmade from high, medium, and low
quality concrete were 52.3%, 55.0% ,52.3% respelgtivJsing several grinding equipments
after first crushing (level 3), the adherent montantent were reduced to 30.2%, 32.4%,
32.3%. In this study, the w/c ratio of original coete had little influence on the adherent
mortar content in RCA. Several crushing can theesftecrease the adherent mortar content

of CRCA, meanwhile it increases the quantity of PRC
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Table 1-2 Properties of recycled coarse aggregatf35]

Quality of source Process Adhered Density SSD Water Soundness 100 KN
concrgte level mortar content (g/cnt) absorption loss (%) crushing
(%) (%) value (%)

. _ 1 52.3 2.42 4.88 29.7 3.83

High (W/C=0.35) 3 30.2 251 3.14 8.10 1.53

. _ 1 55.0 2.41 5.58 48.3 5.19

Medium(W/C=0.45) 5 32.4 2.50 3.19 18.4 1.73

_ 1 52.3 2.37 6.27 49.1 6.30

Low (W/C=0.63) 3 32.3 2.48 3.76 225 2.28

Globally, the quantity of adherent mortar increaséh the decrease in size of RCA, as can
be seen in Figure 1-6. In the literature, lotstafiies present results on the quantification of

adherent mortar content in CRCA. However, therelerger dispersion of data.
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Figure 1-6 Adehrent mortar content as a function ofaverage size of RCA

1.3.2 Water absorption and density

Water absorption and density are very importantresaging properties of RCA when used in
concrete. Generally, RCA have a higher water alsor@nd a lower density than natural
aggregates which are caused by porous adhereninteraste attached on the surface of

aggregates.
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The determination of water absorption is therefdrgreat importance for the characterization
of RCA. Up to now, there is no particular standmdthe measurement of water absorption
coefficient of RCA. Therefore, standards used fatural aggregates such as EN 1097-6 [40],
ASTM C127 (for coarse aggregate) [41], ASTM C12& (ine aggregate)[42] are also used
for the characterization of RCA. The principle dfese methods is similar, the water
absorption coefficients of sand and gravel arerdeteed based on the water content at
saturated surface dry (SSD) state. The SSD statenaf dried progressively under warm air is
identified using a slump test. The SSD state o¥gjres identified by drying aggregates with
dry cloths until no water is visible at the suraddgoarticles.

Tam et al. [43] indicated that the soaking of réegicaggregates in water may detach some
attached cement paste and the drying at 105°C tmirothe oven-dried mass may remove
some water contained in the hydrates of the atthcleenent paste. In order to avoid these
problems, they proposed a new method named real-issessment of water absorption
(RAWA) for RCA. In RAWA, the oven-dried mass is abited by placing them in an oven at
75£5°C. Then the aggregates are placed into a pykter fully filled with distilled water.
The water absorbed is noted at different time vratlst One natural aggregate and three
recycled aggregates from different recycling plaamsl demolition sites (from 5 to 40mm)
were tested by the proposed method. They showedthieastandard duration of 24h of
saturation was not suitable for recycled aggredatewater absorption rate was larger in the
first 5h which produced up to 80% of the total waibsorption. The results of the standard
24h measurement were 5.72% and 8.28% comparedivatiialues of 5.92% and 8.72% for
two recycled aggregates (96h and 120h measuremiespectively. The difference is quite
small.

Djerbi Tegguer [44] studied the kinetics of watdssarption of natural and recycled

aggregates by a new method (LCPC) based on hytoogt@ighing, consisting in measuring
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the mass variations of a sample immersed in watex.aggregates sample was first dried in
the oven at a temperature of 110+£5°C until a déffee in mass less than 0.1%, then they
were immersed in water to obtain the mass of alesbwater with time. Two types of natural
aggregates with fractions 4-12.5mm and 12.5-20mmeftone aggregates and limestone-
siliceous aggregates), together with RCA crusheohfunknown waste concrete (fractions 5-
12mm and 12-20mm), were tested by the proposed anethhey found that the water
absorption standard values were slightly highen thygdrostatic weighing approach, and the
water absorption coefficient of RCA for 24h of smakproduced about 60% and 70% of the
total water absorption for fraction 12.5-20mm aratfion 5-12.5mm respectively.

Mechling et al. [45] presented a simple method égording the evaporation rate of the
sample in a moderate temperature regulated dryweg ¢40£5°C). The change in the rate of
evaporation that appeared between the externainéewghal water in the aggregate permitted
to determine the critical water content, correspoogido the desired absorption. They studied
the water absorption of different sands by thispevametry method, especially the fine
fraction of porous materials (mineral admixtures)d found the values of water absorption
were betweenl.2-3.7% for natural sand (calcareand and siliceous sand), 4.2-7.4% for

additional fillers, and 14.6-31.1% for the fine yeled materials.

Density of RCA is related to the adherent cementepeontent. De Juan et al. [34] studied the
relationship between mortar content and density,fannd that the density of RCA decreased
as the amount of attached mortar increased. Theydfthat the water absorption varied from
5.1 to 11.5% for fraction 4-8mm, and from 4.2 t&9%. for fraction 8-16mm. They also
pointed out that the water absorption increaseéti@amount of attached mortar increased.
Poon et al. [46] studied the effect of microstruetwf ITZ on compressive strength of

concrete prepared with RCA. They found that thachlpcrushed granite aggregates had a
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density of approximately 2600-2650 kg/iand a water absorption capacity of approximately
1%, while RCA density varied from 2200 to 2400 kgand water absorption capacity varied
from 5 to 15%, which was due to the difference operties of the initial mortar. The water
absorption of RCA crushed from normal-strength cetec was 8.82%, while that of RCA
crushed from high-performance concrete was 6.7#4d, the water absorption of natural
crushed granite was only 1.25%.

José [47] compared properties of RCA with natuggjragate (Table 1-3). The total porosity
showed large differences between RCA and naturgteggte, which reached 2.82% for
natural aggregate and 14.86% for the 5/10mm griasetion of RCA. Water absorption of

the 5/10mm gravel fraction of RCA was 6.81% whde riatural aggregate it was only 1.13%.

Table 1-3 Properties of recycled aggregate and NAT]

Property RCA Natural aggregate

10/20mm 5/10mm 0/5mm 12/20mm 5/12mm 0/5mm
Dry specific gravity(kg/m) 2280 2260 2170 2570 2640 2570
Specific gravity (surface dry) (kgin 2410 2420 2350 2590 2670 2600
Water absorption (100%) 5.83 6.81 8.16 0.88 1.13 491.
Total porosity (%) 13.42 14.86 - 2.70 2.82

Martin-Morales et al. [48] studied the charactérsstof recycled aggregates which were
produced in a recycling plant. Four different frans were studied: the sample 001 was the
unselected fraction which was crushed simply betbeevibrating screen process (fraction
0/50mm); the samples 002, 003 and 004 were thé16/%0 and 0/6 mm recycled aggregates
produced in plant respectively. Water absorptiolues of RCA varied from one fraction to

another (Table 1-4). They observed that higher malsorption values were related to the
larger particle size of samples. Given by the astha possible reason for this could be the
higher absorption rate of cement mortar attachedggregate particles in the case of the
fraction with larger particles, and thus, with gter water absorption capacity. As particle

size decreased, the amount of cement particlegiagdhe them was lower, and consequently,
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the water absorption capacity also decreased. Tdwssusions are contradictory with others
studies [34, 46, 49]. Indeed several studies sht &s the size of RCA decreases, their

density decreases and water absorption increases.

Table 1-4 Properties of recycled aggregates [48]

Properties Fraction
Sample001 Sample002 Sample003 Sample 004
(0/50mm) (10/50mm) (6/20mm) (0/6mm)
Dry density(kg/m) 2230 2140 2150 2500
Water absorption (%) 10.64 10.74 8.43 3.74

1.3.3 Other factors affecting the properties of RCA

The properties of RCA depend on lots of factorfodews:

Contaminants

One of the problems in the use of recycled aggesgiatr the manufacture of new concrete is
the presence of contaminants in the RCA [50]. Khalad De Venny [51] studied the
recycling of demolished masonry rubble as coarggeggte in new concrete. They showed
that bitumen, mortar, gypsum, organic matter, ¢tiés and sulfates, glass could be found in
the recycled aggregates, decreasing their propettaanond et al. [52] summarized strength
loss based on inclusion of contaminants in RCA.yTsleowed that volume percentage of
impurities (7% for lime plaster, 5% for soil, 4% fawood, 3% for gypsum, 2% for asphalt)
can result in 15% or greater reduction of compuessirength as compared to reference
concrete. Debieb et al. [53] showed the effectarftaminated crushed concrete aggregate on
the mechanical properties and durability propenieRAC. They found significant difference
in these properties when using contaminated RCA amcbntaminated RCA. Concrete
containing contaminated RCA were more sensitivehiorides than sulphates. Therefore,
precautions and specific measurement need to lentadspecially with aggregates from

hazardous origin such as concrete under marinee@maent.
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Properties of original concrete

Hansen and Narud [37] studied the compressive gitreaf recycled concrete made from
CRCA crushed from original concretes with thrededént w/c ratios (0.4,0.7,1.2). Three
grades of CRCA (noted as Recycle H, Recycle M ardyBle L) were prepared by the
crushing of original high-strength, medium-strengdnd low-strength concrete in jaw
crushing which was set at an opening of 25mm wiéhjaws in a closed position. They found
that the properties of RCA was influenced by the mtios and paste volume of the original
concrete (Table 1-5). The compressive strengthAE Ran be as good as or better than the
original concrete when the w/c ratio of the origioancrete is the same or lower than that of
new concrete.

Table 1-5 Properties of natural gravel and recycledoarse aggregates[37], B.S. crushing value is
determined according to british standard BS 812:11(54]

Size Specific Water Los Angeles B.S. Volume of
Type of aggregate  fraction gravity absorption  abrasion crushing attached

(mm) (g/cnt) (%) (%) value (%) mortar (%)

4-8 2.50 3.7 25.9 21.8 0
Natural gravel 8-16 2.62 1.8 22.7 18.5 0

16-32 2.61 0.8 18.8 14.5 0

4-8 2.34 8.5 30.1 25.6 58
Recycled (H) 8-16 2.45 5.0 26.7 23.6 38

16-32 2.49 3.8 22.4 20.4 35

4-8 2.35 8.7 32.6 27.3 64
Recycled (M) 8-16 2.44 5.4 29.2 25.6 39

16-32 2.48 4.0 25.4 23.2 28

4-8 2.32 8.7 41.4 28.2 61
Recycled (L) 8-16 2.42 5.7 37.0 29.6 39

16-32 2.49 3.7 315 27.4 25

Poon et al. [46] studied the influence of recycdgmiregates on the microstructure of RAC.
They used two types of RCA, one was from normargjth concrete, and the other was from
high-performance concrete that had been preparé¢d siica fume as a partial cement
substitute. The physical properties of natural eswycled aggregates are presented in Table

1-6. The recycled aggregates were more porous,desse and weaker than the crushed
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granite, and the water absorption of RCA was mughdr than that of crushed granite. The
water absorption capacity of the RCA derived fromnnmal-strength concrete (NC) was larger
than that of high-performance concrete (HPC). Batdompressive strength and constituents
of NC and HPC are not presented in details. Thecangrintrusion porosities of the coarse
aggregates (natural aggregate, recycled NC anclezty\HPC) were 1.60%, 16.81%, and
7.86%, respectively. The higher porosities of rémycaggregates can be attributed to the
adherent cement paste. The pores in the NC aggragat mainly distributed between 0.01
and 1pum whereas the majority of pores in the HPR§Peggate were lower than 0.1um. For the
authors, the finer pore size distribution of theymed HPC was due to the use of pozzolanic
admixtures, but the lower w/c ratio certainly alslays very important role which is not
mentioned here.

Table 1-6 Physical properties of natural and recy@d coarse aggregates[46], ten percent fines crushin
value is determined according to BS 812:110 [54]

Type of coarse Ten percent fines Apparent density  Water absorption(%)
aggregate crushing value(kN) (g/cnt) 10mm 20mm
Crushed granite 159.7 2.620 1.25 1.24
Recycled NC 101.9 2.409 8.82 7.89
Recycled HPC 123.8 2.390 6.77 6.53

Padmini et al. [55] studied the influence of pareohcrete on the properties of RCA. The
properties of granite and recycled concrete aggeegae shown in Table 1-7. Three
maximum sizes of crushed granite aggregates aeeé thifc ratios (0.58, 0.43 and 0.34) were
manufactured as parent concrete. They found tleatvtiter absorption of RCA increased with
an increase in strength of parent concrete (themvelof paste certainly also plays very
important role which is not mentioned in this stydyhile it decreased with an increase in
maximum size of aggregate. The specific gravitiRGfA reduced marginally with an increase
in strength of parent concrete, and the quantitgdbferent mortar was relatively lower for the

RCA produced from lower strength parent concreteeyTalso showed that for a given
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compressive strength, the split tensile strenddxufal strength and modulus of elasticity

were lower for RAC than parent concrete.

Table 1-7 Properties of fresh granite and recycledoncrete aggregate [55], NA means the crushed natir
granite aggregates

Property NA of maximum  RCA of maximum size

size (mm)

10 20 40 10mm 20mm 40mm
Maximum size of NAin - - - 10 10 10 20 20 20 40 40 40
parent concrete (mm)
Compressive strength of - - - 35 49 56 37 50 58 31 45 52

parent concrete (MPa)

Specific gravity g/crh 28 28 28 246 24 238 252 251 248 256 2.3%F2
Water absorption (%) 03 03 03 460 48 50 3@l 486 22 25 238
Abrasion value (%) 29 26 26 48 46 46 38 35 33 30 299

Tam et al. [56] studied the relationship betweeopprties of demolished concrete, recycled
aggregates and RAC using regression analysis. dmples from ten demolition sites were
used to investigate their characteristics and ptmse They showed that there were
correlations between characteristics of demolist@ucretes samples, RCA and RAC. The
properties of RCA (particle size distribution, diéypsporosity and water absorption) were
correlated with the properties of demolished caecrédensity, absorption, porosity,
carbonation depth).

Limbrchiya et al. [57] studied the chemical and emalogical characteristics of CRCA and
their influence on concrete performances. They leoled that for CRCA samples obtained
by crushing C&D debris from different sites, thavas no significant variation in quality,
indicating no significant effect if adequate quabbntrol criteria during RCA production was
adopted.

We can conclude that some authors point out tleaptbperties of RCA depend on that of the
original concrete, whereas some authors conclugtetiiere is no or little effect of the original

concrete.
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Crushing method

Yagishita et al. [39] studied the behaviour of feined concrete beams containing CRCA.
They showed that the coefficient of water absomptad the high-grade recycled coarse
aggregate (after three time crushing) used foetperiments was 1.03 times larger than that
of natural coarse aggregate on the average, windecoefficient of the low-grade recycled
coarse aggregate (one time crushing) was 3.44 tianger. Therefore, the quality of CRCA
was improved by number of successive crushing.

Tomas et al. [58-59] studied the influence parametd impact crushers (crushing time,
impact velocity and energy). With good control adrgmeters of impact crushers, good
guality of RCA can be obtained.

Molin et al. [60] studied some relevant factorsluehcing the quality of reused crushed
concrete. They tested two main crushing technidjae crusher and rotation crusher) with
respectively 45 and 100mm opening. They concludatl jaw crusher was somewhat better
than rotation crusher and the big opening was tjidbetter than the small one. The jaw
crusher imposed more micro-cracks than percusgiom fthe rotation crusher, and so it
removes more mortar from the aggregates. Howevéigd to be noted that removing more
mortar from CRCA improves their quality but leadsthe same time to the production of

larger quantity of FRCA.

Weathering (carbonation)

Weathering influence includes two parts, one partthe weathering influence on the
properties of original concrete, and the other parthe weathering influence (storage
conditions, temperature, and relative humidity) mmoperties of RCA after crushing the
demolished concrete. For the first part, the emvitent exposure conditions (temperature,

relative humidity) are the major factors influergithe carbonation of original concretes.
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Carbonation is a procedure where carbon dioxide,J@®the atmosphere penetrates and
diffuses through the pore water and reacts witltigal hydroxide (Ca(OH), producing

calcium carbonate (CaGJand water (Equation 1-1).
Ca(OH), +H,CO, - CaCQ, +H,0O Equation 1-1

In addition, hydrated calcium silicate (C-S-H) aso react with C@[61-63]. The depth of
carbonation can be determined by spraying phenuddin indicator, which is a colorless
indicator, that turns purple when the pH is aboy64). The carbonation depth increases with
the concentration of CQage, wi/c ratio, and porosity of concrete. Anytdas which increase
the concrete permeability can also increase thwooation rate. For example, the carbonation
depth with w/c=0.4 was 50% lower than that of B6][ A typical carbonation depth with
w/c=0.5 was between 5 and 10 mm after normal expedsu 10 years [56].

Roy et al. [66] studied the accelerated carbonaaod weathering of concrete in the
laboratory. Five different grades of concrete witkt ratios of 0.8, 0.7, 0.65, 0.6, and 0.55
were selected to study the effect of humidity leveh the depth of carbonation. They found
as the humidity level increased from 52 to 75% dheas a significant increase in the
carbonation depth. There was a decrease in caitbondepth as the relative humidity
increased from 75 to 84% and the carbonation demieased once again as the relative
humidity was finally increased to 92%. Fernandezt®eet al. [62] pointed out that the
carbonation rate is faster at a relative humidit$p@70% and decreases at higher and lower
relative humilities, which was explained by thetfdmat diffusion of CQand reaction kinetics
are two conflicting processes.

Thiery et al. [67] investigated the chemical kiostiof carbonation on ordinary Portland
cement paste and concretes. The carbonation depth determined by TGA and by

gammadensitometry after the accelerated carbona¢isis. Gammadensitometry is a non-
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destructive method able to measure the total patieetrCQ and to monitor the carbonation
process during the accelerated tests [68]. Theltsesadicated that C®is chemically
bounded as CaGDwhich precipitates in various forms, namely: EglCalcite, decomposes
from 780 to 990°C), metastable (vaterite and ardgodecomposes from 680 to 780°C), and
amorphous (decomposes from 550 to 680°C). The hiestarm (amorphous) of CaG@vas
preferentially associated with C-S-H carbonation.séems that the higher the level of
carbonation leads to more C-S-H carbonation leathngreater quantity of unstable CagO
Some authors [69-70] also pointed out the differenystallized forms of CaC{(calcite,
aragonite and vaterite) formed during the carbonati

Ngala and Page [71] investigated the effect of @aabion on pore structure and diffusional
properties of hydrated cement pastes. The pore dsgbution, total porosity and coarse
capillary porosity of non-carbonated and fully cawated specimens of OPC, OPC/30% fly
ash and OPC/65% slag pastes were determined. $hksrshowed that the total porosity for
all the studied pastes reduced after the carbandtios due to the deposition of CagO
formed, which volume exceeds that of original hyesa and thus causing a reduction of
porosity). Also the authors observed a redistrioutof pore sizes, the proportion of large
pores (diameter > 30nm) increased slightly for Qp¥Stes (it is due to the formation of
additional silica gel by the decomposition of C-S3&l), but much more significantly for the
fly ash and slag pastes.

Johannesson and Utgenannt [72] investigated theostiacture changes (specific surface
area and pore size distribution) of an OPC cemamtan Specific surface area determined by
the BET equation (simplest one layer expression)well-carbonated and noncarbonated
cement paste was 29.4 and 31 %gnrespectively. The well-carbonated cement mdvéat a

larger volume of pores in the pore size range @h@&x than the noncarbonated mortar.
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Arandigoyen et al. [73] studied the variations atrmostructure with carbonation of paste of
lime blended with cement. The porosity, pore siggrithution, and specific surface area were
investigated with both carbonated and non-carbdngtastes. The results showed that
carbonation decreased around 10% the porosityntutvith the same intensity in all pore
size ranges. The specific surface area decreasdichénpastes as a consequence of the
decrease of the small porosity (<0.03um), but meed when there was cement in the paste,
which would due to the deterioration of C-S-H (opgnof gel pores) and appearance of
microcracking. Lawrence et al. [74] studied thesefffof carbonation on the pore structure of
non-hydraulic lime mortars. They showed that theas an increase in pore volume in the 0-
0.1um pore diameter range across all mortar tygashamvere due to the transformation of
portlandite to calcite. There was also a monotana@ease in the volume of pores with

diameter below 0.3um.

I mproving methods

It is very important to improve the properties o€ R in order to make good application of
RCA in new concrete. Because of the large varietfeasontaminants in the RCA, separation
techniques are proposed and discussed by somerauttendriks and Xing [75] showed that
the possible separation techniques were size depalalassification of materials by size),
density separation (separation of particles byedsfit densities), and magnetic separation
(removal of ferrous metals). Ulsen et al. [22] stddthe separation techniques of recycling
sand from C&DW. They processed by tertiary impatishing, together with sieving and
density and magnetic separations. Density separatias realised by heavy liquid media
elutriation and magnetic separation on the Fraatrdr field separator. They found that both
density and magnetic separation were effectivetlier reduction of residual cement paste

content.
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Ogawa and Nawa [23] studied the quality of recydiad aggregate by selective removal of
brittle defects. Fourteen FRCA were manufacturethbge types of processes including a jaw
crushing, ball mill, and granulator. They showedttlaw crusher slightly changed the defects
in FRCA, ball mill made the grains more round andace more regular, and the granulator
made more round but retained the original irregsifeape.

Tsujino et al. [76] studied the application of Iguality recycled coarse aggregate to concrete
by surface modification treatment. They used twmesyof surface agent, oil-type and silane-
type to improve the properties of RCA. The resghiswed that the silane-type surface agent
reduced greatly the strength of concrete. The wattsorption of low quality RCA was 1%
after treatment for a silane-type agent compannga treatment 5.5%, 3.5% after treatment
for oil-type agent.

Grabiec et al. [77] studied the modification of RG# calcium carbonate biodeposition with
bacteria. They showed that this method can redoeenmater absorption of RCA, and the
effect was visible in case of finer RCA from thdeimor-quality old concrete. The water
absorption with biodeposition was 4.1-4.7 % compato 5.2-5.5 % without biodeposition.
Tam et al. [78] investigated the practices of R@Acbnstructions and studied three pre-
soaking treatment approach in order to reduce tbdamattached to RCA. Three acidic
solvents named hydrochloric acid (HCI), sulfuriedagH.SO,) and phosphoric acid gRO,)
with a concentration of 0.1mol/l were used in thedg. After the authors, a concentration 0.1
mol/l of the acidic solution can provide a suitablgdic environment for the aggregate to
remove the old cement mortar and will not lower diality of aggregate. The results showed
that the treatment applied can effectively impraokre aggregate quality: water absorption
rates after the pre-treatments have been significaeduced (reduction between 7.3% and
12.2% in comparison to the untreated RCA). Howettéras to be noted that the RCA used in

this study had water absorption relatively low omparison to classical RCA. Perhaps with
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lower quality RCA the results could be better? Pphe-treatments could effectively remove
old cement mortar from RCA, which helps improvihg tveak bound between RCA and new
cement mortar. Although the chloride and sulphategents increased after the pre-treatments,
they were still within the limits of 0.05% and 1%.

Ahn et al. [79] studied the recovery of aggregdtesn concrete by heating and grinding
method. They heated the waste concrete at 400-5a808Cround by ball mill, and obtained
good quality RCA with specific gravity above 2.&m?, and water absorption below 3.0%.
Nakagawa et al. [80] developed a new recycling @secof fine aggregate from waste
concrete particle using high-pressure carbon dexsdlution. The recycling process is
composed of three types of treatment: high-pres@@g agueous solution, grinding with a
ball mill, and classification. They found that digoall mill crushing can reduce water
absorption to 5.3% after 60mins treatment. Combineatment with ball mill 30mins and 6h

treatment with C@can reduce water absorption from 15% to 3.2%.

1.4 Standards for RCA

In order to make good use of RCA in concrete, stedl for recycled concrete and
classification of RCA have to be followed. Severatjuirement considering RCA can be
found such as pr EN 933-11(European Union) [81]88¥®-2(England) [82], JIS(Japan),

DG/TJ08-2018-2007 (China).

RILEM specifications

RILEM [83] classified the CRCA into three types wiiare shown in Table 1-8. These
recommendations suggest maximum allowable valuesnipurities in RCA. Here type |

aggregates means that aggregates originate frononmyasubble, type Il signifies that

aggregates originate from concrete rubble; typeafgregates means a blend of recycled
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aggregate and natural aggregates. The composifidgpe Il aggregates shall meet the
following additional requirements: the minimum cemit of natural aggregates is at least 80%
(m/m), the maximum content of type | aggregateG%1(m/m). CRCA can be used in plain

and reinforced concrete under the provision meetian Table 1-9 .

Table 1-8 Classification of recycled coarse aggretgs for concrete (RCAC) [83]

Mandatory requirements RCAC RCAC RCAC Test method

type | type Il type Il
Min. dry particle density (kg/f 1500 2000 2400 ISO 6783& 7033
Max. water absorption (% m/m) 20 10 3 ISO 6783&303
Max. content of material with SSD <2200 - 10 10 ASTM C123
kg/m® (% m/m)
Max. content of material with SSD <1800 10 1 1 ASTM C123
kg/m® (% m/m}
Max. content of material with SSD <1000 1 0.5 0.5 ASTM C123
kg/m® (% m/m)
Max. content of foreign material (metal, glass,5 1 1 Visual
soft material, bitumen) <1000 kg?rt% m/m)
Max. content of metal (% m/m) 1 1 1 Visual
Max. content of organic material (% m/m) 1 0.5 0.5 NEN 5933
Max. content of filler (< 0.063mm) (% m/m) 3 2 2 BN 933-1
Max. content of sand (< 4mm) (% m/m) 5 5 5 prEN 933-1
Max. content of sulfate (% m/in) 1 1 1 BS 812, part 118

Water saturated surface dry condition (SSD).

