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Abstract

Fine recycled aggregates are an important waste stream coming from the
demolition of old concrete structures. They are up to now not valorized
because of an increased water absorption, lower density and higher �nes
content compared to natural aggregates. Moreover, they often have a high
sulfate concentration. These sulfates could have originated from plaster in a
demolished building, or from the residual cement that is commonly present
in these materials. The sulfate level of recycled aggregates is recommended
to stay under 0.2 mass% by standard EN206, to limit the risk on sulfate
attack: the reaction between cement components, water and sulfates results
in the formation of expansive minerals such as ettringite. This expansion can
eventually lead to cracking of the material and a general loss in mechanical
performances.

Fine recycled aggregates from recycling plants did contain 0.15 to 0.80
% of sulfates which is more than allowed, but these amounts did not cause
any swelling or degradation when the aggregates were incorporated into mor-
tars. A very elevated sulfate content of 3 % was needed to observe signi�cant
expansion, and even this level of contamination could be mitigated by in-
creasing the alkalinity of a mix. Concretes made with varying sulfate levels
either expanded or they didn't: the absolute swelling amount was not pro-
portional to its sulfate content. The actual threshold concentration that
started the swelling reaction was dependant on the type of coarse aggregate.
The results of this study provide recommendations for the use of �ne re-
cycled aggregates contaminated with gypsum residues: a sulfate content of
at least 0.3 % could be possible, and even more if certain parameters and
mix compositions can be adjusted accordingly. The current limit of 0.2 %
seems too strict and hinders the valorization of �ne recycled aggregates in
high quality construction applications.

Keywords: Fine recycled aggregates; sulfate attack; construction and de-
molition waste; secondary ettringite formation; microstructure; expansion
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Résumé

Les sables recyclés représentent un �ux important de déchets provenant
de la démolition d'anciennes structures en béton. Ils ne sont jusqu'à présent
pas valorisés à cause d'une absorption d'eau élevée, d'une densité plus faible
et d'une teneur en �nes plus importante que dans les granulats naturels. De
plus, ils sont souvent contaminés par des sulfates. Ces sulfates pourraient
provenir du plâtre du bâtiment démoli ou du ciment résiduel qui est couram-
ment présent dans ces matériaux. Le taux de sulfate recommandé pour les
granulats recyclés est inférieur à 0,2 % en masse selon la norme EN206, a�n
de limiter le risque d'attaque sulfatique : la réaction entre les composants
du ciment, l'eau et les sulfates entraîne la formation de minéraux expansifs
comme l'ettringite. Cette expansion peut éventuellement conduire à une �s-
suration du matériau et à une perte générale des performances mécaniques.

Une étude systématique a permis de mettre en évidence que les sables
recyclés provenant des centres de recyclage contenaient de 0,15 à 0,80 % de
sulfates ce qui est plus que ce qui est autorisé. Néanmoins, ces quantités n'ont
pas engendré de gon�ement ni de dégradation lorsque les granulats contam-
inés ont été incorporés dans des mortiers. Une teneur en sulfate très élevée
de 3 % a été nécessaire pour observer une expansion signi�cative ; toutefois,
l'expansion a pu être contrôlée en augmentant l'alcalinité d'un mélange. Des
bétons fabriqués avec di�érents niveaux de sulfates ont présenté des gon�e-
ments ou non : l'ampleur d'expansion n'était pas proportionnelle à la teneur
en sulfate. Le seuil qui a déclenché la réaction de gon�ement dépendait aussi
du type de granulat. Les résultats de cette étude fournissent des recomman-
dations pour l'utilisation de sables recyclés contaminés par des résidus de
gypse : une teneur en sulfate jusque 0,3 % pourrait être possible, et même
plus en fonction de certains paramètres et compositions de mélange. La lim-
ite actuelle de 0,2 % semble trop stricte et freine la valorisation de sables
recyclés dans des bétons durables et résistants.

Mots clés : Sable recyclé; attaque sulfatique; déchets de démolition; for-
mation d'ettringite secondaire; microstructure; expansion
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General introduction

The construction industry is one of the biggest consumers of energy and
natural resources. In a world where sustainability is of an evergrowing impor-
tance, waste recycling is a focus point for many. The construction industry
is not an exception. A period of rapid urbanization after the second world
war created a massive amount of concrete structures that are now ready to
be demolished. The challenge today exists in valorizing this enormous vol-
ume of Construction and Demolition Waste (C&DW): by 2020, 70% of these
materials need to be recycled according to European legislation.