®If the maximal allowable content of sand is excekedleis part of the aggregates shall be considegether

with the total sand fraction.
“Water soluble sulfate content calculated as. SO

Table 1-9 Provisions for the use of recycled conae[83]

Recycled aggregates RCAC type | RCAC type Il RCxaxtll
Max. allowable strength class C16720 C50/60 No limit
Additional testing required when used in None None None

exposure class’l

Additional testing required when used in ASR expansion

ASR expansion test

ASR expansion test

exposure class 2a,4a test’
Use in class 4a
not allowed
Additional testing required when used in Use in classes ASR expansion test ASR expansion test
exposure class 2b,4b 2b,4b not Bulk freeze-thaw test Bulk freeze-thaw test
allowed
Additional testing required when used in Use inclass3 ASR expansion test ASR expansion test
exposure class 3 not allowed Bulk freeze-thaw test Bulk freeze-thaw test

Deicing salt test

Deicing salt test

a However, the strength class may be increased té3€3ubject to the condition that the saturatedasardry

(SSD) density of the recycled aggregates exceed Rg/nT.
b Conforming with ENV 206.
¢ Expansion test to evaluate alkali silica reattivi

© 2014 Tous droits réservés.
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For concrete with recycled aggregates used in exposlasses 2, 3 and 4 (Table 1-9),
attention should be paid to the durability aspeétseinforced concrete. The use of recycled
fine aggregates is limited in this standard duéhtolarger amounts of contaminants, higher

water absorption, larger adherent cement pastecbnt

JI'S (Japanese Industrial Standard)

Japan has a history of more than a quarter cerdimgsearch on the reuse of recycled
aggregates in new concrete, and three classesyafled aggregates are defined in Japan. JIS
A5021 [84] was established for high-quality recgckggregate H for concrete in 2005. JIS
A5022 [85] and JIS A5023 [86] are dedicated to cémy concrete using recycled class M and
class L, respectively (Table 1-10). The JIS TechnReport, TR A 0006 “Recycled concrete
using recycled aggregate” classified recycled ostecrinto three classes as “Normal”,
“Chloride controlled”, “Flexible use” [87]. “Normalrecycled concrete should be used for
filling concrete and leveling concrete which arestactural members where high strength
and high durability are not required. “Chloride tolled” recycled concrete is used similarly
as “Normal” concrete but for members with steehi@icement. “Flexible use” recycled
concrete is used for a wider range of members, sSomge for structural use, under the

guidance of an engineer who has expert knowledgeaytled concrete (Table 1-11).

Table 1-10 Specified values of recycled aggregatelIS [84-86]

Recycled aggregates properties  Class-H Class-M slas

Coarse Fine Coarse Fine Coarse Fine
Oven-dry density (g/cf Not less Not less Not less Not less - -

than 2.5 than 2.5 than 2.3 than 2.3
Water absorption (%) Not more Notmore Notmore Notmore Notmore Not more

than 3.0 than 3.5 than 5.0 than 7.0 than7.0 than 13.0
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Table 1-11 Specifications for recycled concrete[87]

Class Nominal strength Gmax Slump Chloride content
(MPa) (mm) (cm) (kg/n?)

“Normal” 12 20 or 25 Less than 15 -

“Chloride controlled” 12 20 or 25 Less than 15 Lésn 0.6

“Flexible use” Less than 18 As required As required As required

Chinese standard (DG/TJ08-2018-2007)

The first standard for recycled aggregate condgrehina (Technical code on the application
of recycled concrete [88]) was issued in 2007 iargjmai. In this code, only coarse RCA
(minimum size of RCA over 5mm) is allowed to useeaycled concrete (Recycled concrete
used as block, pavement, and element which streclgds is less than RC40, including
RC40). In terms of density, water absorption anganay content, two classes of RCA are

defined in Table 1-12.

Table 1-12 Classification of recycled coarse aggratgs for concrete in DG/TJ08-2018-2007 [88]

ltems Type | Type I
Apparent density (kg/M >2400 >2200
Water absorption (%) <7 <10
Masonry content (%) <5 <10
Flakiness index (%) <15

Crushing value (%) <30

Soundness (mass loss %) <18

Impurity content (%) <1

1.5Properties of recycled aggregate concrete

As discussed in section 1.3, CRCA essentially caagmf natural gravel generally possess
satisfying properties for the re-use as concretgegtes. Lots of studies have been dedicated

to the properties of concretes containing CRCARCRA.
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1.5.1 Fresh properties of recycled aggregate concrete

Sagoe-Crentsil et al. [89] studied fresh and hadeproperties of RAC made with
commercially produced CRCA and natural fine sanke Pproperties of RCA and basalt
aggregates are shown in Table 1-13. The concretirmaiproportions and slump of RAC are
shown in Table 1-14. The RAC contained 100% CRCA &ne natural sand while the
normal concrete mixture contained only natural seand fine aggregates. The RCA were
presaturated for 10 min in the mixture. The slumigRAC was 75mm while the slump of

normal concrete was 90mm.

Table 1-13 Properties of recycled concrete aggregatind basalt aggregate [89]

Property Recycled concrete aggregate Basalt
Aggregate crushing value,% (AS1141.21) 23.1 15.7
Bulk density, kg/m (AS1141.6) 2394 2890
Water absorption,% (AS1141.6) 5.6 1.0

Table 1-14 Mix designation and mixture details of ancrete specimens[89]

Mix Cement  Water-cement Coarse Wet density  Entrapped air

designation (kg/n?) ratio aggregate  (kg/m’) content (%) Slump (mm)
C0912A 242 0.76 basalt 2466 2.4 90
C0912B 240 0.73 recycled 2335 2.4 75

J.M. Khatib [90] investigated the properties of cate containing FRCA and natural coarse
aggregates. Five different mixes were employedx@mene the influence of incorporating

FRCA as shown in Table 1-15. The free w/c ratiodtbmixes was 0.5. The slump values of
RC varied from 170 to 190 mm. There was a systeniatrease in slump as the content of
FRCA in the mix increased, the slump of fresh ceteewas 170mm, 175mm, 185 mm, and
190 mm respectively as the substitution of FRCA @&%, 50%, 75% and 100% (by weight).

However, the method to prepare FRCA (using FRCABED state or dried state) is not

mentioned precisely in the article.
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Table 1-15 Details of concrete mixes (kg/fj90]

Mix Cement Water Sand(Class M) FRCA  Coarse AggegatSlump(mm)
Control 325 162 649 0 1298 145
RC25 322 161 483 161 1288 170
RC50 320 159 320 320 1277 175
RC75 317 158 158 475 1267 185
RC100 315 157 0 629 1257 190

Tam et al. [91-94] proposed a new approach in @aanixing, ‘two-stage mixing approach
(TSMA)’ which is shown in the Figure 1-7, in orderimprove the compressive strength of
recycled concrete. During the first stage of mixinGMA uses half of the required water for
mixing leading to form a thin layer of cement sjuwhich fills up some pores and cracks in
the RCA. At the second stage of mixing, the renmgjrwater is added to complete the mixing
process. Under the examination of SEM, both the A&wvand old ITZ of RAC are improved
after the TSMA comparing to normal mixing approadmprovement of strength was
recorded up to 21% for 20% of RCA used after 28d#ysuring. They also suggested that
using pozzolanic materials (silica fume, fly ashifoi concrete combined with TSMA could
improve the properties of RAC.

Roesler et al. [27] studied the effects of RCA lba toncrete’s fresh and strength properties
for airfield rigid pavement application using TSM¥arious concrete mixtures with different
percentages of RCA and mineral admixtures as paegjacement of Portland cement were
tested. The RCA were kept in moisture conditionggbroximately 80% of their absorption
capacity. The mix water was adjusted accordindnéowater absorption of RCA. The results
showed that TSMA can be an effective method forroamg properties of RAC. The slump
value for the RAC gave similar results comparingdontrol concrete (concrete with natural
aggregates). Thus, TSMA with higher initial absarbmoisture reduced the negative
workability effects associated with RCA. The RCAximres with silica fume or fibers

reduced workability as expected.
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Fine Aggregate Recycled Aggregate +
(i) NMA Natural Coarse aggregate:

(yam
- O B

. Half of the Cement Concrete
(ii) TSMA required Water

Figure 1-7 Mixing procedures of (i) normal mixing gproach and (ii) two-stage mixing approach[91]

Kou et al. [95] studied the properties of concrehed were prepared with FRCA and crushed
natural coarse aggregate. They used two methodedign the concrete mixes, one with a
fixed water/cement ratio and the other with a fix@dmp range. Saturated surface dried
conditions of aggregates were used to design therete mixes, but unfortunately they didn’t
mention how SSD condition was determined. Waterpmmsation was made during concrete
batching. But they didn’t mention the state of nwmie of FRCA used in the mixing
procedure. The slump of fresh concrete Mixes | Wasmm, 98mm, 120 mm, and 135 mm as
the substitution of FRCA was 25%, 50%, 75%, and%0€espectively at the fixed
water/cement ratio. The slump value of the conditees Il maintained at approximately the
same value (between 60-80mm) by reducing the attdedwater. The free water decreased
as the substitution of FRCA increased. The resillistrated how the water absorption
properties of FRCA affected the free water requirethe concrete mixes which influenced
directly the slump value of fresh concrete. Butytlteédn't mention the method used to
evaluate the water absorption of FRCA.

Poon et al. [96] studied the influence of moiststaes of natural and recycled aggregates on
the properties of fresh and hardened concretes. mobisture states of aggregates were
controlled at air-dried (AD), oven-dried (OD) anatwated surface-dried (SSD) states. The

fine aggregates used were natural river sand witimemess modulus of 2.11. The natural
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coarse aggregates used were crushed granite witimabsizes of 10 and 20mm. The CRCA
were crushed and obtained from a single sourdeeatitl Kai Tak airport in Hong kong. The

physical and mechanical properties of the naturdl@RCA are shown in Table 1-16.

Table 1-16 Properties of the natural and recycledaarse aggregates[96]

Type Nominal size Density (kg/m) Water Strength (10%  Porosity (%)
(mm) absorption (%) fine value) KN
Crushed granite 10 2620 1.25 159 1.60
20 2620 1.24
Recycled 10 2330 7.56 117 10.45
aggregate 20 2370 6.28

© 2014 Tous droits réservés.

All the mixes had a free water content of 205 ky/anfree water-to-cement ratio (w/c) of 0.57
and a fine aggregate to total aggregate ratio 87%. The amount of water was adjusted
according to the actual moisture contents of thgregates. When the AD and the OD
aggregates were used, an additional amount of wasrneeded to saturate the aggregates.
The actual mass of water and materials used inig@share shown in Table 1-17.

The test results showed that initial slump valuethe concrete mixtures were dependent on
the initial free water contents, and the slump haisies of the mixtures were related to the
moisture states of the aggregates. The changdsrop swith time are shown in Figure 1-8.
For the mixes prepared with all the coarse aggedgeiing replaced by the recycled aggregate,
the initial slump values of OD4 mix was about 145mvhile that of AD4 mix was 125mm.

In contrast, the mix with SSD coarse aggregaté retilintained at initial slump of 100mm.
The concrete with OD coarse aggregate showed aighial slump which was due to the
higher initial free water content in the mix. THersp value of these mixes decreased to zero
at 135min for mix OD1 and at 165 min for mix AD1da8D1 after initial mixing. Overall, it
was clear that if the recycled aggregates were usé#te SSD state, there was only a small
change in the initial slump of the concrete. Duethie absorption of water by the dry

aggregate, which reduced quickly the amount of Water in the mixture, the mixes prepared
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with 20-100% recycled aggregates in the SSD stabeved a slower process of slump loss

and the slump did not reach zero during the tesbg@ef 165 min. In comparison, the OD

mixes showed a faster loss of slump than the SS@sni

Table 1-17 Actual mass of water and materials used different mixes[96]

Mix Combination of Moisture Proportions (kg/r)
coarse aggregate state of  Water Cement Sand Crushed granite Recycled
coarse aggregate
aggregate 10mm 20mm  10mm 20mm
AD1 100% crushed AD 214 353 667 362 724
OD1  granite oD 221 353 667 360 720
SSD1 SSD 209 353 666 364 729
AD2 80% crushed AD 217 353 660 287 574 70 139
OD2  granite + 20% oD 230 353 661 284 569 67 135
SSD2 recycled SSD 206 353 661 288 576 72 144
concrete
AD3 50% crushed AD 229 353 647 176 351 170 343
OD3  granite + 50% oD 247 353 647 175 349 164 332
SSD3 recycled SSD 207 353 649 177 354 177 354
concrete
AD4 100% recycled AD 241 353 625 330 663
OD4  concrete oD 271 353 625 317 642
SSD4 SSD 209 353 625 342 684
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Figure 1-8 Changes of slump of concrete mixes wittifferent types of coarse aggregates and at
different moisture states[96]

Poon et al. [97] studied the properties of freshceete prepared with recycled aggregates.

They prepared the concrete mixtures with a desmgnpeessive strength of 35 MPa, the mix

proportions of concretes are shown in Table 1-1& flne aggregates used were natural river

sand with a fineness modulus of 2.11. The recyelgdregate was used at the air-dried

© 2014 Tous droits réservés.
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condition with initial moisture content of the aggate at mixing much lower than its
absorption capacity. The changes in slump of caaarexes without fly ash and with 25%

fly ash are shown in Figure 1-9 and Figure 1-18peetively. The initial slump increased

with an increase in the percentage of recycledexgie.

Table 1-18 Mix proportion of concrete[97]

Notation  Recycled Constitution (kg/m)
aggregate (%) i
water cement sand Fly ash granite Recycled aggregat

RO 0 225 410 642 - 1048 0
R20 20 225 410 642 - 840 204
R50 50 225 410 642 - 524 506
R80 80 225 410 642 - 210 814
R100 100 225 410 642 - 0 1017
ROF25 0 225 307.5 628 102.5 1048 0
R20F25 20 225 307.5 628 102.5 840 204
R50F25 50 225 307.5 628 102.5 524 506
R80 F25 80 225 307.5 628 102.5 210 814
R100 F25 100 225 307.5 628 102.5 0 1017
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Figure 1-9 Changes of slump of concrete mixes

Figure 1-10 Changes of slump of concrete mixes
without fly ash [97]

with 25% fly ash [97]

The mix prepared with 100% recycled aggregate sbdwe greatest slump of 195mm and it
took about 3h to decrease to the zero slump, whdemix without recycled aggregate took
about 130 min. For the mixes with 25% fly ash,th# mixes showed higher initial slumps
when compared to the corresponding without fly &dte highest initial slump of 210 mm

was recorded for the mix with 100% recycled aggieegad 25% Fly ash. The rate of slump
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loss with time was also lower for the mixes with &ish. As a result, the slump of these mixes

took longer to reach zero than the mixes withoua#h.

Globally, we can conclude that the moisture stdteéhe recycled aggregates affects the
workability properties of concrete made with RCAheT slump loss of the concrete is
influenced by the moisture state. Attention sholéd paid to the preparation of recycled

aggregates before mixing.

1.5.2 Mechanical properties of recycled aggregate concret

J.M.Khatib [90] found that compressive strengthuan occurred when natural sand was
replaced by FRCA. The compressive strength fomates at 1, 7, 28, and 90 days are shown
in Figure 1-11. After 90 days curing, the reductamuld reach 27% at the replacement level
of 100%, while it was only 15% for the replacemeh25% at the fixed water/cement ratio of
0.5.

Evangelista [98] studied the influence of FRCA whiwas produced in laboratory in the
production of structural concrete. They used FRGApartially or globally replace natural
sand in the RAC. For replacement ratios up to 3@%, compressive strength was only
decreased by 3.7%, the modulus of elasticity wasedsed by 3.7%. For the replacement
ratio up to 100%, the compressive strength was delgreased by 7.6%, the modulus of
elasticity was decreased by 18.5%. Globally theychaled that the use of FRCA does not

jeopardize the mechanical properties of concreteelver it was contradictory to [90, 95].
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Figure 1-11 Effect of FRCA content on compressivarength(S)[90]

Kou et al. [95] studied the properties of concretest were prepared with FRCA as fine
aggregates. They used two methods to design theretenmixes, one was the fixed
water/cement ratio of 0.53 and the other one wasfiked slump range of 60-80mm. The
concrete mixes were designed on the saturatedcsudaed condition. But they didn’t
mention the state of moisture of FRCA used in theing procedure. Water compensation
was made during concrete batching. They pointedhaitat a fixed W/C and at fixed slump,
the compressive strength of concrete with replacénoé 100% decreased 25%, 26%
respectively compared to control concrete (Figudland Figure 1-13). After the authors,
the poorer mechanical strength of concrete mixdsefl water/cement ratio might be due to
the high initial free water content used in the esixendered bleeding and poorer interfacial

bonding between the aggregates and the cemenspaste
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Figure 1-13 Compressive strength of concrete mixés Series lI(fixed slump)[95]

Poon et al. [99] used recycled aggregates to pedwncrete bricks and paving blocks
obtained from C&DW. Series of laboratory trial testere carried out to determine the
properties of the bricks and blocks prepared with without recycled aggregates. The test
results showed that the replacement of coarse ared rfatural aggregates by recycled
aggregates at the levels of 25% and 50% had éftlct on the compressive strength of the
brick and block specimens, but at the levels of%00 was decreased by 27% and 13%

compared to the control brick and block respecyivdPaving blocks with a 28-day
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compressive strength of not less than 49 MPa caord@uced without the incorporation of
fly ash, and paving blocks for footway uses witlo\vaer compressive strength of 30 MPa and

masonry bricks can be produced with the incorponadif fly ash.

Xiao et al. [100] studied the compressive streragitl the stress-strain curve of RAC under
uniaxial loading with different replacement pereggs of CRCA (0%, 30%, 50%, 70%,
100%). The fine aggregate used was river sand. uBeel CRCA were pre-soaked before

mixing. The mix proportions and properties of caterare shown in Table 1-19.

Table 1-19 Mix proportions and properties of concrée(kg/m®)[100]

No. RCA w/C C S NCA RCA Mixing Slump  Compressive
replacement water (mm) strength (MPa)
percentage

NC 0 0.43 430 555 1295 - 185 42 35.9

RC-30 30 0.43 430 534 872 374 185 33 34.1

RC-50 50 0.43 430 522 609 609 185 41 29.6

RC-70 70 0.43 430 510 357 832 185 40 30.3

RC-100 100 0.43 430 492 - 1149 185 44 26.7

They concluded that the failure mode of RAC washeas mode and the failure process of
RAC was relatively short. The inclination anglevbe¢n the failure plane and the vertical
load plumb was about 63-79°, while the inclinataorgle of the normal concrete was about
58-64°. The RCA replacement percentage had a @masi@ influence on the stress-strain
curves of RAC which is shown in Figure 1-14. Theess-strain curves of RAC indicate a
decrease in the peak stress and an increase ipetile strain. The compressive strengths
generally decreased with increasing RCA contentte dlastic modulus of RAC was lower

than that of the normal concrete. It decreasedhasRCA content increased. For a RCA
replacement percentage equals to 100%, the elastitilus was reduced by 45%. The peak

strain of RAC was higher than that of normal coteré increased with the increase in RCA
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contents. For a RCA replacement percentage equal30o, the peak strain was increased by

20%.
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Figure 1-14 Typical stress-strain curves of RAC[100

Etxeberria et al. [21] studied the shear behaviad strength of beams made with RAC.

Twelve beam specimens with the same compressieagitr, four concrete mixtures using

different percentages of CRCA (0%, 25%, 50% and%d0@nd three different transverse

reinforcement arrangements were cast and testedo ujailure. They concluded that a

substitution of less than 25% of coarse aggrega&s wuitable for structural use by

considering all measures related to dosage, cosipesstrength and durability.

Xiao et al. [101] studied the mechanical properae®RAC by collecting 1200 test results of

experimental works published in the literature. Thlationships between the compressive

strength and the density, the splitting tensileersith, the flexural strength, the elastic

modulus of RAC are shown in Figure 1-15 to Figw#8lrespectively. A linear relationship

between compressive strength and the density waslforhey concluded that the equations

used for the description of mechanical propertiesnarmal concrete cannot be directly

applied to the recycled aggregate concrete. Thexafey presented improved equations for

the description of RAC after the statistical anelyd the collected experimental results. The

© 2014 Tous droits réservés.
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difference between proposed relations and equasaggested by ACI are shown in Table

1-20.

Table 1-20 Difference between proposed relations drequations suggested by ACI [101]

Xiao [101] ACI Code
fop=0.24£0,5 fp=0.49£5°
ff = 0'75W/fcu ff = 054 fcu
E. = 7770f333 E. = 4127f333

Globally, compressive strength of RAC decreasethasontent of RCA increases both for
FRCA and CRCA replacement (Table 1-21). Generallghors showed that the reasonable
use of CRCA doesn't decrease the compressive $iremdot and can satisfy the project
needs. A few authors mentioned that the use of FRG&s not jeopardize the mechanical
properties of concrete until the replacement of R{pAto 30%. But for other authors the use
of FRCA is not good for the properties of RAC daedheir high water absorption and mortar

content.
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& OMahony [36] -
45+ © Xiaoetal. [38]
—_—.(2)

”
01 +X»0

f, (MPa)

o
of ©
o

15 20 25 30 35 40 45 50 55
fo (MPa)

. . . .
2000 2100 2200 2300 2400 2500
p (kg/m})

Figure 1-15 Relationship between the Figure 1-16 Relationship between the splitting
compressive strength and the density of tensile strength and the compressive strength of
RACJ[101] RACJ[101]
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Table 1-21 Summary of properties of RAC from literdure

the compressive strength of

Author, Year
(Reference no.)

Composition information

Compressive strength MR&d&s) Modulus of elasticity GPa

Relative strength

(28days)

J.M Khatib 2005
[90]

L.Evangelista et al.

2007 [98]

Kou Shi-Cong et al.
2009 [95]

P.Pereira et al 2012
[102]

C.S Poon et al 2002
[99]
Jianzhuang Xiao et

al 2005 [100]

M.Etxeberria et al
2007 [21]

Torben C. Hansen
et al 1985 [103]

C.S Poon et al 2007
[12]

C.S Poon et al 2004
[96]

José M.V. Gomez-
Soberon 2002 [47]

Valeria Corinaldesi

© 2014 Tous droits réservés.

w/c constant, FRCA replace with
0%,25%,50%,75%,100%

cement constant,FRCA replace
sticizer

l:w/c constant,FRCA replace with
0%,25%,50%,75%,100%; ll:slump
constant,FRCA replace with

0%,25%,50%,75%,100%

FRCA replace with

0%,10%,30%,50%,100%, Superplasticizer

cement constant,both FRCA and CRCA

replace with 0%,25%,50%,75%,100%, Fly

ash

w/c constant, CRCA replace with
0%,30%,50%,70%,100%

compressive strength constant, CRCA
replace with 0%,25%,50%,100%

CRCA repalce with 100%
w/c constant, CRCA replace with
0%,30%,50%,70%,100%

cement constant, CRCA replace with
0%,25%,50%,75%,100%

w/c constant, CRCA replace with
0%,15%,30%,60%,100%

w/c constant, CRCA repalce Wii%h,30%

46.7,35.3,35.2,35.1,30
(1.00,0.76,0.75,0.75,0.64)

59.3,59.0,57.3,57.1,58.8,54.8
with0%,10%,20%,30%,50%,100%, Superpla(1.00,0.99,0.97,0.96,0.96,0.99,0.92)(1.00,0.96,0.81) for

1:57,56,52,47.5,42.5

(1.00,1.00,0.93,0.85,0.76);

11:57,55,52.5,45,40.5
(1.00,0.96,0.92,0.79,0.71)

53.3,53.7,51,47.8,45.1
(1.00,1.01,0.96,0.90,0.85)

46.6,44.7,46.5,45.4,40.1
(1.00,0.96,1.00,0.97,0.86)
35.9,34.1,29.6,30.3,26.7

(1.00,0.95,0.82,0.84,0.74)

29,28,29,28

48.6,45.3,42.5,39.2,37.1
(1.00,0.93,0.87,0.81,0.76)

SSD: 46,43.0,38.1,39.1
(1.00,0.93,0.83,0.85)

39,38.1,37,35.8,34.5
(1.00,0.98,0.95,0.92,0.88)

51.2,38.1 (1.00,0.74)

48.1,44.7,42.5,42.3,39.1(1.0
0,0.93,0.88,0.81)

35.5,34.2,28.9

0%,30%,100%

32.56,31.3,28.59,27.74
(1.00,0.96,0.88,0.85)

15-30% reduction

29.7,29.1,27.8,26.6,26.7
(1.00,0.98,0.94,0.90,0.90)

35.6,27.2 (1.00,0.76)
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2010 [104] (w/c=0.5)

Amnon Katz 2003  wi/c constant, both FRCA and CRCA replace30% reduction for OPC, 24% 25% reduction

[105] with 0%,100% reduction for White PC

A.K. Padminietal CRCA repalce with 100% 20-35% reduction for 10mm

2009 [55] maximum size;14-35% reduction
for 20mm maximum size;10-25%
for 40mm maximum size

llker Bekir Topgu et CRCA replace with 23.5% reduction for C20

al 2004 [106] 0%,30%,50%,,70%,100% concrete;33% reduction for C16
concrete

Sami W.Tabsh et al CRCA replace with 30% reduction for C30

2009 [107] 0%,30%,50%,70%,100% concrete;10% reductioni for C50
concrete

Benito Mas et al CRCA replace with 0%,25%,50%,75% and 18-21% reduction for C15; 13%
2012 [108] no Superplasticizer for C15;CRCA replace reduction for C25; 26-39%

with 0%,20%,40% and Superplasticizer for reduction for C65

C25 and C65

M.Casuccio et al CRCA replace with 0%,100% and no 1-15% reduction 13%-18% reudction
Superplasticizer for C18; CRCA replace

2008 [109] with 0%,100% and Superplasticizer for C37
and C48

1.5.3 Mechanical properties of mortars made with FRCA

Like the recycled concrete, recycled mortar martufad with FRCA generally present a
lower strength and a lesser durability than simifaortar composed of natural sand.
Generally, compressive strength of mortar decreasdbe content of FRCA increases [110-
112]. A few authors mentioned that the use of FRdb&s not jeopardize the mechanical
properties of mortar up to a replacement of 30%.fBuother authors the use of FRCA is not
good for the properties of mortar due to the higitew absorption and adherent cement paste
content.

Dapena et al. [113] studied the effect of recyckeahd content on the characteristics of
mortars and concretes. Using recycled sand conbéifts5, 10, 15, 20, and 50%, the strength
drop of recycled mortars increased from 0 to 50%e $trength reduction was 14% and 31%
comparing to the control mortar with siliceous sariten the recycled sand content was 10%
and 20% respectively. With calcareous sand and duditien of superplasticizer, the
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compressive strength of recycled mortar with 209 &0% recycled sand were 51.8,
51.1MPa respectively (control mortar with 0% reegclsand was 61MPa). Replacing
recycled sand up to 10% had no appreciable efiedhe compressive strength of recycled
mortar.

Braga et al. [114] found that it was feasible te@ wg to 15% of fine recycled concrete
aggregate in mortar composition. I.Vegas et al5[Jitesented that the critical characteristics
of FRCA used in the manufacture of masonry mortarentheir water absorption and sulfur
compounds content. After these authors, cemendbasesonry mortar may contain up to
25% FRCA with no detriment to their performance terms of mechanical strength,
workability or shrinkage. Miranda et al. [112] fauthat replacement ratios of up to 40% by
volume didn’t significantly affect the propertielow strength mortar, with the exception of
density and workability.

Lee [116] studied the influence of recycled finggamates on the resistance of mortars to
magnesium sulfate attack. Mortar specimens wergapeel with FRCA at different
replacement levels (0%, 25%, 50%, 75% and 100%atdral sand by mass). The results
showed that the compressive strengths of mortare w8.5, 42.8, 41.1, 37.6, 35.2MPa
respectively. This study showed that the recommiagiedaplacement level of recycled fines
was up to around 50% by the used materials.

Corinaldesi et al. [117] studied mortars containifi% FRCA. They showed that adding
polypropylene fibers and stainless steel fiberghia mortars can reduce the shrinkage of
mortars and improve the flexural strength, whiclove$é to obtain good performances, in
particular when coupled with bricks.

Corinaldesi and Moriconi [118-119] evaluated thechamical and rheological behavior of
mortars with three different 100% FRCA (from prdcasncrete, recycled bricks, from

recycling plant). Mortars with FRCA developed lovechanical strength with respect to the
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reference mortar (28MPa for reference mortar, Bl,ahd 17MPa for the three recycled

mortars), particularly with the recycled bricks.

1.5.4 ITZ properties

Concrete can be considered as a three phase caen@agiregate, Interfacial Transition Zone
(ITZ), and matrix [120-123]. The formation of ITZcund aggregates can be explained by
several factors such as wall effect, bleeding duthe vibration of concrete before setting,
unidirectional growth of hydrates [124-126]. Whée tement grains encounter the wall of an
aggregate, a gradient of water and cement graimewswds the aggregate due to the packing
constraints imposed by the surface [127-128]. Aore@f higher porosity near the aggregate
surface is therefore created.

RILEM TC 159-ETC [129] pointed out that ITZ shoutebt be viewed as a well defined
material but rather as a system which propertipee on the overall composition as well as
on the method of fabrication of the cement comgodithe microstructure of the ITZ can be
guantified experimentally and by modeling in terofigradients of microstructure [130-132].
The ITZ microstructure would depend to a large ®ixtan the particle size distribution of the
binder and its ability to efficiently pack at thggregate surface. Bentz [133] stated that the
microstructure of ITZ between cement paste andeggde depended strongly on the nature of

the aggregate, specially its porosity and wateoigdi®n.

In recycled aggregate concrete, three kinds ofd@d be distinguished: the old ITZ between
natural aggregate and old adherent cement pasteeg(iRCA), the new ITZ between the old
adherent cement paste and new cement paste, andvwhid Z between new cement paste and
natural aggregate (in the RCA), which are showrFigure 1-19. Different experimental

methods are used to characterize the propertid3 Afincluding the optical microscopy,
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scanning electron microscopy (SEM), energy disperst-ray analysis (EDX), mercury
intrusion porosimetry (MIP), atomic force microseopAFM), and nanoindentation. The
typical width of the ITZ between the aggregate anatrix is 50um. However, different

researchers obtained different thickness of theffdz their tests.

1-Original aggregate 2-Adhered cement paste 3-New cement paste

Old ITZ between original aggregate and adhered cement paste
—— New ITZbetween original aggregate and new cement paste

------- New ITZ between old adhered cement paste and new cement paste

Figure 1-19 Schematic representation of ITZs

Poon et al. [46] studied the microstructure of IFZRAC by SEM. SEM observations
revealed that the normal concrete (NC) aggregatesneinterfacial zone consisted mainly of
loose and porous hydrates whereas the high perfa@neoncrete (HPC) aggregate-cement
interfacial zone consisted mainly of dense hydratéee interfacial transition zone
microstructure in concrete with RCA appeared t@abénportant factor in governing strength
development of the RAC. It was expected that thehaeical properties of RAC can be

improved by modifying the surface properties arepbre structure of the RCA.

Tam et al. [91] studied the microstructure of th& between RCA and cement paste to assess
the benefits gained from the two-stage mixing appho(TSMA). They pointed out that the

quality of ITZ depends on the surface charactesstf the aggregate particles, the degree of
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bleeding, chemical bonding and the specimen prépargechnique. They found that ITZ of
the RAC is improved by the TSMA, which fills up tleeacks and pores within RCA. The
compressive strengths and other mechanical prepedf RAC are enhanced from the
laboratory experiments.

Xiao et al. [134-136] investigated the propertiédTZ (old and new ITZ) in the RAC by
AFM, SEM, and nanoindentation. The RCA used fotingsRAC specimens were presoaked
before mixing. The water amount used to presoakRB& was according to the water
absorption capacity. From the SEM results, obvieogls and higher concentration of
calcium hydroxide can be found in both old ITZ arev ITZ in RAC. The thickness of the
old ITZ and new ITZs measured by nanoindentati@raspectively in the range 40-50 um
and in the range 55-65 um. The average indentatimaulus of old ITZ is 70-80% of that of
old paste matrix, while the average indentation nhagl of new ITZ is 80-90% of that of new
paste matrix. For the old ITZ, they showed that ittdentation modulus of old ITZ around
limestone is higher than that of old ITZ aroundvgtaand the thickness of old ITZ around
limestone is thinner than that around gravel. Betytdidn't mention the type of gravel used
in this study. The mix proportion and hydration gy have no obvious effects on the
nanomechanical properties of the old ITZ in RAC.dAd fly ash can increase the average
indentation modulus of the new ITZ, and decrease tthckness of new ITZ. With the
increase of hydration degree, the new ITZ thicknappears to be reduced and the

microstructure of the new ITZ tends to become dense

Lee et al. [137] studied the ITZ properties of ided aggregate in RAC by micro-hardness
tests. However, the saturation state of RCA usesl wved mentioned. In the compressive and
tensile tests, RAC in general failed by cracks ulgtothe RCA, and partly through the 1TZ

between the RCA and mortar. Bigger ITZ cracks wayserved in RAC. They pointed out
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that the micro-hardness value in the old ITZ wasldwest, the micro-hardness value in the
new ITZ was higher than in the old ITZ. The old ITWAs weak compared to the new ITZ

because of cracks and voids created by impactagiproduction process of RCA.

1.6Summary

The RCA can be obtained through the demolition ohccete from different sources.
Adherent cement paste is much more porous thamahaggregates generally used for the
manufacture of concrete. Therefore, quality andnttyaof adherent cement paste is at the
origin of the lower properties of RCA comparativédynatural aggregates. It is important to
control the quality of RCA by reducing the harderenent paste content and the water
absorption.

A lot of researchers studied adherent mortar carntethe CRCA, while there is a little about
the adherent cement paste content in FRCA. Comugethe links between patrticle sizes and
mortar content, most of the studies mentioned loguemtities of adherent mortar in CRCA
with larger particle sizes. But relationships bedwdhe adherent cement paste and particle
sizes are not studied, and therefore it shouldtbeiesd more precisely. Most of the studies
mentioned that the high water absorption is coratkaiith the high mortar content.

A few studies mention the relationship between watesorption and original concrete
properties. Some authors showed that the RCA piepeare affected by the composition of
the original concrete. The RCA crushed from norstedngth concrete (NC) has higher
mortar content and water absorption than the RQ&hed from high-performance concrete
(HPC). But some authors showed that the RCA priogseare not connected with the original
concrete, there is no significant variation in aydior different crushed concretes. The links

between RCA sizes, original concrete, crushing oughweathering of the RCA before use,
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adherent cement paste content and water absorgtiould be studied in more details and
more systematically.

Many authors studied the properties of RAC conrmketigh the proportions of coarse and/or
fine recycled concrete aggregates. As the replacemieRCA increases, the properties of
RAC decrease. Generally, the properties of RAC Hoththe fresh properties and the
hardened properties vary from the compositionsooiccete. The moisture state of RCA also
plays a very important role in the slump of conerééome authors concluded that the air-
dried state, the oven-dried state, and the sudaee- state influence the slump value. So,
more attention should be paid to the preparatioRGA, especially the saturation state of
FRCA. It is necessary to accurately measure thematisorption of FRCA. Some authors

mentioned that the slump of RAC is larger as tipgacement of RCA increases.

Globally, compressive strength of RAC decreasethasontent of RCA increases. A few
authors mentioned that the use of FRCA does ngajelize the mechanical properties of
concrete up to a replacement of 30%. But for othehors the use of FRCA is not good
whatever the percentage of replacement for theepties of RAC due to the high water
absorption and mortar content. The replacementatdiral aggregates by CRCA has less
effect on the compressive strength than FRCA. Gdliyermost authors showed that the
reasonable use of CRCA doesn’t decrease significre compressive strength and thus can

satisfy the project needs.

The quality of ITZ depends on the surface chareties of the aggregate particles, the degree
of bleeding, and chemical bonding. The saturattatesof used RCA may also influence the
properties of ITZ, some authors do not mention tisisd RCA situation, few studies about the

saturation state on the properties of ITZ are edrrout. Obvious voids and higher
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concentration of calcium hydroxide are found intbotd ITZ and new ITZ in RAC. The
thicknesses of the old ITZ and new ITZs are ab@utB. The average indentation modulus
of old ITZ is similar or a little higher than new4. Microstructure and nanomechanical
properties of ITZ can influence the mechanical prtips and durability of RAC.

The influence of dimensions of RCA on their progstas not been studied frequently. The
properties of RCA crushed in the laboratory ancs¢hmade in plants seem to be different.
However few studies have been devoted to underskese differences for these two kinds of
RCA. The relationships between particle sizes, eftecement paste content and water

absorption have also been less studied.

1.7Research objective

The literature review has shown that the reuseRESL in optimized percentages allows the
manufacture of concrete possessing satisfying ptiepeat least for normal concrete. On the
contrary FRCA, due to their high adherent pastaerdrand resulting high water absorption,
lead to a significant decrease in the fresh andlemed properties of concrete. Since the
moisture state has a large influence on the priggeof fresh and hardened concrete, it is of
great importance to be able to quantify this statej so to measure the water absorption
coefficient. The characterization of RCA as a fumctof their size has not been carried out
systematically in the literature, however it seeiinat a better knowledge of the relation

between properties of RCA and size is needed ifwaauats to optimize the reuse of RCA as
aggregates. Moreover, this relation has to be etudvith regard to original concrete

composition, which could both influence the prosrof RCA as a function of their sizes.
The main objective of this research is twofold.sHy, we aim at studying the properties of
fine recycled concrete aggregates (laboratory predu-RCA and industrial FRCA) as a
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function of hardened cement paste content, parsidles and properties/composition of the
original concrete. Secondly, we want to exploreittilience of the saturation state of FRCA

on the properties of fresh and hardened mortar®artteir microstructure.

The previous objectives will be addressed by ansgéehe following questions:

(1) Can we define accurate experimental methodsvaily to measure the water absorption
coefficient and the adherent cement paste contahedlifferent fractions of FRCA?

(2) What is the link between properties of originahcrete (W/C ratio, cement paste volume)
and properties of RCA made with it?

(3) What is the link between size and properties=RICA (cement paste content, density,
water absorption, porosity...)?

(4) What is the influence of the conditions of camnvation of the RCA (carbonation) on their

properties?

(5) What is the influence of FRCA (replacement patage and replacement fraction) on the
properties of recycled mortars?

(6) What is the influence of the moisture stat&RICA on the properties of recycled mortars?

In order to answer the questions mentioned abdwegtsteps were followed in our studies
which are shown in Figure 1-20.

In the first step (chapter 2), three original cates with various compositions (two W/C and
two volumes of cement paste) are designed and actuwéd. They are then crushed with a
jaw crusher for the production of RCA, and sievedlifferent granular classes. These RCA
are then used to define accurate experimental msthHor the measurement of water

absorption and adherent cement paste content. Tthendefined methods are used to
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characterize systematically the laboratory produR€®&. The influence of carbonation on the

properties of FRCA was also studied.

In the second step, three industrial FRCA souraedn fdifferent recycling plants are

characterized with the experimental methods defpredliously (Chapter 3).

In the third step, the influence of moisture stafeFRCA (saturated or dried) on the

rheological behaviour, on the compressive strerayitd, properties of ITZ of recycled mortars

were studied (Chapter 4).

Step 1
(Chapter2)

Step 2
(Chapter3)

Step 3
(Chapter4)

© 2014 Tous droits réservés.

Characterization
of lab produced
RCA

Characterization
of industrial RCA

!

Use of FRCA to
produce
mortars

Fabrication

concrete

Lab

of original __»| produced

FRCA

Find the suitable
> | methods for FRCA

Systematic study of the
< properties of lab produced RCA
using previous methods

Water absorption

| Cement paste content

| Density

| Porosity

Study of accelerated carbonation
\. | onlab produced RCA

Water absorption

‘ Cement paste content |

‘ Density

‘ Porosity

—> rrca | —

As a function of particle size
distributed in 4 fractions:
0/0.63;0.63/1.25;1.25/2.5
and 2.5/5mm

| Slump

Properties of
Mortars

Figure 1-20 Research outline

— | Compressive strength |

| ITZ analyse (SEM)

72

doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014

Chapter 2Characteristics of laboratory

produced RCA

2.1Introduction

In this chapter, experimental methods allowing teasure the cement paste content and the
water absorption coefficient of FRCA are presenfethethod based on the dissolution of the
major part of the cement paste by salicylic acid been developed for the measurement of
cement paste content. These methods have beenisgtsdbby using RCA of well known
composition, produced from the crushing of labanatmade concrete. Using these well
defined laboratory made materials allows us to\stie influence of properties of original
concrete on the properties of FRCA. The relatigmshietween adherent cement paste content
and other properties of FRCA are presented. THeen€e of carbonation on the properties of

laboratory produced FRCA are also presented.

2.2Materials

Three original concretes with two different W/Cioatand volumes of paste were designed

and manufactured for production of FRCA. Materigded in this study are as follows.

2.2.1 Cement

The cement used throughout this study was a wHt€ QCEM | 52.5 “superblanc”) provided

by Lafarge company whose mineralogical composiigoehown in Table 2-1. Grey cement
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CEM 1l 52.5 provided by Holcim company was also dusmly to test the salicylic acid

disslution method.

Table 2-1 Mineralogical composition of cements detmined by XRD-Rietveld

CsS GS GA C.AF Anhydrite Calcite Periclase Gypsum

CEMI1525

Superblanc (%) 73.90 21.87 1.46 - 0.52 1.53 0.72 -

Grey cement

CEM 11 52.5 (%) 52.74 8.07 8.92 8.95 0.74 18.06 0.46 2.06

2.2.2 Natural aggregates

Crushed calcareous coarse and fine aggregatesedofimn Tournai (provided by Holcim

France Benelux) were used for production of albiodl concretes. The water absorption
coefficients of natural coarse and fine aggregatese respectively 0.8% and 1.05%
according to standard EN 1097-6 [40]. Sieve anslg$inatural coarse and fine aggregates

was carried out by the standard EN 933-1 [138hasva in Figure 2-1.
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Figure 2-1 Particle size distributions of natural &nd and coarse aggregate
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2.2.3 Original concretes and production of RCA

Three original concretes with two different W/Cioatand volumes of paste were designed
and manufactured for production of FRCA. Table &®ws the details of original concrete
compositions. OC1 and OC2 had the same W/C ratld2®2 and OC3 had the same volume

of cement paste.

Table 2-2 Original concrete compositions made in #laboratory (1 nt)

Type of original concrete OC1 0cC2 0Cs3
Aggregate (kg) 1138.3 1040.7 1018.9
Sand (kg) 756.4 691.5 677.0
Cement (kg) 298.8 375.7 474.8
Efficient water(kg) 179.3 225.4 189.9
Absorbed water(kg) 17.2 15.7 15.4
Total water(kg) 196.5 241.1 205.3
Coarse Aggregate/Sand 1.505 1.505 1.505
WIC ratio 0.6 0.6 0.4
Volume of cement paste (dn 278 350 347
Density of fresh concrete(kgfn 2390 2349 2376
Slump (cm) 5.8 20.3 5.6
fcog(MPa) 41.1 40.8 51.0
fcgo(MPa) 47.3 46.4 57.6

© 2014 Tous droits réservés.

After 28 (RCA-28) and 90 (RCA-90) days curing intera original concretes were crushed in
the laboratory by using a jaw crusher with the sampening size (10mm). After crushing,
RCA were dried in the oven at 105°C. The cumulated partial particle size distributions of
all the crushed RCA are given in Figure 2-2 andufé@2-3. These figures show that, with the
same jaw crusher opening, very similar particle slistributions (PSD) can be obtained for
all the concretes produced in the laboratory, weateheir properties and compositions.
Nevertheless, RCA-90 for the three concretes aaeseo than RCA-28. All the crushed RCA
were separated into CRCA and FRCA. In this studyfeeeis on the properties of FRCA
(0/5mm). FRCA were then separated by sieving irr fdifferent granular classes (0/0.63,

0.63/1.25, 1.25/2.5, 2.5/5mm) in order to study thBuence of granular class on the
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properties of FRCA. Each granular class is reptesehy its average particle size (0.315,
0.94, 1.875, 3.75mm), corresponding to the avenmgae of the minimal and maximal
particle sizes of the granular class. Each class was diwd#d a sample splitter and then

tested for cement paste content, water absorptiensity, porosity and mass loss between

105°C and 600°C (Migs.60)-
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Figure 2-2 Cumulated particle size distributions ofcrushed RCA
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Figure 2-3 Partial particle size distributions of eushed RCA

2.2.4 Manufacture of cement pastes

Cement pastes with several W/C ratios (0.4, 0.50aépdwere manufactured in a mortar mixer
and poured into plastic bottles that were sealéer afasting and rotated during 24h (until
hardening) in order to prevent segregation. Theetgmsed for all pastes was CEM | 52.5
Superblanc the same as used for the manufactunegirial concrete. Grey cement paste with
w/c ratio of 0.5 was manufactured only to test fadicylic acid disslution method. After

90days curing in the water, cement pastes (CP-@0¢ wrushed by the same jaw crushers
with the same opening size as for manufacture oA R&Zaction 1.25/2.5mm of cement paste
was obtained for the salicylic acid dissolution aradbonation test. CP-0.6-90 refers to the

cement paste which is made with w/c=0.6 and cu®hgays in water.
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2.3Experimental methods

2.3.1 Water absorption

Water absorption of FRCA plays an important roléh@ manufacture of concrete. The water
absorption coefficient of each granular class ef BRCA was measured with two different
methods: the European standard method EN 1097-éhanthiethod n°78 of IFSTTAR [139].
Three samples of each granular class of FRCA wesnared to obtain the average value.

The principle of these methods is similar: in bo#tses, samples are saturated 24 hours in
water and then the water absorption coefficierdatermined based on the water content at
saturated surface dry (SSD) state. However, thangimmethod and the way to identify the
SSD state are totally different. In the standardho@ (EN 1097-6), saturated aggregates are
exposed to a gentle current of warm air to evaposatface moisture and to reach the SSD
state. The latter is identified using a slump testhe drying sample, which allows detecting
the existence of cohesion forces due to surfacstome. A metal cone mould is filled with the
drying sample and lifted gently to let the aggredgaiw under the effect of gravity. The shape
of the aggregate cone obtained after lifting alldiws SSD state to be determined (Figure
2-4). In the IFSTTAR method, the aggregates areddorogressively with different sheets of
colored absorbent paper until no trace of waterlmaseen on the paper (the surface of each
sheet of coloured absorbent paper is wiped cayefuith a brush to ensure that no fine
particles remain attached on the paper). In thaeqISSD state), no moisture remains at the

surface of particles (third sheet of paper in Feges5).
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Figure 2-4 Shape of cone corresponding to the SSD ste Figure 2-5Trace of water after successivi

(EN 1097-6 method) dryings with absorbent paper (IFSTTAR
method)

2.3.2 Density

For each RCA and each granular class, represemtsdimplewere predried in the oven at
temperature of 105°C, and then specific dy wasmeasured by using helium pycnome

(Micromeritics AccuPyc 13¢, Figure 2-6).

Figure 2-6 Helium pycnometer
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2.3.3 Cement paste content estimated by the soluble fraoh in salicylic

acid (SFSA)

A method based on the dissolution of cement pagteabcylic acid was developed in this
work to estimate the cement paste content in FRE€Aalicylic acid would not dissolve
common aggregates such as quartz or limestone.

The experimental protocol used for salicylic adskdlution is the following:

a) A representative sample (about 100gq) is drietD&fC, then grinded until passing 0.2mm
sieve;

b) 0.5g of dried representative sample is then imgtkin a solution of 14g of salicylic acid
in 80ml of methanol, and stirred during 1h;

c) The solid fraction is filtered on glass filtdPyrex N°4, pores: 10-16n) and washed 4
times using methanol (2-3mm high on top of filter);

d) The solid residue is dried in the oven at 70530 min;

e) The cement paste content (CPC) is then estinfietedthe soluble fraction in salicylic acid

(SFSA) as follows:

SFSA%) = 1|v| M, XIOO:VMOO

1 1

Equation 2-1

where M is the mass of dried material before dissolutiod &, is the mass of dried filtrate.

The accuracy of the estimate of CPC by SFSA madtiyends on the amount of soluble
versus insoluble phases contained in the cemete pa&RCA. In order to assess the impact
of insoluble and soluble phases in salicylic acid anethanol, experiments where performed
on pure cement paste with a grey cement Holcim (QEB2.5) and a white cement Lafarge
Superblanc (CEM | 52.5). These cement pastes mabe/WC ratio of 0.5 were studied after
28days of hydration (fraction 1.25/2.5mm) by theax-Diffraction (XRD) before and after

80

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 2 Characteristics of laboratory produced RCA

dissolution such as RCA-OC1-90 0.63/1.25mm. Thepéasnwere tested with XRD using a
Bruker D8 Advance diffractometer, according to th#raction powder method, with a Co
Koy radiation, sweep from 10° to 1009.2The results were compared with the ICDD
database. Table 2-3 shows the XRD results befode adter dissolution of cements and

cement pastes (corresponding XRD diffractogramslaogvn in Figure 2-7 to Figure 2-14).

Table 2-3 XRD results before and after dissolutiotin salicylic acid and methanol for cements and pass

Sample Insoluble phases

1. After dissolution of white cement Calcite Ca(f®+*,
Calcium sulfate Ca(SQp**,
Syngenite KCa(SQ),.H,O%,
Calcium Sulfate Hydrate Ca(SO4}®i), ",
Calcium Aluminum Oxide GAI20g***,
Calcite, magnesian Ca,Mg(GQ®

2. After dissolution of grey cement Calcite Ca@roer,
Brownmillerite Ca(Al,Fe*®),MgOs**,
Anhydrite Ca(S04)**,
Gypsum Ca(S¢).2H,0*, Quartz SiQ*,
Calcium Sulfate Hydrate Ca(QJH,0)o =",
Calcium Aluminum Oxide GAl,Og***

3. Before dissolution of white cement paste Podige Ca(OH)****, Larnite Ca,SiO,**,
Calcite Ca(C@*, Hatrurite CaSiOs*,
Calcium Silicate Hydrate GaSiO; xH,0*

4. Before dissolution of grey cement paste Porttar@a(OH)****, Calcite Ca(COs)***,
Larnite CaSiO,**, Calcium Silicate CgSiO,*
Calcium Aluminum Oxide Carbonate Hydroxide
Hydrate (AFm hemi carbonate)
CaAl ,06(CO5)p5(OH).11.5H20**,
Brownmillerite Ca(Al,Fe*?),05*

5.After dissolution of white cement paste Cal€i(CQ)****,
Calcium Sulfate Hydrate Ca(Q)®0.5H,0***,
Bassanite Ca(SQ0.5H,0***

6.After dissolution of grey cement paste Calcité@)****, Quartz SiO,*
Calcium Aluminum Oxide GAl ,Og*,
Brownmillerite Ca(Al,Fe*?),05**,
Calcium Sulfate Hydrate Ca(QJX0.5H,0*,
Calcium Aluminum Iron Oxide GgAl,Fe),Og*

7. Before dissolution of RCA-OC1-90 0.63/1.25mm Cacta(CQ)****, Quartz SiO,**,
Portlandite Ca(OHB¥*

8. After dissolution of RCA-OC1-90 0.63/1.25mm GECa(CQ)****, Quartz SiO,**,
Dolomite CaMg(CQ),*
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Figure 2-7After dissolution of white cement
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Figure 2-8 After dissoluion of grey cement
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Figure 2-9 Before dissoluion of white cement paste
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Figure 2-11 After dissoluion of white cement paste
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Figure 2-12 After dissoluion of grey cement paste
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From these results, salicylic acid is allowed tssdive most of the phases contained in OPC
cement paste but not of the main phases contamethiural aggregates and especially
limestone (Table 2-4) [140-144]. Thus apart fronmicicen aluminate phases and their

corresponding hydrates, all cement paste shouttidselved.

Table 2-4 Insoluble and soluble phases in salicylacid and methanol

Insoluble phases Soluble phases
CsA, C,AF,Gypsum CS, GS

Quartz, Dolomite CaO, Ca(OHy
Calcite (limestone) C-S-H

C3AHg, Calcium monosulfoaluminate hydrate Ettringite

Preliminary tests were carried out on natural agmges alone and the two cement pastes
already studied in XRD. Two kinds of natural aggiteg were used: a crushed calcareous
aggregate from Tournai (the same that was usethéproduction of concretes OC1, OC2
and OC3), and a siliceous sand complying with steshdEN 196-1 [145]. Table 2-5 presents
the results after dissolution. As can be seen,%9%6white cement paste and 62.99% of grey
cement paste were dissolved while only 0.83% afe)us aggregate and 3.21% of calcareous
aggregates were dissolved. For white cement psalighle fraction in salicylic acid (SFSA) is
almost identical to the cement paste content (CPK% is the reason why white cement was
chosen for the manufacture of original concretes.tkhe grey cement paste, as can be seen in
Table 2-1, the cement has a larger contents®f C,AF and Calcite which do not dissolve in
salicylic acid, so SFSA corresponds to only 62.99%PC. For grey cement paste, SFSA is
always lower than CPC. So for industrial RCA geligreontaining a grey cement paste,
SFSA does not give the exact value of CPC, builitbe demonstrated later that for a given
RCA, SFSA is sufficient to correlate CPC with thibey properties of RCA. This method was
also chosen because it is easy to perform andyasveall standard deviation is observed for

all materials that confirms the robustness of tle¢hmd.
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Table 2-5 Results of preliminary tests with salicyt acid dissolution-1h (mass dissolved %)

Test 1 Test 2 Test 3 Average value ﬁtaﬁ‘d?‘rd
eviation value
White cement paste 95.46 96.35 94.89 95.57 0.74
Grey cement paste 62.56 63.08 63.33 62.99 0.39
Siliceous sand 0.76 0.86 0.88 0.83 0.06
Calcareous sand 3.42 3.03 3.18 3.21 0.20

2.3.4 Thermogravimetric analysis

Representative samples were pre-dried in the ovem temperature of 105°C. A sample
powder was then obtained by grinding the matepabhtmaximum size of 0.2mm, and a
thermogravimetric analysis with analysis of gasigss spectrometry (MS) was then carried
out using TGA NETZSCH STA449 F3 with QMS 403D (Figw2-15). The heating was
composed of three different phases:

- From ambient temperature to 105°C: heating ra@ Gfmin

- 30 mins at a constant temperature of 105°C

- From 105 to 1100°C, heating rate of 3°C/min.

Figure 2-15 TGA used machine
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2.3.5 Mass loss between 105 and 600°C

A thermal method was used to determine the masshesveen 105 and 600°C (Mb-609-

ML 105-600 COrresponds mainly to the loss of bound wateryolréited part of the cement paste;
indeed, siliceous and calcareous aggregates daajigneot decompose below 600°C. The
experimental protocol used is as follows:

a) representative samples are grinded until pagsEigm sieve;

b) the grinded representative samples are pre-dmig¢ide oven at 105°C, and constant mass
(M105) is achieved after 1 day;

c) dried samples are put in the oven at 600°C amstant mass (Bo) is achieved after 1
day;

d) then the Mkos.g0ois calculated as follows:

MlOS_ M

M L105—600(%) = o0 X 100

Equation 2-2

105
In order to validate this method, thermogravimetfnalysis (TGA) of cement paste,
calcareous sand, siliceous mortar, and calcareausam(w/c ratio used was 0.5 for mortars
and paste) were carried out (Figure 2-16). Thisregshows that calcareous sand and mortar
decarbonize over 600°C whereas most of the purerepaste is dehydrated below 600°C.
Indeed, several authors have shown that the detiyadliaf C-S-H is about 180-300°C and the
dehydration of CH (Portlandite) is about 450-55(126-148]. Therefore, a heating at 600°C
has been chosen for the measurement ofphMgoas it allows avoiding the decarbonation of
aggregates. The mass loss at 600°C comes only themdehydration of cement paste
hydrates, and not from aggregates. It is theredogeod indicator of the part of cement paste
corresponding to the hydrates whereas salicylid a@thod also accounts for the unhydrated

cement in the material.
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Figure 2-16 TGA results obtained on cement paste aflcareous sand, siliceous mortar and calcareous
mortar

2.3.6 BET analysis

The specific surface area (SSA) of each granubsscbf each FRCA was measured by using
BET (Brunauer-Emmett-Teller) analysis using Bldsorption (Micromeritics ASAP 2010

Figure 2-17). Representative samples were pre-dni¢de oven at a temperature of 105°C
and then cooled down in desiccators to room tenwperaThese samples were then used in
the BET analysis. BJH (Barrett-Joyner-Halenda) ysigalwas also employed to determine

pore area and specific pore volume on desorptioihésms [149].
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Figure 2-17 BET analysis machine

2.4Theoretical equations to calculate cement paste

content, soluble fraction by salicylic acid and masloss

(M L 105-60()

Experimental methods for the measurement of SFSAMIps.s00have been shown in the
previous section. In order to better understandebalts, simple models allowing to calculate
the cement paste content, to estimate the SFSAtendnass loss due to bound water are
presented below.

Firstly, we assume that all the hydrates and urdtgdrcement can dissolve in salicylic acid
to calculate the CPC (in that case SFSA is equ@Rg). In the measurement of cement paste
content by salicylic acid dissolution, as showitguation 2-1, dissolved phaseg\) can be
considered as the mass of unhydrated cement amydsétes. For a given percentage of
reaction ), mass of unhydrated cement gMand mass of hydrates (Mcan be calculated
from initial mass of cement (M) respectively as shown in Equation 2-3 and Equatid. As
CPC or SFSA are considered for aged cement pashe iRCA, the kinetics of hydration of

all cement phases is defined as being identicathgo gain of mass due to hydration
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corresponds to the stoichiometric water to cematio r(W/C); at a given percentage of

reaction.

M, :(1_a)xM‘C Equation 2-3

Ms =a><MiC><(l+(W/C)St) Equation 2-4

(W/C)st can be estimated from the mineralogical compasibibthe cement (see annex 1).

Then considering that aggregates are not dissolbt,s depending on both (W/C)st as
shown in Equation 2-5, the mass before dissolutMi) that also depends akM and the

mass of aggregate @ylas shown in Equation 2-6.

MM =(1-a)xM, +axM, x(1+W/C), ) =[1+(W/C), a)xM,, Equation 2-5

M, =M, +AM =M, +(1+(W/C)st a)xMic Equation 2-6

Cement paste content (CPC) can be calculated frquration 2-7;

Cpc(%):ﬂxmo: (1+(w/C) a)xm, 100 |
M, M, +(@+Ww/C),a)xm, Equation 2-7

Hydrate paste content (HPC) can also be calcufabed Equation 2-8;

HPC (36) = M x100= — L W/C)JaxM, o, |
M, M, +{@+W/C)a)xM, Equation 2-8

As shown previously dissolution in salicylic acidderestimates CPC as some phases are not
dissolved. It is possible to estimate SFSA by mglsome corrections. First, the amount of
insoluble phases contained in the cement has terneved from M. This can be done by
adding a parameter A that represents the relatagsmf soluble phases in the cement. Thus
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A ranges from 0 to 1 and it can be calculated fibie mineralogical composition of the
cement or even better by an experiment of disswiuin salicylic acid on the cement as
presented previously. However some of the insolphleses such as& (C,AF) will hydrate
whereas others such as calcite can be considerédledsin a first approximation. Thus
another mass ratio C is defined; it correspondléaelative mass of S, GS, GA, C,AF in

the cement that will lead to the formation of hydeathat are soluble in salicylic acid such as
C-S-H, portlandite and ettringite (see Annex 1)eThass gain thanks to hydration is also
modified as some hydrates and especially AFm phages not soluble. In a first
approximation, it can be considered that hydratoms 3/4 of AFm and 1/4 of AFt phases,
thus the stochiometric W/C has to be corrected factor B (being lower than 1) to account
for the undissolved AFm phases (see annex 1). Bbeaestimated by calculation when the
mineralogical composition of the cement is knowd asing the same chemical equations as
those that were used to calculate the stochiom&{/iC ratio (see annex 1). Thus the mass
loss of the cement paste induced by dissolutioralitylic acid AMsa) can be written as

Equation 2-9;

AM g, =(1-a)x AxM;. +axM, xC+axM x((Bx(W/C),))
MM, =(A+a(C+BW/C), - A)xM, Equation 2-9

Therefore the SFSA can be written as Equation 2A1® and C are equal to 1 if all phases
are soluble and thus similar equation as Equati@rni2found corresponding to a completely

soluble cement paste.

_ DM oo (A+a(C+BW/C), - A)xM,
SFSA‘(%) - M, *x100= M, + (1+ (W/C)S[ a)x M. *100 Equation 2-10

IC
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ML 105600 Which corresponds to the bound water content dffdted cement paste (N in

FRCA can be calculated from Equation 2-11.

M 100=_ W/C),axm,
ML:LOS—GOO(%) - M, *x100= M, + (1+ (W/C)st O')X M., x100 Equation 2-11

2.4.1 Application to the theoretical equations to calculée cement paste

content and mass loss (Mlgs.e09 to OC1, OC2 and OC3

From the known compositions of original concreteC@Q OC2 and OC3), the equivalent
concrete composition (considering coarse aggregatdssand for ), mortar composition
(considering sand for N, and paste composition are determined. Consigletime
stoichiometric water to cement ratio (W{Jbr the white portland cement is 0.44 (see annex
1), we can calculate the CPC and {Mjeoo based on these three kinds of equivalent
compositions. Figure 2-18 show the calculated CR@ &PC based on equivalent
compositions of concrete, mortar and paste for O&&lit can be seen, both CPC and HPC
increase as the hydration degree increases. The tsants are obtained for the other original
concretes (OC2 and OC3). The CPC values basedrmmeate are lower than that with mortar
and paste composition. Figure 2-19 and Figure 2w the calculated value of CPC and
HPC based on equivalent composition of mortar aodciete for OC1, OC2 and OC3
respectively. The CPC values increase with theeame of cement quantity. It can be noticed
that the same CPC can be obtained with differenlrdtion degrees and different cement
guantities.

Figure 2-21 shows the calculated value iilsoo based on equivalent compositions of

concrete, mortar and paste for OC1. Figure 2-22vshtbe calculated value Més.soobased
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on equivalent composition of mortar and concrete@&€1, OC2 and OC3. The Més-s00

based on concrete is lower than the values obtanidmortar and paste composition. The

value of MLygs-s00increases with the hydration degree.

Theoretical calculations of CPC and Mtsoocshow that the CPC and Mis-s00 increase with

hydration degree. These calculations only concqriavalent compositions, the variations of

CPC and Mbgs.soowith particle size of RCA are not taken into acdoun

© 2014 Tous droits réservés.
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Figure 2-18 CPC as a function of hydration degreeof OC1
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Figure 2-19 CPC based on mortar for OC1, OC2 and Of as a function of hydration degree
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Figure 2-20 CPC based on concrete for OC1, OC2 ardC3 as a function of hydration degree
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Figure 2-21 MLgs.600and CPC as a function of hydration degree for OC1
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2.4.2 Application the theoretical equations to calculatesoluble fraction by

salicylic acid for the two cements used

The soluble fraction in salicylic acid (SFSA) caa éstimated according to Equation 2-10.
Coefficients A, B and C are shown in Annex 1. Fg@#-23 shows the comparison of
calculated CPC and SFSA for the cement pastes metavéd with white and grey cements
(W/C=0.5) which is used for the preliminary salicyhcid dissolution tests. As it can be seen,
the values obtained of SFSA after considering ¢inéysoluble fraction are much lower than
CPC for the grey cement, while they are similar ttoe white cement. The lower values
obtained for grey cement might be due to the lamgeunt of calcite and /8F. In the next
chapter, we will show that the SFSA is sufficiemirhprove the measurement of properties of
FRCA. If considering the hydration degree is 0.7 bwth cement pastes used for the
preliminary salicylic acid dissolution experimettie calculated values of SFSA (96.4% for
white cement paste, and 67.7% for grey cement pasteslightly larger than observed in
experimental results (95.6% for white cement paatel, 63.0% for grey cement paste). The

difference is reasonable taking into account thepfication used for our calculation.

120
=== CPC%-Paste-White
o 100 = - - - = = cement
>
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LL — A —A— * —A—
R e
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Figure 2-23 Comparison of calculated CPC and SFSAf the two cement pastes used in preliminary tests
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Figure 2-24 and Figure 2-25 show the comparisotatdulated CPC and SFSA for OC1 with
the white and grey cements respectively. As itlmaiseen, the values obtained of SFSA after
considering only the soluble fraction are much lotikan CPC for the grey cement whatever
considering concrete, mortar and paste composijtwh8e little differences are obtained for
the white cement. The greater differences obtafoedrey cement might be due to the large

amount of calcite and BF.
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Figure 2-24 Calculated CPC and SFSA for OC1 as a figtion of hydration degree for white cement
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Figure 2-25 Calculated CPC and SFSA for OC1 as affiction of hydration degree for grey cement

2.5Experimental results

2.5.1 SFSA

Figure 2-26 and Table 2-6 present the variatioSFE$BA as a function of granular class for all

the FRCA studied. The value of SFSA is the avedgealues obtained with three tests. The

calculated value is obtained by the theoretical ehdzthsed on the concrete and mortar

compositions, considering that the hydration degr&e28days and 90days are 0.7 and 0.9

respectively. As it can be seen, all experimentdles are between the calculated values

based on mortar and concrete compositions fohallstudied fractions, which indicates that

FRCA not only contain crushed mortar but also p@nhatural coarse aggregate of original

concrete.

© 2014 Tous droits réservés.
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Table 2-6 SFSA of studied RCA
RCA-OC1- RCA-OCl1l- RCA-OC2- RCA-OC2- RCA-OC3- RCA-0OC3-

Fractions 28 90 28 90 28 90

0-0.63 26.54 27.28 32.66 39.01 37.31 38.36
0.63-1.25 24.98 25.72 29.51 32.63 35.68 35.86
1.25-2.5 23.25 23.60 27.06 27.79 31.53 33.22
2.5-5 19.35 20.76 23.16 25.35 28.29 29.34
Calculated value on

concrete 16.49 17.42 21.31 22.44 25.84 27.14
Calculated value on

mortar 32.85 34.32 40.06 41.65 46.14 47.77

The average standard deviation of SFSA for alltédsts is 0.62. Figure 2-26 shows that the
standard deviation is somewhat smaller than the sizsymbols in the figure (example

presented for RCA-OC1-28 and RCA-OC3-90). As casdsn in this figure, SFSA is higher

as the average particle size decreases. A reasofiabar relation between SFSA and
granular class is obtained. The correlation coieffits obtained (R?) range from 0.82 to 1.00
(Table 2-7, the b value corresponds to the SFS#&efvery fine fraction when the size of

particle trends towards zero).

For all the FRCA, the values obtained for RCA-98 slightly larger than those obtained for
RCA-28. This can be attributed to the longer cutinge in water (it is also confirmed by the

theory calculation). The longer the curing in watie higher hydration degree of cement
paste, and then the higher the SFSA in the par@mtrete. Indeed, the mass of hydrated
cement paste is higher than the mass of initialydrdus cement, because an additional
quantity of water is added to the initial anhydreesent during hydration.

For a given RCA, CPC is the cement paste contenibgs of the considered granular
fraction. If pya is the density of natural aggregates ppglis the density of cement paste, the
cement paste content by volume of the considerechugar fraction (noted X in the

following), can be calculated with Equation 2-12:
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CPC= 1

s (i _DX& Equation 2-12
X cp

As can be seen with Equation 2-12, the cement pasteent by mass (CPC) depends on
volume of cement paste and densities of cemen¢ past natural aggregate. The larger values
of SFSA obtained for RCA-OC2 comparatively to RC&Dcan be attributed to the higher
volume of cement paste in the original compositisame W/C ratio). Similarly, the larger
values obtained for RCA-OC3 comparatively to RCAZX¢an be attributed to a lower W/C
ratio in the original composition (same volume efrent paste), leading to a denser cement
paste and therefore to a larger mass of cemere fisa similar paste volume (the theoretical
calculation shows similar results). SFSA is almdsttical to cement paste content (CPC) for

the white cement. Therefore the cement paste co(merSFSA) of FRCA is influenced by

the W/C ratio, the cement paste volume, and hyairategree of the original concrete.

45.00
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40.00  f---emeeeeeefeeeed et
) SR _ -0C1-
3500 e , | W RCA-OC1-90
X~~2
O T AU N Rl | RCA-0C2-28
w .
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< - \.
£ 20,00 frremmeemfemeem et -~ X RCA-0C3-28
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0 e e s R St ot O -~ — - - Linear (RCA-OC1-28)
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Average particle size (mm)

Figure 2-26 SFSA as a function of the average siz# the four different granular classes considered
(0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)
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Table 2-7 Coefficients of the linear relationship®etween SFSA and particle sizes (y=ax+b)

Fractions a b R

RCA-OC1-28 -2.06 27.08 1.00
RCA-OC1-90 -1.87 27.56 0.99
RCA-0OC2-28 -2.63 32.62 0.96
RCA-0OC2-90 -3.64 37.46 0.82
RCA-OC3-28 -2.67 37.79 0.96
RCA-OC3-90 -2.55 38.58 0.98

2.5.2 Content of paste using Mloss00based on thermal method

ML 105-600 COrresponds essentially to the bound water of dtgedr cement paste. Figure 2-27
and Table 2-8 show the Més-s000f FRCA based on thermal method as a functiorrafgjar
class. The value of Mlgs-600iS the average of values obtained with three t@$ts calculated
value is obtained by the theoretical model basedhenconcrete and mortar compositions,
considering that the hydration degree of 28daysxuhys are 0.7 and 0.9 respectively. As it
can be seen, all experimental values are betweegaltulated values based on mortar and
concrete compositions for all the studied fracti¢mscept for the finer fraction 0-0.63mm of
RCA-OC3-28), which indicates that there is partnaftural coarse aggregate of original
concrete crushed in the FRCA. The standard dewsitad these tests are also shown in the
figure (example presented for RCA-OC1-28 and RCA3@O0), the average standard

deviation for all the tests is 0.32.

Table 2-8 ML4s.600€Xperiment results and calculated values of studieRCA

© 2014 Tous droits réservés.

Fractions RCA- RCA- RCA- RCA- RCA- RCA-
0OC1-28 OC1-90 0C2-28 0C2-90 0OC3-28 0OC3-90

0-0.63 6.83 8.13 7.17 10.63 7.83 11.59

0.63-1.25 6.44 7.66 6.83 9.21 7.48 10.53

1.25-2.5 6.16 7.23 6.26 8.40 6.77 9.46

2.5-5 5.96 7 6.03 8.05 6.26 8.67

Calculated value based on

concrete 4.03 5.12 5.2 6.59 6.31 7.97

Calculated value based on

mortar 8.02 10.08 9.78 12.24 11.27 14.03
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As can be seen, Mbs-soo iNCreases as the average particle size decreased FRCA. A
reasonable linear relation between Mys00 and granular class is obtained, the correlation
coefficients obtained (R?) range from 0.76 to O(9&ble 2-9, the b value corresponds to the
ML 105600 Of the very fine fraction when the size of particlends towards zero). This
confirms that SFSA varies quasi linearly with tlourf granular classes used. For all the
FRCA, the larger values of Mbs.sooObtained for RCA-90 comparatively to RCA-28 can be
attributed to the higher hydration degree (it soatonfirmed by the theoretical calculation).
The larger values obtained for RCA-OC2 comparayitelRCA-OC1 can be attributed to the
higher volume of cement paste in the original cosmpm. Similarly, the larger values
obtained for RCA-OC3 comparatively to RCA-OC2 canalttributed to a lower W/C ratio in
the original composition, leading to a denser cenpaste and therefore to a larger mass of
cement paste for a similar paste volume (the thieatecalculation shows similar results).
Therefore the Mkoseoois influenced by the W/C ratio, the cement pasttuwe, and

hydration degree of the original concrete whichaasistent with SFSA results.
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Figure 2-27 MLygs.600as a function of the average size of the four défent granular classes considered
(0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)
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Table 2-9 Coefficients of the linear relationship®etween ML, gs.¢00and particle sizes (y=ax+b)

Fractions a b R

RCA-OC1-28 -0.23 6.75 0.85
RCA-OC1-90 -0.31 8.03 0.85
RCA-0OC2-28 -0.33 7.13 0.88
RCA-0OC2-90 -0.67 10.22 0.76
RCA-OC3-28 -0.46 7.87 0.95
RCA-OC3-90 -0.81 11.45 0.90

2.5.3 Estimation of the percentage of reaction of hydrabn of the cement

paste contained in RCA

With Equation 2-7 and Equation 2-11, the value BOIML;¢s5.600(Z) can be used to estimate

the percentage of reaction as for white cement SE&#most identical to CPC:

) s Wohahm, _1rWC)a _1ross
M L105-600(%) (W/C)st axM;, (W/C)g a 044a Equation 2-13

Therefore the percentage of reactief) ¢an be determined by the experimental results of
SFSA and Mbos.eoo AS shown in Table 2-10, we chose the two finections for this

calculation because they have larger SFSA whichedses the errors. The mean hydration
degree for the studied RCA is similar to 0.68 ar@BCor the 28days and 90days concrete,

which is close from the two values used in our walions.

Table 2-100 value determined by the results value of SFSA/Migs.e00
RCA-OC1- RCA-OC2- RCA-OC2-

Fractions RCA-OC1-28 90 o8 90 RCA-0OC3-28 RCA-0OC3-90
0-0.63 0.788 0.965 0.639 0.851 0.604 0.984
0.63-1.25 0.789 0.964 0.684 0.894 0.603 0.945
Avergage 0.789 0.964 0.662 0.873 0.603 0.964
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2.5.4 Density and porosity

Figure 2-28 presents the variation of density mesbwith the helium pycnometer as a
function of granular class. The density of all fingctions of FRCA is lower than that of
natural aggregates. This is due to the cement gasteunding natural aggregates, which
density is smaller than that of natural calcaremggregates. Figure 2-28 also shows that the

density of FRCA increases as the average pariinteiiscreases.
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Average particle size (mm)

Figure 2-28 Density of FRCA as a function of the arage size of the four different granular classes
considered (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

Figure 2-29 shows the BJH porosity of all the gtanelasses of FRCA. The porosity of
FRCA increases as the average particle size of FR€xheases. The larger values obtained
for RCA-OC2 comparatively to RCA-OC1 can be atttdaslito the higher volume of cement
paste in the original composition of OC2 (same W&fio). Similarly, the larger values
obtained for RCA-OC2 comparatively to RCA-OC3 canditributed to a larger W/C ratio in
the original composition of OC2 (same volume of eatrpaste), leading to a larger porosity
of the cement paste. So, as expected, the poafditiRCA is influenced by the W/C ratio and

the cement paste volume of the original concreane@lly, the porosity of RCA-90 is lower
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than for RCA28 which due to higher hydration degree of the cenpaste (except for tt

fractions 0.63-1.25 and 2%for RCA-OC1 and for the fraction 2.5for RCA-OC?2).

0.05
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® 0.04 it : - BRCA-0C1-28
= 0.035 i EE—
£ i ) i - _ -
S 003 H -'—T:: i EBIRCA-OC2-28
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& il I mRcA-0c2-90
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Figure 2-29BJH porosity of FRCA as function of the average si of the four different granular classes
considered (0/0.63, 0.63/1.25, 1.25/22.5/5mm)

2.5.5 Water absorption

Figure 2-30 and Figure 2-3show the variation of water absorption coefficiehtRCA-28

and RCA-90 measured withe two methods EN10-6 and IFSTTAR, noted as EN and IF
the figure and text. The value of water absorpi®ithe average of three test values.

average standard deviation of all the tests is,O@3example the standard deviations
RCA-OC1-28-IF and RCADC1-90-IF are shown in Figure 2-3@Gnd Figure 2-31
respectively. ie results obtained for R(-OC1 and RCADC3 are very similar, whatever t
granular class. On the contrary, the water abswrptioefficients obtained with all t
granular classes of RCAC?2 are significantly larger than those obtainethyRCA-OC1 and
RCA-OC3. The larger values obtained IRCA-OC2 comparatively to RC-OC1 can be
attributed to the higher volume of cement past®©®2 compared to OC1. Similarly, t

larger values obtained for R(-OC2 comparatively to RCAC3 can be linked to a larg
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WI/C ratio of OC2 compared to OC3, leading to a @reporosity of the cement paste even if

the volume of cement paste is similar.

The results obtained with the two experimental mésh(EN1097-6 and IFSTTAR) are very
close from one to another except for the smallkastibn (0/0.63mm). For all FRCA tested in
our study, the water absorption coefficient incesawhen the average particle size decreases
except for the fraction 0/0.63mm with the standBfd1097-6 showing a decrease of this
coefficient. For the smallest fraction, the staddawethod does not allow to identify precisely
the SSD state. Indeed, for very small angular glati (like those obtained from crushed
concrete), some cohesion can occur between thesgeaen if all the water at the surface of
particles has been removed. This prevents thepsdlaf the grains once the cone is removed
[42]. The standard method therefore underestintatesvater absorption coefficient for small
particles. On the contrary, with IFSTTAR method thater absorption coefficient increases a
lot for the smaller fraction. Figure 2-32 preseasoptical microscopy image of the fraction
0-0.63mm of RCA-OC1-28 at SSD state with IFSTTARtmod. As it can be seen,
agglomerates larger than 2mm (much larger thanmiwe@mum particle size of 0.63mm) are
present. This result is due to the fact that venalk particles tend to agglomerate during
drying because of capillary forces. Absorbent pagdows drying the surface of these
agglomerates, but the method used does not alleaklirg them. IFSTTAR method therefore
overestimates the water absorption coefficienthef tiner fraction. The same trends are

obtained for both RCA made with 28 or 90 days adaete.
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Figure 2-30 Water absorption of RCA-OC-28 measurecby EN1097-6 and IFSTTAR methods as a
function of the average size of the four differengranular classes considered (0/0.63, 0.63/1.25, 3/25,

2.5/5mm)
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Figure 2-31 Water absorption of RCA-OC-90 measurecby EN1097-6 and IFSTTAR methods as a
function of the average size of the four differengranular classes considered (0/0.63, 0.63/1.25, 3/25,

2.5/5mm)
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Figure 2-32 Optical microscopy of fraction 0/0.63mmof RCA-OC1-28 at SSD state by the IFSTTAR
method

2.6Relationships between SFSA and other properties of

RCA

2.6.1 Relationship between SFSA and Mkgs.s00

Figure 2-33 shows the variation of Mkeooas a function of SFSA. For a given original
concrete composition and a given hydration degreegame for all concrete at the same time
28days or 90days), the Mds.s00 increases linearly with the SFSA (R? ranges fraBi o
1.00).

Table 2-11 presents the coefficients of the linesgressions obtained for all the FRCA
between Mbos.go0 and SFSA. The b value is not zero might due tolithéed points and
experimental errors of SFSA and Mk.soe AS can be seen, the slope of Miso0to SFSA
relations are close for RCA-OC1 and RCA-OC2, arad the slope for RCA-OC-90 is higher
than RCA-OC-28. Indeed the mass dissolved in daliagid and the mass loss at 600°C both
depend closely on the cement paste proportionamthterial. However, salicylic acid leads
to the dissolution of both hydrates and anhydrdwessps (except8F, CsA is excepted to be

consumed very quickly) whereas heating at 600°§ ¢edds to the decomposition of all
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hydrates but does not affect the anhydrous phdsesefore, when comparing two cement

pastes having different hydration degrees likeigufe 2-33, the mass loss at 600°C will be

larger for the cement paste having the larger hyaradegree. Indeed, for a given cement

paste content (measured by the mass dissolvediaylgaacid), the paste with the larger

hydration degree contains more hydrates than teenath the lower hydration degree.
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Figure 2-33 MLjgs.600versus SFSA

Table 2-11 Coefficients of the linear relationshipbetween MLygs go0and SFSA (y=ax+b)

a b R?
RCA-OC1-28 0.11 3.68 0.87
RCA-0OC2-28 0.13 3.02 0.94
RCA-OC3-28 0.17 1.37 1.00
RCA-OC1-90 0.17 3.37 0.93
RCA-OC2-90 0.19 3.16 0.99
RCA-0OC3-90 0.32 -1.04 0.97
RCA-OC-28 0.10 3.77 0.86
RCA-0OC-90 0.24 1.74 0.95
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2.6.2 Relationship between SFSA and density

Figure 2-34 shows the variation of specific densisy a function of SFSA. When SFSA
increases, specific density decreases linearly. dédresity of RCA directly depends on the
densities of cement paste and of natural aggregate®sn the proportion of cement paste. For
a given RCA, ifpna is the density of natural aggregates paglis the density of cement paste,
then the density of a given granular fraction of R@Erca) can be calculated with Equation

2-14:

P
l+CPCxpNA_pCP

IOCP

where CPC is the cement paste content by masseotdhsidered granular fraction. For

IO RCA

Equation 2-14

concretes OC1, OC2, and OC3 which have been manuédcwith the white cement, CPC in
equation 2-20 can be replaced by SFSA (for thiseten8FSA is almost identical to CPC).
The density of each cement paste can then be eltdg fitting Equation 2-14 with our
experimental results (Table 2-12). Table 2-12 shtved the densities of cement pastes in
RCA-OC1-28 and RCA-OC2-28 (similarly for RCA-OC1-86d RCA-OC2-90) are similar
as expected. Indeed, cement paste of RCA-OC1 am-®C2 have the same W/C ratio.
Moreover, the larger values obtained for RCA-OC#paratively to RCA-OC1 and RCA-
OC2 can be attributed to the lower W/C in the oradjicomposition. As the hydration degree
of original concrete increases (from RCA-28 to R@®; the density of cement paste
increases. Table 2-12 also shows that the comelabefficients obtained between calculated

andexperimental value (R?) range from 0.92 to 0.99.

111

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 2 Characteristics of laboratory produced RCA

Table 2-12 Densities of cement pastes calculated figing Equation 2-14 to experimental values of tie
densities of RCA.

RCA-OC1-28 RCA-OC2-28 RCA-OC3-28 RCA-OC1-90 RCA-BE0 RCA-OC3-90

Density 2.00 1.96 2.07 2.04 2.04 2.10
R? 0.95 0.92 0.97 0.98 0.96 0.99
2.55 & RCA-OC1-28

X
55 <« . B RCA-0C2-28
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S 2.45 n b~
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Figure 2-34 Correlation between SFSA and specificeshsity

2.6.3 Relationship between SFSA and water absorption

Figure 2-35 presents the variation of water absmmpiIFSTTAR method) with the SFSA:
when SFSA increases, the water absorption incretses As can be seen, the water
absorption of all FRCA varies linearly with the $&®r the three coarser average particle
sizes of RCA. On the contrary, as discussed prslypthewater absorption measured by
standard or IFSTTAR method for the finer fracticgems to be either underestimated or
overestimated respectively (example for RCA-OC3stown on Figure 2-35). The water
absorption of RCA directly depends on the wateogiifons of cement paste and of natural
aggregates and on the proportions of cement pastea given original concrete composition
the water absorption coefficients of natural aggteg (WAx) and of the cement paste
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(WAcp) do not depend on the granular fraction consideredrefore, the water absorption of

a given granular fraction of RCA (Wsa») can be calculated with Equation 2-15.

WA, =WAG, X CPC +WA,, % (1~ CPC) = CPC(WA., ~WA,, )+ WA, Equation 2-15

where CPC is the cement paste content of the ceresldyranular fraction.

Equation 2-15 shows that the water absorption mefit of RCA has to vary linearly with
the cement paste content. Assuming that the comtnposif the cement paste does not depend
on the size of particles, the ratio SFSA/CPC carcdiesidered as constant. Therefore, the
water absorption coefficient of the finer fracti¢®/0.63mm) can be obtained by linear
extrapolation of the relation between WA and SFS&ednined with the three coarser
fractions of RCA. Extrapolation carried out usingthb standard and IFSTTAR methods give
similar values for the water absorption coeffici@itthe finer fraction (Table 2-14), the
average difference between these two values olotaioe the six FRCA is 1.06%. As
expected, the value of water absorption coefficanthe finer fraction obtained is between
the value obtained by the standard and IFSTTAR austhIn Figure 2-35, the water
absorption coefficients of the smaller granularssés (0/0.63 mm) correspond to the
extrapolated values from experimental results WBTTAR method. The values obtained by
the standard and IFSTTAR methods are also repdoteBCA-OC3-90 to demonstrate that

these values are not appropriate.
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Figure 2-35 Correlation between water absorption FSTTAR method) and SFSA

Table 2-13 Coefficients of the linear relationshipbetween water absorption (IFSTAAR method for three
coarse fractions) and SFSA (y=ax+b)

a b R
RCA-OC1-28 0.56 -3.09 0.93
RCA-0OC2-28 0.64 -5.51 0.98
RCA-0OC3-28 0.43 -4.64 0.99
RCA-OC1-90 0.38 0.24 0.83
RCA-0OC2-90 0.46 -3.06 0.99
RCA-OC3-90 0.38 -3.58 0.98

Table 2-14 Extrapolated water absorption coefficiehof Fraction 0-0.63mm from standard and IFSTTAR

Tested value  Tested value Extrapolated Extrapolated Difference of two

of IFSTTAR of EN 1097-6 value of value of EN extrapolated values

(%) (%) IFSTTAR (%)  1097-6 (%) (%)
RCA-OC1-28 21.9 7.61 11.68 10.50 1.19
RCA-OC2-28 23.18 8.05 15.42 15.87 -0.45
RCA-OC3-28 21.44 9.74 11.52 10.43 1.09
RCA-OC1-90 17.66 9.42 10.67 9.82 0.85
RCA-OC2-90 22.84 9.77 14.81 13.67 1.14
RCA-OC3-90 16.79 6.52 10.90 9.28 1.62
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Therefore, we propose the following method to estarthe water absorption coefficient of
the finer fraction (0-0.63mm) of FRCA. FRCA firsave to be separated in different granular
classes. In our study, the four classes 0/0.633/0.85, 1.25/2.5, 2.5/5mm were retained
because they allowed separating the FRCA into etasspresenting significant proportions of
the aggregate. However, depending on the partizke distribution of the FRCA, different
granular classes could be chosen. First the SF®adi granulaclass have to be determined
(alternatively, Mlyos-6000r any quantity being proportional to the cemeadtp content could
be used). Then, the water absorption coefficiehth@three coarser fractions of FRCA have
to be measured either with European standard EN-60& IFSTTAR method n°78 or other
methods. Finally, the water absorption coefficiehthe finer fraction (0/0.63 mm) can be
obtained by a linear extrapolation between WA af&/4 of the three coarser classes. The
accurate total water absorption of FRCA used (ioactD/5mm) can be determined by
knowing the proportion and water absorption coedfic of each fraction.

Additionally for a given RCA, the presence of indalk phases of the cement paste will
impact similarly all the four particle size class@&sus the linear relationship between the
SFSA and the average size of the four differenhgjea classes will be kept. On the other
hand, insoluble phases will impact the coefficienfsthe linear regression of the water
absorption coefficient as a function of SFSA as taiter will decrease with an increase of the

content of insoluble phases.

2.7Properties of carbonated laboratory produced RCA

In order to study the influence of carbonation lo@ properties of RCA, laboratory produced
RCA-OC1-90 were subjected to accelerated carbam#tigts in laboratory (together with CP-

0.4-90 and CP-0.6-90 with fraction 1.25/2.5mm). Digective was to have nearly complete
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carbonation to maximize the effect of carbonatiaritee properties of RCA. First, R-:OC1-
90 were dried at 105°C and cooled down at room &satpre. The sample was then put |
pure CQ carbonation cell at 20°C which is shown Figure 2-36 supersaturated Na!
solution was used to obtain a constant relative itditynof 75%. After two weeks o
carbonation, a solution of phenolphthalein was uaedndicator to check the carbonat
degree, as shown in Figu&37 (eft sample is before carbonation, right samplafier
carbonation). Figure 2-33hows that, after carbonation, phenolphthalein dmgsurn pink,
indicating that carbonation of the sample is alnezshplete at least at their surface. Bel
characterizing the properties of carbonated RCA, samples were dried at5°C. RCA-
OC1-90 refers td&RCA which is made by crushing original concrete C&8 B0 day before
carbonation. RCA-OC1-90acbo refers to which is carbonated in the laborat after
carbonation. CP-0.80 refers to the cement paste which is made witd¥®f and curing 90
days in water. CP-0.6-9€arbc refers towhich is carbonated in the laborat. The properties

of RCA-OC1-90 and RCAC1-90-carbo (together with CP) were thested in detail

Figure 2-36Carbonation cell used for RCA-OC1-90 and cement paste

116

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 2 Characteristics of laboratory produced RCA

Figure 2-37 Carbonation tested by the solution oflpenolphthalein (left: before carbonation; right: after
carbonation)

2.7.1 TGA results with analysis of gas by mass spectronmgt

Four different granular classes (0/0.63, 0.63/11285/2.5, 2.5/5mm) of RCA-OC1-90 have
been tested with analysis of gas by MS. Figure 2+88 Figure 2-39 present the TGA results
with analysis of gas by MS for RCA-OC1-90 and RCE&190-carbo with fraction
0/0.63mm. In these figures, the peak at 150-175fi@esponds to a loss of water in C-S-H.
The peak at 450°C corresponds to the loss of viatée portlandite (similar results are found
in [146-148]) which almost disappears after thboaation meaning that the portlandite has
transferred to calcite. These results are confirmigldl the cement paste samples. Figure 2-40
and Figure 2-4present the TGA results with analysis of gas by fSCP-0.6-90 and CP-

0.6-90-carbo.

Figure 2-38 and Figure 2-40 first show that theslao$ CQ in uncarbonated samples is

negligible for tempartures lower than 600°C. Thesfrms that, in uncarbonated samples, the
mass loss between 105 and 600°C comes essent@ifythe departure of water. However,

for carbonated samples, Figure 2-39 and Figure &eHrly show that part of the mass loss
between 105 and 600°C comes from the departure @f Gdeed, the loss of GQOn

carbonated samples becomes significant at abodC500
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Table 2-15 shows the values of mass loss betwegtCland 500°C (Mlgs-s09, between 500
and 600°C (Mlgo-609, between 600 and 700°C (MHse-709, and between 700 and 1095°C
(ML 700-1009 based on TGA with ga$, andp” are calculated by Equation 2-16 and Equation
2-17 respectively. As can be seen, after carbomalti ;os.sopodecreases which is due to the
transfer of portlandite to calcite leading to ssksloss of wate3( smaller than 1). However,

in the same time, Migo-sooincreases after carbonation due to a significapadare of CQ
between 500 and 600°C. This suggests that the fammaf amorphous carbonation products
occurred during our accelerated carbonation te6f5-6B]. As a consequence, after
carbonation, Mkos.goo IS N0 more related only to the departure of wabet, also to the
departure of part of the G@oming from carbonation products. Table 2-15 alsows that,

for RCA-OC1, carbonation leads to a systematicease in the mass loss between 105 and
600°C @ larger than 1). On the contrary, carbonation legadsdecrease in mass loss between
105 and 600°C for the pure cement paBterfialler than 1). For pure paste carbonation leads
to greater quantities of calcite that decomposer &00°C. Thus we may suspect an important

of calcareous aggregates on carbonation and thtteeatifferent regimes of decarbonation.

Table 2-15 Mass loss based TGA with gas
MLios MLsgo MLeoo ML 700-

ML 105-600 B p’

-50¢ -600 -70¢ 109t
RCA-OC1-90 0/0.63 3.08 0.35 1.59 29.33 3.43 141 0.62
RCA-OC1-90-carbo 0/0.63 1.91 2.91 3.54 29.39 4.82
RCA-OC1-90 0.63/1.25 2.83 0.32 1.37 29.99 3.15 1.36 0.61
RCA-OC1-90-carbo 0.63/1.25 1.75 2.54 3.11 30.74 94.2
RCA-OC1-90 1.25/2.5 2.54 0.3 1.22 30.85 2.84 131 0.59
RCA-OC1-90-carbo 1.25/2.5 1.5 2.23 2.8 31.63 3.73
RCA-OC1-90 2.5/5 2.43 0.29 1.21 31.25 2.72 118 0.53
RCA-OC1-90-carbo 2.5/5 1.28 1.92 2.49 32.58 3.2
CP-0.6-90 1.25/2.5 12.99 0.6 1.36 1.44 13.59 0.87 0.38
CP-0.6-90-carbo 1.25/2.5 4.94 6.87 6.45 16.19 11.81
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5!

M L105-600)Car bo

wherep is the ratio of Mbos.goocarbo to MLgs.s00

B = (M L105-500)Ca'r bo
(M L105500) Equation 2-17

wheref’ is the ratio of Mbos.spocarbo to Mlyos-500

© 2014 Tous droits réservés.

(M Lio%oo) Equation 2-16
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Figure 2-38 TGA with gas of RCA-OC1-90 0/0.63mm
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Figure 2-39 TGA with gas of RCA-OC1-90-carbo 0/0.68m
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Figure 2-40 TGA with gas of CP-0.6-90 1.25/2.5mm
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Figure 2-41 TGA with gas of CP-0.6-90-carbo 1.258mm
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2.7.2 SFSA and ML105_600

Figure 2-42 presents the variation of SFSA as ation of granular class for RCA-OC1-90

and RCA-OC1-90-carbo. As can be seen, SFSA incseasethe average particle size
decreases. After carbonation, part of the cemestepmansfers to calcite which does not
dissolve in the salicylic acid dissolution. Therefothe dissolved content decreases
dramatically for all the four granular classes, eover, the slope of SFSA to average particle

size is larger than before carbonation (-0.60 fGARDC1-90-carbo, -1.87 for RCA-OC1-90).

35.00
30.00
25.00 § K i & RCA-0C1-90
_ y =-1.8713x + 27.559_ C RCAOCL90-carbo
%j— 20.00 R7=0.9852 $.
£ 15.00 u [§ weeeeeee Linéaire (RCA-OC1-90)
. Linéaire (RCA-OC1-90-
10.00 Y= 10.5954x + 4624 incaire {
R?= 0.8647 carbo)
5.00 \l\:
0.00 ’
0.1 1 10

Average size (mm)

Figure 2-42 SFSA of RCA-OC1-90 as a function of ava&ge particle size of different granular classes
considered (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

Figure 2-43 shows the variation of Mk s000f FRCA measured with the thermal method as a
function of granular class for RCA-OC1-90 and RC&1390-carbo. As can be seen, Md
sooincreases after the carbonation for all the grantlsses. The value (ratio of Mlios-600-
carbo to Mbgs.s09 based on thermal method is 1.37, 1.38, 1.33 aBd fbr RCA fractions
0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm respectivetyich is consistent with thg value based

on TGA method (Table 2-15). Mbs.soo0btained by thermal method is larger than the value
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obtained by the TGA, which might due to the lontgere in the oven (24h at 600°C for the
thermal method, and about 3h from 105 to 600°CTféA method). From the results of TGA
(Figure 2-38 and Figure 2-39), Mds-sooincreases a lot for the carbonated cement paste or
RCA. Therefore, in the case of carbonated materi®&ips.600 does not correspond
exclusively to the departure of bound water bub dtsthat of CQ, which comes from the

transferred calcite in carbonated cement paste.

12

.\-
1 L S e S S

~~~~ ®__ - __ B RCA-OC1-90-carbo

- — - Linéaire (RCA-OC1-90)

ML105-600(%)
o

Linéaire (RCA-OC1-90-
carbo)

0.1 1 10

Average particle size (mm)

Figure 2-43 ML g5.6000f RCA-OC1-90 as a function of different granular ¢éasses considered (0/0.63,
0.63/1.25, 1.25/2.5, 2.5/5mm)

After carbonation, the dissolved content in salcy@cid of RCA-OC1-90-carbo decreases
comparatively to RCA-OC1-90. Figure 2-44 shows tésults of dissolved percentages by
salicylic acid dissolution before and after carkdmra for the two cement pastes. After
carbonation, the soluble fraction decreases adtt tor CP-0.6-90 and CP-0.4-90. A lesser
decrease is observed for cement paste with W/CwOgbmparison to that with W/C=0.6.

Indeed, in the former case, the carbonation degoedd be lower than in the later case

because of a lower diffusivity of the cement paSiberefore, carbonation changes the
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mineralogical phases of cement pastes (such asrgrealcite from portlandite), which cou

not dissolve in salicylic acid.
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70.00 -
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SFSA (%)

CP-0.6-90 1.25/2.5 CP-0.4-90 1.25/2.5

Fraction (mm)

Figure 2-44 SFSAas a function ofcarbonation of pure cement pastegranular class (1.25/2.mm)

2.7.3 Density

Figure 2-45 presentke variation of apparent density measured withhtbleam pycnomete
as a function of granular classhe density of all the fractions of RCBEC1-90-carbo is larger
than that of RCA-OC1-90This is due tdransfer of portlandite to calcite, indeed caldites
larger density than portland. After carbonation, the slope of density to averpgrticle size
is lower than RCA-OCB0 (0.01 forRCA-OC1-90-carbo, 0.02 for RGAC1-90), it can be
explained by the fadhat the finer fraction of RCA has highSFSA and the density of tr

latter increased by the carbonat
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Figure 2-45 Density of RCA-OC1-90 as a function adverage particle size of different granular classes
considered (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

2.7.4 Porosity

Figure 2-46 shows the BET surface area of all ttamglar classes of RCA-OC1-90 before
and after carbonation. The BET surface area ineseas the average particle size of RCA
decreases for both RCA-OC1-90 and RCA-OC1-90-caarbonation increases a lot
specific surface area, which is due to the fornmatb small crystal calcite from portlandite
[150].

In order to study the influence of carbonation lo@ porosity of cement paste and RCA, four
samples (CP-0.6-90 1.25/2.5 and CP-0.6-90-carbb/22 RCA-OC1-90 2.5/5 and RCA-
OC1-90-carbo 2.5/5) have been studied by using tgréntrusion Porosimetry (MIP)
technique with machine MICROMERITICS AUTOPORE IValdle 2-16 shows the MIP
results of the cement paste and RCA before and aftdonation. The porosity decreases

after the carbonation, which is also reported bgnaigoyen [73].
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Figure 2-46 BET surface area of RCA-OC1-90 as a fution of different granular classes considered

(0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

Table 2-16 MIP results of RCA and cement paste

CP-06:90  CP-0.690- RCAOCI L-AOCH
1.25/2.5 carbo 1.25/2.5 90 2.5/5
2.5/5

Total Intrusion Volume mL/g 0.37 0.16 0.06 0.03
Total Pore Area mzg  31.87 14.84 5.31 3.25
Median Pore Diameter (Volume) pm 0.08 0.15 0.06 40.1
Median Pore Diameter (Area) pm 0.02 0.01 0.03 0.01
Average Pore Diameter (4V/A) pm 0.05 0.04 0.05 40.0
Bulk Density at 0.10 psia g/mL 1.17 1.63 2.25 52.4
Apparent (skeletal) Density g/mL 2.05 2.19 2.62 662.
Porosity % 42.79 25.52 14.12 7.83

Figure 2-47 presents the pore size distributiorcerhent paste and RCA before and after

carbonation measured by MIP. For the cement pastes comprised between 0.001-0.01

micron increase, pores between 0.01-0.1 micronedse;, pores between 0.1-1 micron

increase after carbonation. The same changes céwubd in RCA carbonation. Therefore,

after the carbonation, pores between 0.01-0.1 micould be filled by carbonation products,

leaving smaller voids between them, comprised betvm@g001-0.01 microns.

© 2014 Tous droits réservés.
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Figure 2-47 Pore distribution of cement paste and RA-OC1-90 before and after carbonation measured
by MIP

2.7.5 Water absorption

Table 2-17 and Figure 2-48 show the water absorptioefficients of the four granular
fractions of RCA-OC1-90 and RCA-OC1-90-carbo meedwrith the two methods (EN1097-
6 and IFSTTAR). The water absorption coefficientsamed with all the granular classes of
RCA-OC1-90-carbo are significantly lower than thattained with RCA-OC1-90. It can be
attributed to the reduction of cement paste poyosiie to carbonation. After the
carbonantion, the water absorption of RCA decr&&8%, 28.5%, 33.1% for the fraction

2.5-5mm, 1.25-2.5mm, 0.63-1.25mm respectively, Wincalso reported by Grabiec [77].

Table 2-17 Water absorption of RCA-OC1-90 and RCA-@1-90-carbo measured by the EN and

IFSTTAR

size (mm)  RCA-OC1-90-EN RCA-OC1-90-IF ESA'OCLgO'C"’“bO' 5;@(351'90'
0-0.63 9.42 17.66 i 13.1
0.63-1.25 9.37 10.36 6.27 7.14
12525  7.79 8.76 5.57 6.05

255 7.12 8.39 5.25 5.64
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Figure 2-48 Water absorption of RCA-OC1-90 and RCA9C1-90-carbo measured by IFSTTAR method
as a function of different granular classes consided (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

2.8Conclusions

Some of the major properties of FRCA produced i@ ldboratory from the crushing of
concretes of known composition have been relatetheéocement paste content. A method
based on the dissolution of the major part of #a@ent paste contained in FRCA by salicylic
acid (SFSA) has been developed for the measureaieztgment paste content (CPC). The
properties of laboratory produced RCA have bededes

With these results, questions 1 to 4 can be padtiressed.

Question 1: Can we define accurate experimental mebds allowing to measure the

water absorption coefficient and the adherent cemdnpaste content of the different

fractions of RCA?

——> A method based on the dissolution ef timajor part of the cement paste made with
CEM I contained in FRCA by salicylic acid (SFSA)haeen developed for the measurement
of cement paste content. The method has been dpplieoncrete manufactured with a white
OPC to obtain the most reliable results. From theotical model, the SFSA is almost
identical to the CPC for the white cement that miidl contain C4AF and just a small amount
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of C3A. For the grey cement, SFSA is always lowantCPC which is due to the presence of
important amounts of insoluble phases such as t€aad GAF. However for a given RCA,
SFSA can be used to correlate the measured prepesti RCA with CPC. Indeed the
presence of insoluble phases of the cement paditemvpact similarly all the particle size
classes. Thus the linear relationship between S&&Awater absorption is kept for CPC with
the same slope but an origin displaced to the ofhte graph (toward higher CPC).

EN 1097-6 and IFSTTAR methods have been used tsuneshe water absorption of FRCA.
For particle sizes larger than 0.63mm, EN 10976 I&STTAR methods give similar results,
which suggest that these methods are relevanthi®rnieasurement of water absorption
coefficient of FRCA (larger than 0.63mm). For thésetions, a quasi linear relation is found
between the water absorption coefficient and thégba size, the former decreasing with the
particle size. However, for the smaller particlees(<0.63mm), IFSTTAR method seems to
overestimate the water absorption coefficient, atahdard method (EN 1097-6) seems to
underestimate it. The characterization of wateogiigon coefficient of very fine particles is
known to be a difficult task, especially for FRCAs the water absorption displays a linear
relationship with SFSA of the three coarser granclasses, the absorption coefficient could
be estimated with good accuracy for very fine RGAektrapolating the relationship obtained
between water absorption and SFSA with coarsemtgaclassThe total water absorption of
FRCA (fraction 0/5mm) can therefore be determinextigely which is very important in the

mixture proportioning of recycled concrete.

Question 2: What is the link between properties obriginal concrete (W/C ratios, cement

paste volume) and properties of RCA made with it?

—> The properties of RCA are influenced aonnected with the properties of original

concrete.
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The SFSA of FRCA is influenced by the W/C ratice tieaction degree and the cement paste
volume of the original concrete. The larger valuds SFSA obtained for RCA-OC2
comparatively to RCA-OC1 can be attributed to tighér volume of cement paste in the
original composition (same W/C ratio). Similarlyet larger values obtained for RCA-OC3
comparatively to RCA-OC2 can be attributed to adoW//C ratio in the original composition
(same volume of cement paste), leading to a dese&eent paste and therefore to a larger
mass of cement paste for a similar paste volume.

The porosity and water absorption of FRCA are afsluenced by the W/C ratio and the
cement paste volume of the original concrete. Tagemabsorption coefficients obtained with
all the granular classes of RCA-OC2 are signifigatarger than those obtained with RCA-

OC1 and RCA-OCa.

Question 3: What is the link between size and propges of RCA (mortar or cement

paste content, density, water absorption, porosity.)?

—> For the laboratory produced FRCA usedhis study, the SFSA decreases linearly
with the average particle size of four differenammlar classes (0/0.63, 0.63/1.25, 1.25/2.5,
2.5/5mm). This result has been confirmed by stuglyhre variation of Mkgs.go0 Of FRCA
(mass loss at 600°C) as a function of averagegbasize. The properties of FRCA including
specific density, water absorption, and porositg strongly correlated to the SFSA, and
therefore to the size of particles. The higher $iSA, the higher the water absorption and
porosity, and the lower the specific density at é&xeeption of the absorption coefficient

measured by EN 1097-6 standard for the smalletibra¢0/0.63mm).

Question 4: What is the influence of the conditionsof conservation of the RCA

(carbonation) on their properties?
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—> After the carbonation of recycled aggte, the dissolved fraction in salicylic acid
(SFSA) decreases. The method can be also useddArtRat have been carbonated either
before or during the fabrication or storage. Irsttése, the linear relationship between SFSA
and water absorption is kept for CPC but with bdiffierent slope and origin; the slope is
decreased while the origin displaced to the righhe graph.

ML 105600 INCreases both for the thermal method and TGA atktor RCA but not for pure
cement paste. Mlgs-spobased on TGA decreases, but Wlsooincreases a lot, which are due
to the transfer of portlandite to partly amorphoakite, which decomposes from 500°C.

The density of RCA and the surface area incredisegorosity of RCA decrease, which leads

to the decrease of water absorption.
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3.1Introduction

In the previous chapter, we have tested experirhargthods with laboratory produced RCA,
including measurement of SFSA and water absorp#oa.these methods also suitable for
industrial RCA where the initial composition of @pate is not known, especially the type of
cement? What are the differences between laborgraguced RCA and industrial RCA? In
order to answer these questions, three indust@a# Rhich have been sourced from different
industrial platforms have been studied, particylddr SFSA and water absorption. The
experimental methods used were the same as theddardaboratory produced RCA, which

were presented in Chapter 2.

3.2Experimental protocols

3.2.1 Industrial RCA

Three industrial RCA were collected from commergkints. Two RCA were provided by
the Colas Company, and are noted RCA-Colasl and-B@QAs2 in the following. RCA-

Colasl was produced in the site VALORMAT of AmieRCA-Colas2 was produced in the
plant of Louvres. Figure 3-1 shows the site crughmachine for production of RCA-Colasl.
RCA-PNR was the industrial FRCA produced for therfeh national project Recybéton.
Figure 3-3 and Figure 3-4 show the granular distidms of the three industrial RCA. In this

study, we are only considering the fraction 0/5mfnmdustrial RCA (Figure 3-2). Then they
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were separated into four different granular clag®é3.63, 0.63/1.25, 1.25/2.5, 2.5/5mm) in
order to study the influence of granular size om phoperties of industrial RCA. Each class

was tested for SFSA, Mbs-soo density, porosity and water absorption.

Figure 3-1 Site crushing machine for production oRCA-Colasl

Figure 3-2 Three kinds of industrial RCA (Fraction 0/5mm)
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Figure 3-3 Cumulated particle size distributions ofthe three industrial RCA
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Figure 3-4 Partial particle size distributions of te three industrial RCA
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3.2.2 Thermogravimetric analysis (TGA with analysis of ga by MS)

The four different granular classes (0/0.63, 0.2511.25/2.5, 2.5/5mm) of representative
samples were tested with a thermogravimetric arslygh analysis of gas by MS. Figure 3-5
to Figure 3-7 present the TGA results for all thdustrial RCA studied. As can be seen in
these figures, for all the materials tested, adgrgak of mass loss is obtained between 500
and 850°C due to the departure of Of@hich suggest that all the industrial RCA studied
contain calcareous aggregates. Moreover a signifidacarbonation starts at 500°C showing
that the industrial RCA are partly carbonated. Wie pssooincludes therefore part of GQas

the three industrial RCA are partly carbonated.
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Figure 3-5 TGA with gas of RCA-Colas1 0/0.63mm
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Figure 3-6 TGA with gas of RCA-Colas2 0/0.63mm
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Figure 3-7 TGA with gas of RCA-PNR 0/0.63mm

From the TGA results, different mass losses cancdleulated (Table 3-1): Mio-1095
corresponds to the content of crystallized calcitthe sample. Mkgo.soocorresponds partly to
the water bounded by portlandite (Mdo-400-s09 @and some decarbonation of amorphous

135

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 3 Characteristics of industrial RCA

calcite (MLco2-400-509- From the curves of gas by MS, the surface ao¢d4,0 (Si20) and
CO, (Sco) could be estimated, then the mass ratio 9 idan be calculated, thus Milo-400-
500 Can be obtained from Equation 3-1.

ML = ML g gy X0 S0
H20-400-500 = Mi-400-500 ™ 777 Sco, +18%S, Equation 3-1

Table 3-1 Mass loss based TGA with gas for industii RCA

ML 105-400 MLaoo-s00  MLsgoeoo  MLeoo-7o0 ML 700-1095
RCA-Colasl1 0/0.63 1.7 0.7 0.89 1.72 17.85
RCA-Colasl 0.63/1.25 1.43 0.56 0.97 1.8 20.71
RCA-Colasl 1.25/2.5 1 0.58 1.17 2.27 21.87
RCA-Colasl 2.5/5 0.91 0.54 1.07 2.08 22.43
RCA-Colas2 0/0.63 1.98 0.64 0.72 1.92 13.11
RCA-Colas2 0.63/1.25 1.68 0.55 0.57 1.5 17.19
RCA-Colas2 1.25/2.5 1.48 0.5 0.52 1.37 18.63
RCA-Colas?2 2.5/5 1.34 0.47 0.73 1.62 19.28
RCA-PNR 0/0.63 1.99 0.73 0.79 1.96 12.62
RCA-PNR 0.63/1.25 1.48 0.55 0.69 1.6 12.92
RCA-PNR 1.25/2.5 1.36 0.5 0.65 1.51 14.54
RCA-PNR 2.5/5 1.32 0.5 0.64 15 15.33
RCA-OC1-90 0/0.63 2.04 1.04 0.35 1.59 29.33
RCA-OC1-90 0.63/1.25 1.81 1.02 0.32 1.37 29.99
RCA-OC1-90 1.25/2.5 1.53 1.01 0.3 1.22 30.85
RCA-OC1-90 2.5/5 1.44 0.98 0.29 1.21 31.25
RCA-OC1-90-carbo 0/0.63 1.03 0.88 2.91 3.54 29.39
RCA-OC1-90-carbo 0.63/1.25 0.94 0.8 2.54 3.11 30.74
RCA-OC1-90-carbo 1.25/2.5 0.81 0.69 2.23 2.8 31.63
RCA-OC1-90-carbo 2.5/5 0.68 0.6 1.92 2.49 32.58
RCA-0OC2-90 0/0.63 2.49 1.82 0.46 2.14 25
RCA-OC3-90 0/0.63 2.66 1.79 0.4 1.3 25.03
RCA-OC3-90 0.63/1.25 2.51 1.66 0.38 1.3 25.73
RCA-OC3-90 1.25/2.5 2.19 1.47 0.36 1.35 27.14
RCA-OC3-90 2.5/5 2.18 1.51 0.36 1.27 27.2

Table 3-2 shows the calculated results of ¥400-s00and MLco2-400-500 AS can be seen, the
mass ratio of C@in MLggo-s00changes as the carbonation degree changes. Fabanated

laboratory produced RCA (RCA-OC1-90), Wbbsoo is totally from the bounded water by

136

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 3 Characteristics of industrial RCA

portlandite. For carbonated laboratory produced RBEA-OC1-90-carbo), M&o2-400-500
contains 92% in the Migos00 For industrial RCA, Mkoz.400-500CONtains 59%, 26%, 19%
respectively for RCA-Colasl, RCA-Colas2 and RCA-PNR the other hand, the content of
portlandite decreases from RCA-PNR to RCA-Colas?2 REA-Colasl. This is in agreement
with a stronger carbonation for RCA-Colasl compatedRCA-Colas2 and RCA-PNR
respectively. As a consequence, the portlanditéecdof industrial RCA is between the zone

of uncarbonated RCA and carbonated RCA.

Table 3-2 MLH20_400_500and MLco2_400_500baSEd on TGA with gas

St20 o2 ML 400500 MLH20-400500 ML co2-400-500
RCA-Colas1 0/0.63 0.10 0.06 0.70 0.28 0.42
RCA-Colas2 0/0.63 0.42 0.06 0.64 0.47 0.17
RCA-PNR 0/0.63 1.25 0.12 0.73 0.59 0.14
RCA-OC1-90 0/0.63 0.50 0 1.04 1.04 0
RCA-OC1-90-carbo 0/0.63 0.03 0.12 0.88 0.07 0.81

All the industrial RCA have less portlandite thamcarbonated laboratory produced RCA,
whatever the granular fraction considered. As showrFigure 3-8, the calcite content
decreases as the particle size decreases. This isedue to the larger SFSA in the smaller

granular classes.
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2 RCA-PNR
i
S n | % RCA-0C1-90
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g RCA-0C2-90
5 % RCA-0C3-90
0
0.1 1 10

Average size (mm)

Figure 3-8 ML;qg.10950btained by TGA as a function of the average size the four different granular
classes considered (0/0.63, 0.63/1.25, 1.25/2 5/520m)
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3.2.3 Carbonation depth

Representative coarse RCA (about 20mm) of ColagdlRMDA-PNR were collected and pre-
dried in the oven at a temperature of 105°C, amdpses were cut in the middle with the
diamond saw. The surfaces of RCA were then polislyaasing GBrot grinding and polishing
machine. Then a solution of phenolphthalein wasl usemeasure the carbonation depth. In
the non-carbonated high alkaline part of the sapgf@nk color is obtained. On the contrary,
in the carbonated part of the sample, no coloraimurs due to the reduction of pH below 10
due to carbonation. For one sample, four imagabeiolished section were taken with an
optical microscope. Carbonation depth was measatredout 6 different locations for each
image in order to determine an average carbonatepth on 24 values. 14 samples were

analyzed to estimate the variation of carbonatigptld for RCA-Colasl and RCA-PNR.

Figure 3-9 and Figure 3-10 show optical observatioincarbonation depth of two samples for
RCA-Colasl. Figure 3-11 and Figure 3-12 show opttaervations of carbonation depth of
two samples for RCA-PNR The average carbonatiomhdefpRCA-Colasl obtained from the

14 samples is about 1.5+0.9mm, while that of RCARABlabout 1.2+0.4mm (Table 3-3). As

can be seen, there is a large variation of theoreton depth for both RCA; some particle
has a large carbonation depth whereas some pajtisiecarbonates at the surface. This
confirms that industrial RCA has been partly cadied, RCA-Colasl has been more

carbonated than RCA-PNR in agreement with TGA tesul
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Figure 3-9 Optical observation of RCA-Colasl Figure 3-10 Optical observation of RCA-Colasl
(Sample 6) (Sample 14)

i s =

Figure 3-11 Optical observation of RCA-PNR Figure 3-12 Optical observation of RCA-PNR
(Sample 14) (Sample 7)

Table 3-3 Mean carbonation depth obtained on 24 mearements at 14 different samples for two
industrial RCA (mm)

S1 S2 S3 S4 S5 S6 S7
RCA-Colasl 1.63 0.97 1.34 2.92 1.18 3.49 1.41
RCA-PNR 0.98 1.17 0.95 1.67 0.83 1.54 0.51
S8 S9 S10 S11 S12 S13 S14
RCA-Colasl 0.70 1.75 2.39 0.68 0.92 0.63 0.50
RCA-PNR 1.17 1.61 1.24 1.15 1.26 0.86 1.86
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3.3Properties of industrial RCA

3.3.1 SFSA and ML105-600

Figure 3-13 and Table 3-4 present the variatio8FHA as a function of granular class for all
the FRCA studied. The value of SFSA is the averaigéhree test values. The standard
deviations are also shown in this figure (exampleRCA-OC1-90 and RCA-Colas2). The
average standard deviation for the three indudR@A is 0.62. As can be seen in Figure 3-13,
SFSA is higher as the average patrticle size deesdas all the industrial RCA. A reasonable
linear relation between SFSA and granular clasebigined, similarly to what has been
obtained with laboratory produced RCA. The corietatcoefficients obtained (R2) range
from 0.77 to 0.92 (Table 3-5, b value correspormdthe SFSA when the particle size tends
towards zero). The values obtained for industrigZlAR are between the values of
uncarbonated laboratory produced RCA and carbonktkdratory produced RCA (for

example RCA-OC1-90 and RCA-OC1-90-carbo). As pnesiyp shown, the industrial RCA

are partly carbonated, the carbonated phases cdmssative in salicylic acid, and therefore
the lower value obtained for the three industriadlAR comparatively to uncarbonated

laboratory produced RCA.
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Figure 3-13 SFSA as a function of average size ¢fet four different granular classes considered (0/63,
0.63/1.25, 1.25/2.5, 2.5/5mm)

Table 3-4 SFSA of industrial RCA

Fractions (mm) RCA-OC1-90-carbo RCA-Colasl RCA-Colas2 RCA-PNR RCA-OC1-90

0-0.63 4.48 13.46 15.65 8.76 27.28
0.63-1.25 4.35 12.45 13.90 7.04 25.72
1.25-2.5 3 10.22 10.62 6.44 23.60
2.5-5 2.57 9.00 10.04 5.81 20.76

Table 3-5 Coefficients of the linear relationshipdetween SFSA and particle sizes for industrial RCA
(y=ax+b)

Fractions a b R
RCA-Colas1 -1.30 13.52 0.92
RCA-Colas2 -1.61 15.32 0.81
RCA-PNR -0.74 8.29 0.77
RCA-OC1-90 -1.87 27.56 0.99
RCA-OC1-90-carbo -0.60 4.62 0.86

© 2014 Tous droits réservés.

Figure 3-14 shows the variation of Mk s00f FRCA based on the thermal method as a

function of granular class. The standard deviatiaiue is also shown in this figure (for
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example for RCA-OC1-90 and RCA-Colas2), the aversigmdard deviation of the three
industrial RCA is 0.13. As can be seen, MHeooincreases as the average particle size
decreases for all industrial FRCA, which is simitarthe results obtained with laboratory
produced FRCA. However, contrarily to laboratorpguced RCA, the relation between

ML 105.600@nd granular class is not linear.
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Figure 3-14 ML4gs.600aS a function of the average size of the four diffent granular classes considered
(0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

3.3.2 Density and porosity

Figure 3-15 presents the variation of apparentitdenseasured with the helium pycnometer
as a function of granular class. It shows thatdaesity of FRCA increases as the average
particle size increases. The density of all thetfoms of industrial FRCA is larger than that of
laboratory produced RCA (for example RCA-OC1-90% the industrial FRCA are partly
carbonated, the carbonation degree is much latger the laboratory produced RCA, the
larger values of density are obtained for the itriisRCA could be due to the carbonation,
however, the composition of RCA, the density ofunalt aggregate and density of cement
paste in RCA could also change the density of im@sRCA, which are not known for

industrial RCA.
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Figure 3-15 Density of FRCA as a function of the arage size of the four different granular classes
considered (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)

Figure 3-16 shows the BET specific surface aregldhe FRCA, and Figure 3-17 shows BJH
porosity of all the granular classes of FRCA. Thecsfic surface area of industrial RCA is
lower than the laboratory produced RCA (for exanifp{@A-OC1-90). As shown in chapter 2,
the specific surface area increased after accetéatrbonation for laboratory produced RCA.
However, in the case of industrial RCA, neither thenposition nor the crushing method are
known. Moreover, the kinetics of carbonation is yaelifferent from that used in our
accelerated tests. It is therefore difficult to getize the previous conclusions to naturally
carbonated RCA. As can be seen, the specific sudega of FRCA increases as the average
particle size of FRCA decreases. The porosity alustrial RCA is lower than that of
laboratory produced RCA (for example RCA-OC1-90%. ghown in Chapter 2, carbonation
can decrease the porosity. The carbonation dedrielastrial RCA is much larger than the
laboratory produced RCA, therefore the lower valtiporosity could be due to carbonation.
The porosity of FRCA increases as the average cparsize of FRCA decreases. The
relationships between specific surface area orgiyrand granular class might be different
for three industrial RCA with different compositenFor RCA-Colasl, the relationships
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between specific surface area or porosity and dgaciass are quasi linear. For the other two
industrial RCA, the specific surface area and poras the finer fraction increases largely
comparing with the coarser fractions. Therefore, $specific surface area and porosity can

change much for the very fine fractions.

9
3 f ___________________
—7 NP S
= B RCA-Colasl
£ 6
E 5 RCA-Colas2
o 4 X RCA-PNR
o
(C
€3 # RCA-0C1-90
T T B s T T o e e S e
PR U S 0 L O N A M A Linéaire (RCA-Colas1)
0

o
=
[y
[y
o

Average particle size (mm)

Figure 3-16 BET specific surface area of FRCA as fiction of the average size of the four different
granular classes considered (0/0.63, 0.63/1.25,5/25, 2.5/5mm)
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Figure 3-17 BJH porosity of FRCA as function of theaverage size of the four different granular classe
considered (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mm)
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3.3.3 Water absorption

Figure 3-18 shows the variation of water absorptioafficient of industrial RCA measured

with the two methods (EN1097-6 and IFSTTARhe standard deviation of water absorption
is shown for some fractions (for example RCA-PNR)e average standard deviation of all
the industrial tests is 0.33. The results obtaw#h the two experimental methods (EN1097-
6 and IFSTTAR) were very close from one to anotbecept for the smaller fraction

(0/0.63mm). For all the industrial FRCA tested ur study, the water absorption coefficient
increased when the average patrticle size decreasegt for the fraction 0/0.63mm with the
standard EN1097-6. This result is similar to thiatacned for laboratory RCA, the standard
method underestimates the water absorption coefiidor small particles and the IFSTTAR
method overestimates it. The results obtained f0AR olas2 are larger than the other two
industrial RCA, while the RCA-Colasl and RCA-PNRe aimilar, whatever the granular

class.
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Figure 3-18 Water absorption of industrial RCA measired by EN1097-6 and IFSTTAR methods as a
function of the average size of the four differengranular classes considered (0/0.63, 0.63/1.25,9/25,
2.5/5mm)
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3.4Relationship between SFSA and other properties of

RCA

3.4.1 Relationship between SFSA and Mlgs_g0o

Figure 3-19 shows the variation of Wk gooas a function of SFSA. For all studied RCA, the
ML 10s-600increases linearly with the SFSA (R2 ranges froiY @o 0.98). Table 3-6 shows the
slope of MLgs.600t0 SFSA. The b value is not zero which might be ttuthe limited number
of points and experimental errors of SFSA and;dkos The slopes of RCA-Colasl and
RCA-PNR are larger than those of laboratory produR€A. The slope of Mlgs.600t0 SFSA
increases after the carbonation for RCA-OC1-90n{fi@.17 to 0.92, the black circle shows
the RCA-OC1-90 in Figure 3-19). The industrial RGAbetween RCA-OC1-90-carbo (high
carbonation degree) and laboratory produced RC# (larboantion degree). Consequently,
the slope value depends on the weathering and witheences such as hydration degree and

cement composition.
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Figure 3-19 MLygs.g00versus SFSA
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Table 3-6 Coefficients of the linear relationshipdetween ML;gs g0pand SFSA (y=ax+b)

a b R
RCA-0OC-28 0.10 3.77 0.86
RCA-0OC-90 0.24 1.74 0.95
RCA-Colasl 0.34 3.76 0.96
RCA-Colas2 0.18 5.04 0.77
RCA-PNR 0.65 2.28 0.98
RCA-OC1-90 0.17 3.37 0.93
RCA-OC1-90-carbo 0.92 6.77 0.96

3.4.2 Relationship between SFSA and density

Figure 3-20 shows the variation of specific densisy a function of SFSA. When SFSA
increases, density decreases linearly. Indeed,itdeos RCA depends on the density of
natural aggregate and density of cement paste aypbfgtion of cement paste. Therefore, as
the cement paste content increases, the SFSAmalsmses and the density of RCA decreases
for all the studied RCA. If we consider the intetsen points of these relations with axis of
coordinates (x=0), we can obtain the density ofdusatural aggregates. In the same way,
when all the RCA is composed of cement paste (x&)Q@e can obtain the density of used
cement paste. As shown in Table 3-7, the densitgenfient paste of RCA-PNR is much
smaller than that of other materials. This coulddbe to a larger W/C ratio in the original
concrete. However, it has to be noted that, forituistrial RCA studied (as well as for
carbonated RCA-OC1-90), the range of variation BEA is very limited (about 5%) which
certainly leads to large uncertainties on the @«diaed values of NA and CP. The correlation
coefficients between density and SFSA (R?) rangenff.7 to 0.96. The slope of density to
SFSA changes a little (from -0.012 to -0.011 afiter carbonation, the black circle shows the

RCA before carbonation in Figure 3-20).
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Figure 3-20 Correlation between density and SFSA

Table 3-7 Coefficients of the linear relationshipdetween density and SFSA (y=ax+b)

Density of Density of CP
a b R NA (x=100%)
(x=0) 7
RCA-Colas1 -0.010 2.64 0.95 2.64 1.64
RCA-Colas?2 -0.008 2.60 0.82 2.60 1.84
RCA-PNR -0.014 2.61 0.96 2.61 1.17
RCA-OC1-90 -0.011 2.63 0.78 2.63 1.55
RCA-OC1-90-carbo -0.012 2.77 0.98 2.77 1.57

3.4.3 Relationship between SFSA and water absorption

Figure 3-21 presents the variation of water absmmpiIFSTTAR method) with the SFSA:

when SFSA increases, the water absorption incretses As can be seen, the water
absorption of all FRCA varies linearly with the $¥®r the three coarser average particle
sizes of RCA. On the contrary, as discussed prelyoihe water absorption measured by

standard or IFSTTAR method for the finer fractioses to be either underestimated or
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overestimated respectively. As discussed previoubl water absorption coefficient of the
finer fraction (0/0.63mm) can be obtained by lineatrapolation of the relation between
water absorption and SFSA determined with the toegser fractions of RCA (Table 3-8).
Extrapolation carried out using both standard &fsITlTAR methods give similar values for
the water absorption coefficient of the finer franot (Table 3-9), the average difference
between these two values obtained for the indugtRCA is 1.13%. As expected, the value
of water absorption coefficient of finer fractiobtained is between the value obtained by the
standard and IFSTTAR methods. The water absorptid®CA directly depends on the water
absorptions of cement paste and of natural agge@atd on the proportions of cement paste.
The water absorption of natural aggregates caregkected comparing with the absorption of
cement paste. The water absorption of cement pagtends on the property of cement paste.
Therefore, the water absorption of RCA dependshenproperties of cement pastes (W/C
ratio, nature of cement, carbonation state) angqutmns of cement paste. As shown in
Figure 3-21, all the industrial RCA tested are casgul between the zone of laboratory
produced RCA and carbonated RCA. Therefore, dratviagvater absorption coefficient as a
function of the SFSA can be a very convenient nebttiodifferentiate different sources of
RCA for which the original concrete compositiongsnerally unknown such as industrial
RCA. Changes of the slope of this regression caa bé used to estimate the effect of the
weathering or some specific treatment after RCAderushed.

Therefore, the proposed method to estimate therwadisorption coefficient of the finer
fraction (0/0.63mm) of FRCA is also suitable fodurstrial RCA.

The accurate total water absorption of FRCA useac{ion 0/5mm) can be determined by
knowing the proportion and water absorption coedffit of each fraction. As shown in Table
3-10, the water absorption of all the studied FREAction 0/5mm) is calculated. The values

of EN extrapolated are always larger than no ewtedpd, which is due to the standard
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method (EN 1097-6) which underestimates the wabeomtion of fraction 0/0.63mm.
However, the values of IFSTTAR extrapolated areagviarger than no extrapolated, which
is due to the IFSTTAR method overestimating theewaibsorption of fraction 0/0.63mm.
The average difference of water absorption betwbenextrapolated and non extrapolated

values is about 0.6% for EN, and 1.7% for IFSTTARpectively.

18.00 ¢ RCA-Colasl
16.00 B RCA-Colas2
14.00 RCA-PNR
€ 150 ® RCA-OC1-90-carbo
[=
o
& 1000 %{X?K X RCA-OC1-90
o
2 800 e RCA-0C1-28
£ 600 -8 RCA-0C2-28
s
4.00 RCA-OC3-28
2.00 RCA-0C2-90
0.00 RCA-0C3-90
000 1000 20.00 3000 4000  50.00

— - = Linéaire (RCA-Colasl)
SFSA (%)

Figure 3-21 Correlation between water absorption FSTTAR method) and SFSA for all studied RCA
including laboratory produced RCA, industrial RCA and carbonated RCA

Table 3-8 Coefficients of the linear relationshipbetween water absorption (IFSTTAR method for three
coarse fractions) and SFSA (y=ax+b) for industriaRCA and carbonated RCA

a b R
RCA-Colasl 0.58 1.37 0.98
RCA-Colas2 0.75 -0.25 1.00
RCA-PNR 1.61 -2.65 0.86
RCA-OC1-90 0.83 3.52 1.00
RCA-OC1-90 carbo 0.38 0.24 0.83
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Table 3-9 Extrapolated water absorption coefficienbf Fraction 0-0.63mm from standard and IFSTTAR
for industrial RCA and carbonated RCA

Tested value Tested value Extrapolated Extrapolated Difference of two

of IFSTTAR of EN 1097-6 value of value of EN extrapolated

(%) (%) IFSTTAR (%) 1097-6 (%) values (%)
RCA-Colasl 16.76 6.14 9.16 8.48 0.68
RCA-Colas2 21.33 8.62 11.44 10.23 1.21
RCA-PNR 15.85 6.32 11.44 9.94 1.05
RCA-OC1-90 17.66 9.42 10.67 9.82 0.85
RCA-OC1-90 carbo 13.1 - 7.26 6.35 0.91

Table 3-10 Water absorption coefficient of FractiorD-5mm calculated by the proposed method (%)

EN 0/5 EN 0/5 IFSTTAR 0/5 IFSTTAR 0/5

(extrapolated) (no extrapolated) (extrapolated) (no extrapolated)
RCA-OC1-28 8.83 8.24 9.47 11.54
RCA-OC2-28 11.27 9.94 11.51 12.83
RCA-OC3-28 8.57 8.45 9.05 10.77
RCA-OC1-90 8.09 8.02 9.17 10.44
RCA-OC2-90 9.53 8.88 10.36 11.70
RCA-OC3-90 7.53 7.07 8.75 9.73
RCA-Colasl 7.46 6.76 7.86 10.12
RCA-Colas2 8.31 7.83 8.98 11.93
RCA-PNR 7.95 6.90 8.66 9.93

3.5Conclusions

Some of the major properties of three industriaCPRRhave been studied. With these results,
we can answer Question 1, 3.

Question 1: Can we define accurate experimental mebds allowing to measure the

water absorption coefficient and the adherent cemédnpaste content of the different

fractions of RCA?

——> The method based on the dissoluticth@imajor part of the cement paste contained in
FRCA by salicylic acid (SFSA) seem to be also ajgtiie for the measurement of cement

paste content of industrial RCA. The method is aygplied to obtain the absolute adherent
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cement paste content of industrial RCA, especifidlycarbonated RCA, as salicylic acid
cannot dissolve the carbonated cement paste phidsggever the insoluble phases of the
cement paste will impact similarly all the partisige classes. Therefore, it can give the slope
of SFSA with granluar class, and the relationstapween SFSA and water absorption can be
used to extrapolate the water absorption of therfiraction. The method proposed for the

water absorption is also adapted for industrial RCA

Question 3: What is the link between size and propges of RCA (mortar or cement

paste content, density, water absorption, porosity.)?

——> For the three industrial FRCA usedhis study, the SFSA decreases with the average
particle size of four different granular classef @3, 0.63/1.25, 1.25/2.5, 2.5/5mm). The
properties of FRCA including specific density, wasdsorption, and porosity are strongly
correlated to SFSA. The higher the SFSA, the higherwater absorption and porosity, and
the lower the specific density at the exceptiornhef absorption coefficient measured by EN
1097-6 standard for the smaller fraction (0/0.63mm)

From the relationship between water absorption SIR8A (also for the relationship between
ML 10s-600and SFSA), drawing the water absorption coefficena function of the SFSA can
be a very convenient method to differentiate défgrsources of RCA for which the original
concrete composition is generally unknown suchndsstrial RCA. Changes of the slope of
this regression can also be used to estimate fieetedf the weathering or some specific

treatment after RCA being crushed (carbonation).
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4.1 Introduction

In the previous chapter, we have characterizedptbperties of FRCA such as SFSA and
water absorption. Can we reuse these FRCA as sandcycled mortars? This chapter
presents the application of FRCA (RCA-Colasl) icycted mortars. The properties of
recycled mortars including fresh properties (slummechanical properties (compressive
strength and splitting strength), and ITZ microstiwe will be studied for different mortar

compositions and for different states of saturatibthe RCA (dried or saturated).

4.2 Materials

Different compositions of recycled mortars with fdient W/C ratios were designed and

manufactured. Materials used in this study arebews.

4.2.1 Cement

The cement used in recycled mortars was the wHt€ CCEM | 52.5 “superblanc”) provided
by Lafarge company whose mineralogical compositsoshown in Table 2-1, and which was

already used for the manufacture of laboratory pced RCA.

4.2.2 Natural sand and FRCA

The natural sand used in recycled mortars was edurom Tournai and was the same as the
one used for the manufacture of laboratory prodiR€é. The water absorption of this sand

was 1.05% according to the standard EN 1097-6.
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Figure 4-1 Particle size distributions of natural and and RCA-Colasl used in reycled mortars

The recycled sand used in the recycled mortars R@A&-Colasl. The size distributions of
natural sand and FRCA are shown in Figure 4-1. RB&A-Colasl was divided into four
fractions (0/0.63, 0.63/1.25, 1.25/2.5, 2.5/5mmy aemixed to get a similar granular
distribution than natural sand. The water absonptb remixed RCA-Colasl was estimated
from the method previously described in ChapterTBe water absorption of fraction
0/0.63mm was extrapolated from the relationshipvben SFSA and water absorption of
three coarser fraction values obtained by method HI97-6. With the particle size
distribution of remixed RCA-Colasl, the water alpsion coefficient of remixed FRCA was
calculated as 7.54%. Two saturation states of FRQ#ed RCA and Saturated RCA) were

used in this study. For the saturated RCA, the sam@s presaturated 24h before the

fabrication of mortars.
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4.3Compositions of mortars

Several series of mortars were manufactured ilaiberatory. Series | was used to study the
influence of saturation state of RCA on the praperof recycled mortars. Series Il was used
to study the influence of proportions of recycleshd on the mechanical properties of
recycled mortars. Series Ill was used to studyiiflaence of granular fractions of recycled
sand on the properties of recycled mortars. Irthadl series studied, natural calcareous sand

was partially or totally replaced by the same vaturshrecycled sand (remixed RCA-Colasl).

Table 4-1 shows the compositions of mortars Sdrieanufactured with natural calcareous
and recycled sands, noted respectively RM and Ciés& mortars are noted RM-W/C-S or
RM-W/C-D in the following, W/C referring to the éffent water to cement ratio, and S or D
referring to the saturation state of aggregate®{&s to mortars manufactured with saturated
sand, D refers to mortars manufactured with drydsamd absorbed water is added in the

mixer). Three W/C ratios of 0.5, 0.55, and 0.6 wstalied.

Table 4-1 Compositions of mortars Series |

Cement Recycled Efficient Absorbed W#/C at Volume % of

(9) sand (g) water (g)  water (@) T0 CP at TO
CM-0.5-S 450 1350* 225 14.18 0.5 41
CM-0.5-D 450 1350 225 14.18 0.53 42
RM-0.5-S 450 1291.1* 225 97.35 0.5 38
RM-0.5-D 450 1291.1 225 97.35 0.72 44
RM-0.55-S 450 1291.1* 247.5 97.35 0.55 40
RM-0.55-D 450 1291.1 247.5 97.35 0.77 45
RM-0.6-S 450 1291.1* 270 97.35 0.6 41
RM-0.6-D 450 1291.1 270 97.35 0.82 46

Remark :* Presaturated with efficient water 24 tsopefore mixing.

Table 4-2 shows the compositions of mortars Sdtiesith W/C=0.5 manufactured with

different proportion of recycled sand. These reegainortars are noted RM-W/C-Proportion
in the following, W/C referring to the efficient W& to cement ratio, and Proportion referring
to the volume replacement proportion of recycleads&or example, RM-0.5-10 refers to the
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recycled mortar manufactured with W/C of 0.5, arttere 10% of natural sands are replaced
by the same volume of recycled sand. Recycled msortath W/C ratios of 0.6 were also

studied just changing the efficient water quanéibd the other quantities of materials used
being the same as the recycled mortar with W/@gsatf 0.5. Both recycled sands and natural

sands in Series Il were presaturated 24 h beforeifaeture.

Table 4-2 Compositions of mortars Series Il with WC=0.5

RM-0.5-0 RM-0.5-10 RM-0.5-20 RM-0.5-30 RM-0.5-50 MRD.5-100

Recycled sand (g) 0.0 129.1 258.2 387.3 645.6 1291.
Natural sand (g) 1350.0 1215.0 1080.0 944.9 675.0 .00
Total Sand (g) 1350.0 1344.1 1338.2 1332.2 1320.6 2911
Cement (g) 450 450 450 450 450 450
Efficient water (g) 225 225 225 225 225 225
Absorbed water (g) 14.18 22.5 30.81 39.13 55.77 397.

Table 4-3 Compositions of mortars Series Il with WC=0.5
Control Mortar RM-0.5-0/0.63 RM-0.5-0.63/1.25 RMNBEL.25/2.5 RM-0.5-2.5/5

Sand 0/0.63 (g) 399.60 376.32 399.60 399.60 399.60
Sand 0.63/1.25 (g) 278.10 278.10 263.99 278.10 278.10
Sand 1.25/2.5 (Q) 433.35 433.35 433.35 413.47 433.35
Sand 2.5/5 (g) 238.95 238.95 238.95 238.95 229.52
Total sand (g) 1350.00 1326.72 1335.89 1330.12 5340
Cement (Q) 450 450 450 450 450
Efficient water (g) 225 225 225 225 225
Absorbed water (g)  14.18 41.89 32.40 38.69 26.42

Remark : the value in red is the quantity of reegctand while the others correspond to natural.sand

Table 4-3 show the compositions of mortars Serleswith w/c=0.5 manufactured with
replacing each fraction of natural sand with theresponding fraction of recycled sand.
These recycled mortars are noted RM-W/C-Fractiothen following, W/C referring to the
efficient water to cement ratio, and Fraction refey to the replacement fraction of recycled
sand. For example, RM-0.5-0/0.63 refers to the alecymortar manufactured with W/C of

0.5, the fraction 0/0.63 mm of natural sand bemgaced with the same volume of recycled
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sand(the fractions from 0.63 up to 5mm correspond tiired sanc. Mortars with W/C ratio:
of 0.6 were also studied just changing thecient water quantity and the other quantitie:
materials used being the same as mortars with \&tiGsrof 0.5.All the sanis in Series llI

were presaturated 24 hoursforemanufacture.

4.4 Experimental methods

4.4.1 Mixing procedure for manufacture of mortars

For mortars manufactured with saturated RCA, thel seas presaturated with the effici
water 24h before the fabrication, and the absorbkatr was added at the fabrication. ~
mixing procedure of mortar with saturated sanc-S) is shown inFigure 4-2. For mortar
manufactured with the dried RCA, the quantity dicegnt water and absorbed water v
added at the fabrication. The mixing procedure oftar with dred sand (MD) is also shown

in this Figure 4-2.

OP N BY ¥ SEERSEY

)
e AR B Il

= &
& aom ] -

Dredsand  Satmated sansl  Lfficisnt watsr  Absorbed water Cement Manrar
Figure 4-2 Mixing procedures of (i) M-S and (ii) M-D

The precise nxing procedure is as follow
(1) Place the sand into the bowl, and then plaeecment into the bowl, mix at low spe

during 30s;
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(2) Put the water in the mixer, and start to redbeltime (TO), mix at low speed during 30s,
then switch the mixer to high speed and continu8s;

(3) Stop the mixer for 90s. During the first 30smiove the mortar adhering to the wall and
bottom of the bowl and place it in the middle of thowl with a plastic scraper;

(4) Restart the mixer at high speed for 60s.

4.4.2 Slump test

After mixing, the slump of mortar was measured wite MBE cone (Mortier de Béton

Equivalent) which is shown in Figure 4-3. The piaho® of slump measurement is as follows:

15

30

15

150

110

Figure 4-3 Cone MEB used for measuring slump of maar (In the right figure the unit is mm)

(1) First, make sure that inner wall of mini coeelean and slightly damp;

(2) Introduce the mortar into the mould in thregels of equal thickness. Compact each layer
15 times with the tamping rod, uniformly distributee strokes over the cross-section of each
layer. Level the top of the cone and remove spiledrtar from the base plate/surface
carefully;

(3) Remove the mould by raising it carefully inextical direction as possible in 2-3 seconds.
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Immediately after removal of the mould, measure @wdrd the slump value by determining
the difference between the height of the mould tad of the highest point of the slumped
test specimen as shown in Figure 4-3.

(4) If the slump value is measured as a functiotimé, the specimen is put into the bow! of
the mixer and is prevented from evaporation withspts films during the waiting time.

Before the new slump test, the specimen is remaxdugh speed for 60s.

4.4.3 Mechanical properties

The preparation of specimens for mechanical sthetggts is shown as follows:

(1) After the mixing of mortar, the specimens afdacpd into the mould (4x4x16cm)
according to EN 196-1.

(2) Cover with plastics film and cure for 24h iretimoist air room.

(3) Demold the specimens and cure in the watel tatiage of testing.

Flexural strength is determined with three-poinbdiag test, with a loading at the rate of
(50+10) N/s according to EN 196-1. Compressivengfite is tested at the rate of (2400+200)
N/s until fracture according to EN 196-1. These twechanical tests are carried out with an

INSTRON 5500R 4206-006 (loading capacity 1500 KMjak is shown in Figure 4-4.

Figure 4-4 INSTRON machine used for mechanical teistg of mortars
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4.4.4 |TZ characterization

After the compressive strength tests, small samgfl@sortar were collected in order to carry
out microscopic observations. Samples were driddatC until constant mass and were then
impregnated in epoxy resin, under vacuum. Findle $pecimens were polished and carbon
coated. Scanning Electron Microscope (SEM) with rgpeDispersive X-ray Spectroscopy

(EDS) analysis was carried out with a HITACHI S-@3&/N which is shown in Figure 4-5.

Figure 4-5 SEM with EDS analysis used by the HITACHS-4300 SE/N

4 5Results and discussion

4.5.1 Influence of saturation state on the properties ofecycled mortars

Figure 4-6 shows the changes of slump as a funofidme for mortar Series | (Slump values
are shown in Table 4-4). For the three different wdtios, the slump of RM-D is always
higher than RM-S which is due to higher initialédreater and higher initial paste volume. For
example, in the mortar RM-0.5-D at the beginnitng éfficient W/C is 0.72, while it is 0.5

for RM-0.5-S. Moreover, the volume proportion ofspain RM-0.5-D is 44% (additional
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water doesn’t go immediately into the recycled 3aitdls only 38% for RM-0.5-S. Therefore,

the slump of RM-0.5-D is much higher than RM-0.5-S.

The rate of slump loss of RM-D is quicker than tb&atRM-S, which could be due to the
absorption of free water in recycled sand but datsdhe higher initial slump value (for
example the slope of RM-0.5-S is almost zero duthéovery small initial slump value, the
slope of slump loss for RM-0.5-S is 0.37 with aiti@h slump value of 44mm, as shown in
Table 4-5). However, whatever the w/c ratio uséd, glump value of mortars manufactured
with dried aggregates is always larger than thameftars manufactured with saturated
aggregates. This result suggests that the absorptizvater by dried aggregates in the mortar
is lower and/or slowly than the absorption deteedinvith standard procedures. It could be
due first to the kinetics of absorption (the tinfaromersion of aggregates into mixing water
before placing is much smaller than the 24h immoarsised in the standards). But it could
also be due to a lesser water absorption capataggregates when they are immersed into
the cement paste. Indeed, the large specific seidaga of cement grains leads to an increase
in apparent viscosity of mixing water, preventisgrom draining into aggregates. Moreover,
some surface porosity of RCA could be filled witinadl cement particles, reducing the

absorption capacity of RCA.

Table 4-4 Slump values (in mm) of mortars Seriesds a function of time

Time (TO+mins) 5 15 30 45 60 75 90 105 120

CM-0.5-S 13 10 7 6 6

CM-0.5-D 33 33 28 18 12 9 6

RM-0.5-S 6 5 5 4

RM-0.5-D 44 43 41 37 24 15 11 7

RM-0.55-S 22 21 19 17 16 13 10 7 4

RM-0.55-D 50 49 45 40 33 28 20 13 9

RM-0.6-S 55 48 41 34 27 23 22 15 13

RM-0.6-D 89 82 76 66 61 50 40 37 22
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Figure 4-6 Changes of slump as a function of timef mortar Series |

Table 4-5 Coefficients of the linear relationshipdetween slump and time (y=ax+b)

a b =4
CM-0.5-S -0.13 12.34 0.88
CM-0.5-D -0.35 36.02 0.97
RM-0.5-S -0.01 6.00 1.00
RM-0.5-D -0.37 39.02 0.99
RM-0.55-S -0.15 23.71 0.98
RM-0.55-D -0.38 54.94 0.99
RM-0.6-S -0.36 52.54 0.96
RM-0.6-D -0.56 91.90 0.99

Table 4-6 shows the mechanical properties of merérSeries I. As can be seen, with the
same volume of aggregates, the flexural strengthrecycled mortar is lower than that of
calcareous mortar (the flexural strength of RM-8.8lecreases 26.8% comparing with CM-
0.5-S, while the flexural strength of RM-0.5-D deases 27.7% comparing with CM-0.5-D).
The compressive strength of recycled mortars isefotlhan for the calcareous mortar (the
compressive strength of RM-0.5-S decreases 32.3%paong with CM-0.5-S, while the

compressive strength of RM-0.5-D decreases 30.8%paang with CM-0.5-D). These lower

properties are caused by the poorer propertiegemfcted sand in comparison to calcareous

162

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 4 Recycled mortars with FRCA

sand used (the presence of adherent cement pasis te higher porosity and water

absorption comparing with the calcareous sand).

As can be seen, flexural strengths of mortars wheh saturated and dried aggregates are
almost the same both for the recycled mortar atwhesous mortar. The compressive strength
of mortars (either with natural or recycled sandhvdried aggregates is always larger than
with saturated aggregates (increase by 7.9% faamabus sand, increase by 10.2%, 5.4%,
and 4.3% with w/c ratio 0.5, 0.55, and 0.6 respedtyi for recycled aggregates).With dried

aggregates, porous aggregates absorb water whitth &lso drive some cement grains at the
surface of aggregates, improving their ITZ [151hieh leads to better compressive strengths

than with saturated aggregates.

Table 4-6 Properties of mortars Series |

CM- CM- RM- RM- RM- RM- RM- _ RM-
050-S 050-D 050-S 050-D 0555 055D 0.60-S 0.6-D

Fresh density 2.40 2.36 2.15 2.14 2.16 2.13 216 212
(g/cn?)
28 days saturated  , 2.38 2.15 2.15 2.18 2.15 217 213
density (g/cm)
'(ZI\'Ae;;)ra' strength ) o7 12.15 8.76 8.78 8.10 8.15 7.72 7.80
Compressive 66.75 72.00 45.22 49.84 43.01 4534  41.96 43.76
strength(MPa)

4.5.2 Influence of recycled sand on the mechanical propges of recycled

mortar

Two series of recycled mortars with two differerdtwatios are used to study the influence of
recycled sand on the properties of recycled margeses |l is used to study the influence of
proportions of recycled sand on the mechanical gntags of recycled mortars. Series Il is

used to study the influence of granular fractioheegycled sand on the properties of recycled
mortars.
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Table 4-7 shows the properties of mortars Serie&dlcan be seen, for both water to cement
ratios, the fresh density decreases as the pegmenfasand replacement increases, which is
due to the lower density of recycled sand. The agesgive strength of recycled mortars
decreases as the replacement of recycled sangseseThe compressive strength of mortar
can be predicted with different methods. One ofrtizge efficient methods has been proposed
by De Larrard and Sedran [152-153]. However, we hmse in a first approximation the

simple equation of Bolomey (Equation 4-1)[154].

C i -

R :Ga{—— 05) Equation 4-1
E

In Equation 4-1, C/E represents cement to efficigater ratio, G is a granular coefficient

depending only on the aggregates, ants the 28 days compressive strength of normal

cement mortar (65 MPa with the white cement used).

Knowing R, o, and C/E, the G value can be calculated. For angmixture between natural

and recycled sand, if the efficient water is caifgeknown, the G value of two corresponding
mortars having different W/C should be the sameébld&-7 shows that the G values of
mortars having the same sand composition with W/@®and 0.6 are very close from one to
another (the G values are very close for RCA cdnitemer than or equal to 30%, a larger
difference is obtained for 50 and 100% RCA). Thiggests that the efficient water in these
mortars is correctly predicted (so that the watbsoaption coefficients are correctly

determined).

Moreover, we assume that the granular coefficiepk Gf a mixture of recycled sand (of
granular coefficient gca) with natural sand (of granular coefficienf ¥ can be calculated as

following:
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Grix = XGpea + (1= X)Gu

mix

Equation 4-2

where X represents the fraction of recycled sartiermixture.

For all the mixtures of sands used in mortar Sdtiea calculated G coefficient (based on

Equation 4-2) can therefore be compared with amageemeasured G coefficient (calculated

with G values obtained with the two different W/@he comparison between calculated and

average measured G values is presented in FigdreThe slope of the regression between

calculated and measured G values is 1.01 (Figurg 4hich suggests that the granular

coefficient of the sand mixture can be approximatgth Equation 4-2, and that the efficient

water is correctly predicted in the mortar composg. The value of water absorption of

recycled sand used seems therefore to be correct.

Table 4-7 Properties of recycled mortars Series Il

W/C=0.5 RM-0.5-0 RM-0.5-10 RM-0.5-20 RM-0.5-30 RM-0.5-50 RM-0.5-100

Slump (mm) 27 17 19 29 8 5

Fresh density(g/cf 2.37 2.37 2.34 2.30 2.26 2.15

Flexural strength (MPa) 12.14 13.06 12.05 10.86 530. 8.54

Compressive strength (MPa) 67.77 66.63 64.58 57.23 3.845 42.09

G 0.70 0.68 0.66 0.59 0.55 0.43

W/C=0.6 RM-0.6-0 RM-0.6-10 RM-0.6-20 RM-0.6-30 RM-0.6-50 RM-0.6-100

Slump (mm) 105 93 80 76 70 55

Fresh density(g/cf 231 2.27 2.27 2.26 2.20 2.15

Flexural strength (MPa) 10.63 10.55 10.21 10.00 69.1 8.00

Compressive strength (MPa) 55.98 51.17 49.32 47.37 6.924 39.14

G 0.74 0.67 0.65 0.62 0.62 0.52

Average mesured G value 0.72 0.68 0.66 0.61 0.59 47 0.

Calculated G value 0.72 0.69 0.67 0.64 0.60 0.47
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Figure 4-7 Relationship between calculated G valuend average measured G value

Figure 4-8 shows the compressive strength of maeaes Il with w/c=0.5 and 0.6. We can

first observe that the strength of recycled mortanses linearly with the replacement ratio of

calcareous sand by recycled sand, for both wateemeent ratios. The slope of compressive

strength of w/c=0.5 is larger than w/c=0.6. The pogssive strength of recycled mortar

(w/c=0.5) decreases 1.7%, 4.7%, 15.6%, 20.6%, 3a9%e replacement ratio is 0, 10, 20,

30, 50, 100% comparing with the reference mortspeetively.
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Figure 4-8 Compressive strength of recycled mortavs replacement percentage
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Table 4-8 shows the properties of mortars Serleé\# can be seen, for both water to cement

ratios, the fresh density decreases when eachdmnaat natural sand is replaced with recycled

sand, which is due to the lower density of recydadd. Figure 4-9 shows the compressive

strength of recycled mortars with each fractionlaepment. For both w/c ratios, the

compressive strength of mortars containing recystedt is lower than the control mortar (for

example, the compressive strengths of RM-0.6-0/0F83-0.6-0.63/1.25, RM-0.6-1.25/2.5,

RM-0.6-2.5/5, decrease 17.58%, 6.85%, 5.37%, 3.08%pectively comparing with the

control mortar for w/c=0.6.)

Table 4-8 Properties of recycled mortars IlI

WIC=05 Control RM-0.5- RM-0.5- RM-0.5- RM-0.5-
e Mortar 0/0.63 0.63/1.25 1.25/2.5 2.5/5
Slump (mm) 20 9 13 12 21
Fresh density (g/cm3) 2.36 2.28 2.28 2.27 2.37
Flexural strength (MPa) 11.01 10.19 9.66 9.83 11.22
?I\jl’g‘a%ress"’e stength g5 74 45.55 52.54 52.22 58.32
W/C=0.6 Control RM-0.6- RM-0.6- RM-0.6- RM-0.6-
o Mortar 0/0.63 0.63/1.25 1.25/2.5 2.5/5

Slump (mm) 103 93 83 82 90
Fresh density (g/cm3) 2.30 2.21 2.29 2.25 2.25
Flexural strength (MPa) 9.95 9.24 9.67 9.77 10.38
Compressive strength 55 74 44.29 50.06 50.85 52.08
(MPa)

__70.00

< 60.00

g ' I

a 50.00 - B Control mortar

c 40.00 -

g B RM 0/0.63

g 30.00 -

5 20.00 - RM 0.63/1.25

S 10.00 - W RM 1.25/2.5

€ 000 - ®RM2.5/5

© w/c=0.6 w/c=0.5

Two w/c ratios

Figure 4-9 Compressive strength of recycled morta&eries Il with each fraction replacement
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In mortars of Series Ill, two parameters are vagysimultaneously: the granular class of
recycled sand and the replacement fraction. Indixedfour granular fractions studied do not
represent the same volume of aggregates. In aosdstutly only the effect of granular class of
FRCA on the properties of mortars, the results efies Ill have been compared to those
obtained with series II. Figure 4-10 shows thetm@teship between the relative strength of
recycled mortars and replacement proportion ofakecysand obtained from mortars of Series
Il. The relative compressive strengths of Serieark compared with Series Il on Figure 4-10
and in Table 4-9. The volume fraction of recycladdin mortars Series Il is calculated. The
relative strength is the compressive strength oyailed mortar reported to that of the control

mortar. According to the linear relationship betwehe relative strength of Series Il and

replacement percentage, a calculated relativegttriea obtained. The difference between the
relative strength of Series Il and calculatedtreéastrength from series Il gives the influence
index of each fraction of recycled sand. As cars&en in Table 4-9, the difference between
series Il and Series Il for the smaller fractidd0(63) is larger than for the coarser one (a
similar result is obtained for mortars having a VWi@.6). This means that the finer fraction

of RCA (fraction 0/0.63) has a worse influence tltaa larger fractions. It is partly due to the

higher cement paste content, higher water absor@tra lower mechanical property of the

finer fraction of recycled aggregates. Therefohe finer fractions of recycled aggregates

have the worse influence on the properties of lecymortars.
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Figure 4-10 Relationship between relative compress strength of mortars and replacement percentage

Table 4-9 Comparasion compressiver strength of Sex$ 11l with Series I

W/C=0.5 RM-0.5-0/0.63 RM-0.5-0.63/1.25 RM-0.5-12% RM-0.5-2.5/5
Recycled sand by volume (%) 29.31 20.50 32.08 17.79
Relative strength of Series Il 0.72 0.82 0.82 0.91
Calculated relative strength 0.89 0.92 0.88 0.93
Difference value -0.17 -0.10 -0.06 -0.02
W/C=0.6 RM-0.6-0/0.63 RM-0.6-0.63/1.25 RM-0.6-12% RM-0.6-2.5/5
Recycled sand by volume (%) 29.31 20.50 32.08 17.79
Relative strength of Series Il  0.82 0.93 0.95 0.97
Calculated relative strength 0.88 0.90 0.87 0.91
Difference value -0.06 0.03 0.07 0.06

4.5.3 Microstructure of ITZ

In order to study the microstructure of ITZ of relgd mortars with saturated RCA and dried

RCA, SEM with EDX were carried out after the congsige strength tests.

© 2014 Tous droits réservés.

169

doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 4 Recycled mortars with FRCA

Preliminary observations showed that the obsematifolTZ in recycled mortars containing
recycled concrete aggregates was difficult. Theeefa simpler system of ITZ was first
studied. Model RCA was first manufactured by crogha sample of old white cement paste
(particles from CP-0.6-90 with fraction 2.5/5mmheBe model aggregates were incorporated
in a new cement paste with cement HTS (cement gafBurabat X-Trem CEM | 52.5). The
old white cement paste aggregate has no ferritsgphahile the new cement paste with
cement HTS contains ferrite which should allow denitify the ITZ for SEM observations.
Two saturation states for the old white cementgaggregate were studied (24h saturated old
cement paste and dried old cement paste). The drisdturated particle of old white cement
paste aggregate was placed in the centre of smitider mould (2cmx2cmxlcm). The
curing conditions were the same as for recycledtangar After 28days curing in water, the
samples were dried at 105°C and polished for ITZeolations. Here CPS refers to cement
paste with saturated old white cement paste aggregad CPD refers to the cement paste

with dried old white cement paste aggregate irsth@le system of ITZ.

Figure 4-11 and Figure 4-12 show the SEM resulésKbcattered electrons on flat polished
section) obtained on simple model system of ITZ enaith saturated or dried model RCA
named respectively CPS and CPD. Figure 4-13 shbevsesults of the mapping by EDS of
iron and silicon. From the elemental distributidniron, the cement paste corresponding to
the model RCA aggregate is identified by the arbare no Fe element is detected contrarily
to the new paste. Indeed during hydration, irorsitend to precipitate close to the initial
position on or nearby BF grains as they do not diffuse far way from anbowyd phases due
to the very low solubility of iron containing hydes. Thus iron mapping enables us to
determine the localization of ITZ (red curve onu¥ig4-13) but it cannot be used to estimate
its thickness. On the other hand, silicate ione dls not diffuse far away from cement grains

leading generally to ITZ poorer in silicon while ig richer in calcium as portlandite is
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abundant in ITZ. The area with a lower silicon cemication and close to the ITZ localization
by iron content therefore corresponds to the IT4cllis initially filled with water. This area

is well defined for the model aggregate that wdsaraged leading to ITZ thickness between
20-80 um (two yellow curves on Figure 4-13). On tiieer hand, ITZ corresponding to the
dried model aggregate appears to be finer withckiless ranging from 5-10 pm (two yellow
curves on Figure 4-13). The ITZ is therefore infloed by the saturation states of the cement
paste contained in FRCAhe following explanation can therefore be propofedhe 1TZ
microstructure of mortars depending on the sammastate of FRCA (Figure 4-14). With
saturated FRCA, water goes from the surface otément paste of FRCA to the new paste,
increasing locally the W/C ratio at the surfaceagfregate and thus leading to a large ITZ.
On the contrary, for the dried FRCA, water movesifithe bulk into the dried aggregate even
if this process is not instantaneous as demondtiateghe slump loss. The cement grains are
dragged together with water, reducing locally tié.4/C) at the surface of aggregate and
leading new hydrates to precipitate at the suréaagear the inside of cement paste of FRCA.
This leads to an improved ITZ in mortars manufasduwith dried RCA in comparison to
those manufactured with saturated ones. Compressirengths obtained for mortars
manufactured with dried aggregates are all larfgen those obtained for saturated aggregates.
This result shows that the improvement of mechanicaperties of the ITZ in mortars
containing dried aggregates is able to compenbatddcrease in mechanical properties of the
bulk paste of these mortars due to the largerainfiiVe/C). These results are obtained in a
simple system; they also need to be verified wisltadistical approach for several ITZ and for
other materials. Nevertheless the micro-cracks rebgein both samples and probably
induced by the preparation of samples (heatingdat°C and then polishing) confirms that
ITZ in the sample made with saturated model RCAdmre weak mechanical properties as

the micro-crack passes through it (Figure 4-13).tnother hand, the micro-cracks of the
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sample made with the dried model RCA passes eithéhe cement paste or in the I

leading to consider close mechanical properFigure 4-13).

'BSE1N V24 -Sep 1387

Figure 4-11SEM results of ITZ of CPS
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Al K 100um g 20 ] —

Figure 4-13Elemental analysis with EDS results of ITZ of CPSI¢ft) and CPD (right)

New paste ez

New paste

Figure 4-14Models of ITZ for CPS (left) and CPD (right) , herered point refers to the hydrates, blue
circle refers to the front between new paste and I, black circle refers to the front between old pae and
ITZ, arrow refers to moving direction of water

Similar SEM observations have then been carried out onamsocbntaining dry or saturat
RCA-Colasl. For mortar with saturated RCA, differenhe® can be distinguished on -
elemental maps, depending on the intensity of #eorded signalFigure 4-15. Limits
separating these zones are reported on the figiresed curve is determined from igrey
levels of theBSE image, the yellow curve is determined from $ilecium concentration

obtained by EDS mapping.
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As shown in Figure 4-15, the thickness of ITZ candstimated about 10 um for saturated
RCA. However, in the mortar with dried RCA, the ITiétween dried RCA and new paste
cannot be found clearly, it is thinner than thathwsaturated RCA, which means that the
property of ITZ is improved in the mortar with diti®RCA. As proposed by model for dried
paste, it is due to the absorption of water duthng fabrication, water moves from the bulk
into the dried RCA, the cement grains also mové e water, leading to better properties
of ITZ. Therefore the better properties of ITZ fecycled mortar with dried RCA, confirms
that the compressive strength of recycled mortath dried RCA is larger than that with
saturated RCA. These results are obtained by tloelT®, and should be checked in the

guantities of ITZ and in the other materials.
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Figure 4-15Elemental analysis with EDS results of ITZ of recyled mortars with saturated RCA (left) and
dried RCA (right)

4.6 Conclusions

The properties of recycled mortars including the fresbperties, mechanical properties, :
ITZ microstructure have been studied. Three savifedifferent compositions of recycle
mortars have been tested. With the results, weanawer Questions 5 anc

Question 5: What is the influence of FRCA (replacemnt percentage and replacemer

fraction) on the properties of recycled mortars’

——>With replacing the natural sand with FRCA, the freensity decreases which is dut
the lower density of recyed sand. The compressive strength of recycledandedcreases
the replacement ratio increases. The relationslefwvden the compressive strength

replacement ratio is quasi line

The compressive strength of recycled mortar witthdeactions relacement is lower than tt
control mortar for both wi/c ratios (w/c=0.5, 0.

Moreover, the finer fraction of RCA (fraction 0/@)6has a worse influence than the lat
fractions, which is partly due to the higher cemgate content, higher water atption and

lower mechanical properties of finer fraction afyeled aggregate
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Question 6: What is the influence of the moisturetate of FRCA on the properties of

recycled mortars?

——> The slump of recycled mortar with driERCA is higher than that with saturated
FRCA, which is due to higher initial free water amdher paste volume. The rate of slump
loss of RM-D is quicker than RM-S, which could barpy due to the higher initial slump
value, and also due to the decrease of free wgitdrebabsorption of recycled sand. However,
whatever the w/c ratio used, the slump value oftamermanufactured with dried aggregates is
always larger than that of mortars manufacturech vaaturated aggregates. This result
suggests that the absorption of water by dried eggges in the mortar is lower than the
absorption determined with standard proceduresoltld be due first to the kinetics of
absorption. But it could also be due to a lessdemabsorption capacity of aggregates when
they are immersed into the cement paste. Indeedl] sement particles could be drained at
the surface of RCA, filling some surface porosioreover, the large specific surface area of
cement grains could lead to an increase in appaiscbsity of mixing water, preventing is

from draining into aggregates.

The recycled mortars with dried aggregates haveebebmpressive strengths than the ones
with saturated aggregates for the three differdntratios studied.

SEM observations of recycled mortars with saturadt®&ICA demonstrated that the ITZ
between old cement paste and new cement pastgés than that with dried FRCA. It means
the properties of ITZ are improved by the waterogpson of FRCA. The studies of
properties of ITZ for saturated and dried FRCA,fecamthat the higher compressive strength
with dried FRCA are due to the stronger propenield Z, which shows that the improvement
of mechanical properties of the ITZ in mortars eimnhg dried aggregates is able to
compensate the decrease in mechanical properttbe dllk paste of these mortars due to the

larger initial (Wew/C).

179

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014
Chapter 4 Recycled mortars with FRCA

180

© 2014 Tous droits réservés. doc.univ-lille1.fr



Thése de Zengfeng Zhao, Lille 1, 2014

Conclusions and perspectives

Since many old buildings and other structures laxercome their limits of use and need to
be demolished, a lot of C&DW are generated, ansl ieally important to make good use of
these wastes to maximize economic and environméeta¢fits. This study deals with the
reuse of FRCA to make new mortar and concrete. drioperties of RCA especially the

FRCA and the properties of recycled mortar made WRCA have been studied.

Several questions have been asked after the literaéview. The results presented in this
manuscript allow to draw the following answers.

Question 1: Can we define accurate experimental mebds allowing to measure the

water absorption coefficient and the adherent cemdnpaste content of the different

fractions of RCA?

——> For an estimation of the adherent cdmpaste content (CPC), a method based on the
dissolution of the major part of the cement pastetained in FRCA by salicylic acid (SFSA)
was developed. The method was applied successtuRCA manufactured in the laboratory
with a white OPC and three industrial RCA made wgiley OPC. Despite that SFSA
underestimates CPC even more markedly that theesbof insoluble phases increases, the
insoluble phases of the cement paste will impantlaily all the particle size classes, and the
method can be used to determine the variation 8AS&s a function of particle size of RCA.

In all the cases, a quasi linear relation has lbe@nd between SFSA and the granular class of

the RCA.

Based on the preceding results, a method allowhregnheasurement of water absorption

coefficient of RCA has been proposed. We have &¢d 097-6 and IFSTTAR methods to
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measure the water absorption of FRCA as a fundidheir particle sizes (both for laboratory
produced RCA and three industrial RCA). For pagtisizes larger than 0.63mm, EN 1097-6
and IFSTTAR methods give similar results. Howevésr the smaller particle size
(<0.63mm), IFSTTAR method seems to overestimatewatr absorption coefficient, and
standard method (EN 1097-6) seems to underestimdtbe water absorption coefficient of
the finer fraction (0-0.63mm) can be estimated Rirapolating the relationship obtained
between water absorption and SFSA with coarsenpiaclasseslhe total water absorption
of FRCA (fraction 0/5mm) can therefore be determingrecisely from the granular
distribution. This method has been used for estimgahe water absorption of RCA-Colasl
and the results of compressive strengths obtaimeckoycled mortars containing this RCA

has shown that the efficient water is correctlydptd, based on Bolomey equation.

Question 2: What is the link between properties obriginal concrete (W/C ratios, cement

paste volume) and properties of RCA made with it?

——> The cement paste content of FRCA ituerfced by the W/C ratio and the cement
paste volume of the original concrete. The cemastecontent by mass (CPC) depends on
volume of cement paste and densities of cemen¢ st natural aggregate. The larger values
of cement paste content obtained for RCA-OC2 coatpaly to RCA-OC1 can be attributed
to the higher volume of cement paste in the origioaposition (same W/C ratio). Similarly,
the larger values obtained for RCA-OC3 comparaivel RCA-OC2 can be attributed to a
lower W/C ratio in the original composition (samelume of cement paste), leading to a
denser cement paste and therefore to a largeraohassnent paste for a similar paste volume.
The porosity and water absorption of FRCA are afsluenced by the W/C ratio and the

cement paste volume of the original concrete. Tagemabsorption coefficients obtained with
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all the granular classes of RCA-OC2 (larger patdume and larger W/C ratio) are
significantly larger than those obtained with RC&Dand RCA-OC3.

Question 3: What is the link between size and propges of RCA (mortar or cement

paste content, density, water absorption, porosity.)?

—> For the laboratory produced and indalstFRCA used in this study, the SFSA
decreases quasi-linearly with the average parsSide. The properties of FRCA including
specific density, water absorption, and porosity strongly correlated to the SFSA. The
higher SFSA, the higher the water absorption andsity, and the lower the specific density
at the exception of the absorption coefficient meed by EN 1097-6 standard for the smaller
fraction (0/0.63mm).

From the relationship between water absorption SIR8A (also for the relationship between
ML 10s-600and SFSA), drawing the water absorption coefficena function of the SFSA can
be a very convenient method to differentiate défgrsources of RCA for which the original
concrete composition is generally unknown suchndsstrial RCA. Changes of the slope of
this regression can also be used to estimate fieetedf the weathering or some specific

treatment after RCA being crushed (carbonation).

Question 4: What is the influence of the conditionsof conservation of the RCA

(carbonation) on their properties?

—> After the carbonation of recycled aggte, the dissolved percentage in salicylic acid
decreases; Migs.gooincreases both for the thermal method and TGA atktor RCA but not
for pure cement paste. Mdssoobased on TGA decreases, butdylsooincreases a lot, which
are due to the transfer of portlandite to partlyogshous calcite, which decomposes from

500°C.
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The density of RCA and the surface area increageporosity of RCA decrease, which leads

to the decrease of water absorption.

Question 5: What is the influence of FRCA (replacemnt percentage and replacement

fraction) on the properties of recycled mortars?

—> Replacing the natural sand with FRCA, filesh density decreases which is due to the
lower density of recycled sand. The compressivength of recycled mortars decreases as the
replacement percentage increases. The relatiorstipeen the compressive strength and
replacement ratio is quasi linear, therefore th@aghof replacement ratio can be determined

according to the objective compressive strength.

The compressive strength of recycled mortar witifiedgnt fractions replacement is lower
than the control mortar for both w/c ratios (w/c¢x.6).

Moreover, the finer fraction of RCA (fraction 0/@)6has a worse influence than the larger
fractions, which is partly due to the higher cemeaste content and higher water absorption

and lower mechanical property for finer fractiorre€ycled aggregates.

Question 6: What is the influence of the moisturetate of FRCA on the properties of

recycled mortars?

—> The slump of recycled mortar with driERCA is higher than that with saturated
FRCA, which is due to higher initial free water ahigher paste volume. The slump loss
depends on the quantity of free water and pastenwel The rate of slump loss of RM-D is
quicker than RM-S. However, whatever the w/c raiged, the slump value of mortars
manufactured with dried aggregates is always latigen that of mortars manufactured with

saturated aggregates.
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The recycled mortar with dried aggregates has teteehanical properties than the one with
saturated aggregates for the three different wilos:aThe compressive strength of recycled
mortar with dried aggregates is larger than with shturated aggregate. This is confirmed by
the SEM studies of the microstructure of mortans, tecycled mortar with dried FRCA has
stronger properties of ITZ. In the SEM of recyclertar with saturated FRCA, the ITZ
between old cement paste and new cement pastdezaly de seen, while with dried FRCA,
the ITZ zone between old cement paste and new depeste is thinner than that with
saturated FRCA, indicating that the propertiesiat &re improved by the water absorption of

FRCA.

Perspectives

There is still a lot of work that should be donelsas follows.

(1) In this study, the cement paste content has bestimated by a simple method
corresponding to its dissolution in the salicylicida It would be interesting to study the
robustness of this method for others RCA and alsother laboratories. Soluble fraction in
salicylic acid (SFSA) decreases almost linearly nvitlee average particle size of FRCA
increases with the four fractions. It would alsoibteresting to study many more granular
fractions especially the finer fractions (less tlia®3mm) to verify the extend of the linearity

of the relationship between SFSA and particle size.

(2) In this study, the water absorption of recycéegregates has been studied. However, the
kinetics of water absorption of recycled aggregadesot included. The water absorption of
recycled aggregates in the mortar or concretetith@osame as in the experimental conditions
used for testing the water absorption (EN 1097t&yould be interesting to study the kinetics
of water absorption of recycled aggregates in tloetam or concrete and the influence on the
properties of recycled mortar or concrete.
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(3) The influence factors such as weathering (a@ahon) on the properties of FRCA have
been partly studied and have shown that carbonaboid improve the quality of RCA by

reducing their porosity and water absorption. Mdthto improve the properties of FRCA in
order to make good use of the recycled concretd susc accelerated carbonation could
therefore be studied, however, the difference betweeal carbonation and accelerate

laboratory carbonation should also be interestingtudy.

(4) The properties of ITZ have been studied pdyti#ut there is still a lot of work to be done
in this direction. First the observation and anialysethods should be improved in order to
better identify the ITZ in saturated or dry RCA.eM the saturation states on the properties of
on the properties of ITZ, and the properties of IM&asured by nano-indentation are also

interesting to study.

(5) In this study, the applications of FRCA aretjfscused on the recycled mortar with
recycled aggregates, so the use of FRCA in thecledyconcrete should be confirmed. For
example, the influence of the properties of FRCAtlo properties of recycled concrete such

as fresh properties and mechanical propertiesdsiateresting to study.
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Annex 1 : stoichimetric W/C and coefficients A, B ad C to estimate SFSA

The stoichimetric W/C can be calculated accordmghe Rietveld results of clinker phases
(Table 2-1). Equation A- 1 to Equation A- 6 shove theneral reactions of main clinker
phases. Equation A- 1 and Equation A- 2 show thatahd 4.5 moles of water are bounded
due to the formation of portlandite and C-S-H fr@% and GS respectively, according to
these equations, the (Wigss and (W/C)iczs can be calculated as 0.434 and 0.471
respectively. Similarly, (W/G)csa for ettringite can be calculated as 1.733 accgrdim
Equation A- 3, (W/C)st,C3A for monosulfosluminagndoe calculated as 0.667 according to
Equation A- 4 (here we made a simplification, thentent of gypsum is not included).
Moreover, considering that 25% of ettringite and%/6f monosulfoaluminate are formed

during hydration of €A and GAF, the (W/C);csa and (W/Cicaar can be estimated as

shown in Table A- 1.

Table 2-1 Mineralogical composition of cements detmined by XRD-Rietveld

CsS GS GA C.AF Anhydrite Calcite Periclase Gypsum

CEM 1525
Superbiane (o) 7390 2187 146 - 0.52 1.53 0.72
Grey cement 5274 807 892 895 074 18.06 0.46 2.06

CEM Il 52.5 (%)

C,S+55H — C,,SH,, +13CH

Equation A- 1
C,S+45H - C,SH,, +03CH Equation A- 2
C,A+3CSH, +26H - C,AS,H., (ettringite) Equation A- 3
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C;A+CSH, +10H — C,ASH,,(AFm) Equation A- 4

C,AF +3CSH, +30H - CH +FH, + C;ASH,,(ettringite) Equation A- 5
C,AF +C8H, +14H — CH +FH, +C,ASH ,(AFN) Equation A- 6

Table A- 1 Calculation of (W/C) for clinkers phases, Ett and MS means ettringite ed monosulfoaluminate
respectively

CS GS GA C.AF

Ett:1.733 Ett1.111
(W/C)s 0.434 0.471 VS0 667 0.933 V50519 0.667

Therefore the (W/G) obtained from the composition of Rietveld are 0.4ddd 0.41

respectively for white cement and grey cement ($able A- 2).

Coefficients A, B and C are used to estimated SB$Aaking some corrections.
Parameter A represents the relative mass of soptidses in salicylic acid ¢S, GS) in the
cement. The A values of white cement and grey céman be calculated as 0.9577 and
0.6081 from the mineralogical composition of cemsent
Parameter C corresponds to the relative mass 38f GS, GA, C,AF leading to the
formation of hydrates that are soluble in salicydicid such as C-S-H, portlandite and
ettringite. It can be calculated by the Equation/A0.25 refers to the first approximation that
hydration forms 1/4 AFt phases fogACand GAF. The C values of white cement and grey
cement can be calculated as 0.9614 and 0.6528 themmineralogical composition of
cements.

C=C,S+C,S+ 025%(C,A+C,AF)

Equation A- 7

where the clinker phase corresponds to the quaneistylt of Rietveld analysis.
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Parameter B represents the ratio between solubdéidns and total fractions which is shown
as Equation A- 8. 0.25 and 0.75 refer to the fgpbroximation that hydration forms 1/4 of
AFt and 3/4 of AFm phases fos& and GAF. Therefore the B values can be estimated by
calculation as 0.9773 and 0.8061 for the white cemend grey cement when the
mineralogical composition of the cement is knowd asing the same chemical equations as
those that were used to calculate the stochiom@tfe ratio. The values of coefficients A, B
and C are shown in Table A- 2.

ae 0434,S+047L,S+1.73%,Ax 025+111T,AF x 025
0434,5+047L,S+(1733x 025+ 0.667x 075C,A+(L111x 025+ 0519 075C,AF  Equation

A-8
where the clinker phase corresponds to the quaneistylt of Rietveld analysis.
Table A- 2 (W/C)st and coefficients A, B and C fothe white and grey cements
(W/C) A B C
White cement CEM | 52.5 Superblanc (%) 0.44 0.9577 0.9773 0.9614
Grey cement CEM Il 52.5 (%) 0.41 0.6081 0.8061 P&5
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