The largest part of C&DW is an inert mineral fraction that lends itself
excellently to a re-utilization in the form of recycled aggregates. Some road-
blocks for their valorization are legislation, properties like water absorption
and density, and the fact that they are mixed with other types of construc-
tion materials such as bricks, gypsum, soil, ... Most countries encourage
'deconstruction' practices that permit a separation of the di�erent material
�ows, which largely facilitates their recycling. Nevertheless, the consump-
tion of natural aggregates stays important and certain fractions of C&DW
remain largely unvalorized.

The Interreg project VALDEM aims to identify, in collaboration with dif-
ferent industrial partners, the speci�c material �ows that have trouble get-
ting valorized. The 'mixed' C&DW that contains recycled concrete aggre-
gates in addition to other construction materials, could be decontaminated
by various techniques: jigging, selective crushing, or even by an on-site treat-
ment machine. Other material �ows are too �ne for these treatments and
will need alternative solutions.

One of the hesitations for the re-use of �ne recycled aggregates (FRA) is a
potential contamination with gypsum residues from plaster walls. Gypsum
is an important contaminant in this context, because water soluble sulfates
coming from these residues could induce internal sulfate attack. This is a
reaction where sulfates react with cement components to form expansive
minerals such as ettringite. The result of this reaction is an expansion of
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concrete, that can lead to cracking of the material and losses in mechanical
performances.

Within the context of the VALDEM project, this thesis will be oriented
towards the valorization of FRA contaminated with gypsum residues. The
ability to incorporate this FRA into cementitious composites without a risk
for deterioration by sulfate attack would be a valuable step towards a sus-
tainable building sector: using recycled aggregates reduces the amount of
C&DW disposed in land�lls, reduces the rate of natural resource depletion,
and will provide energy, cost and transport savings.

To approach this research, the thesis is constructed in 3 parts:

Part I will analyse the available literature about the di�erent research
subjects. A �rst chapter handles the practice of recycling C&DW, and the
properties and valorization problems of (�ne) recycled aggregates. In a sec-
ond chapter, the di�erent types and sources of sulfate attack are explained.
These two subjects come together in a third chapter, where sulfate attack
caused by contaminations in recycled aggregates is discussed. After this lit-
erature review, several research needs came to light. The thesis objectives
are tuned to those needs, and the methodology is presented afterwards.

In Part II, the materials and techniques are explained that will be used
in the experimental parts. The di�erent types of FRA � either industrial
samples or a laboratory-made 'model' FRA - are presented in Chapter 4.
The design and mixing procedure of mortars and concretes is described in
Chapter 5. Lastly, the tests that were conducted on these cementitious
composites to follow the development of internal sulfate attack, are chosen
and elaborated in Chapter 6.

Part III discusses the results of the experimental steps de�ned previously
in the methodology:

Chapter 7 handles the valorization of industrial FRA. Samples were col-
lected from recycling centres, characterized and incorporated into mortars.
Those mortars then underwent swelling tests to evaluate whether internal
sulfate attack is a concern for these materials. This chapter will give valu-
able information to industrials about the type of materials on the market
and their properties.

In Chapter 8, the internal sulfate attack reaction is researched on a model
(laboratory-made) material. This is done by de�ning and varying certain
mortar composition or mixing parameters. The goal of this part was to
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evaluate if the swelling reaction could be in�uenced by factors other than
sulfate contents. This chapter gives insights into the mechanism of sulfate
attack in this speci�c context. It provides on the one hand solutions for
mitigating high sulfate contents, and on the other hand attention points for
not creating aggravating factors.

The 'sulfate limit' is analyzed in Chapter 9 on concrete with both natural
and recycled coarse aggregates. The parameters that proved to be relevant
in the previous chapter were evaluated too. This research part is terminated
with several conclusions and recommendations about the use of (contam-
inated) FRA in cementitious composites, such as a proposal for maximal
sulfate contents and mixing parameters to take into account.

At the end of the thesis, a general conclusion will be completed with future
research perspectives.

3



4



Part I

Literature review
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Introduction

Demolishing a concrete structure and reprocessing the resulting C&DW
yields recycled aggregates, that can be re-used in a new concrete mix. How-
ever, as will be discussed in Chapter 1, these aggregates and especially the
�ner size fractions are of a lower quality than their natural counterparts.
While coarse recycled aggregates are used in concrete under certain condi-
tions, the incorporation of FRA is up to now generally avoided.

An important factor to keep in mind when designing a concrete is its
long term behavior. The durability of a structure can su�er from di�erent
deteriorating reactions, described in Chapter 2. The secondary formation of
ettringite, a sulfate containing mineral, can cause the swelling of a concrete
with cracking of the structure as a result. This reaction, called sulfate attack,
has di�erent forms and mechanisms depending on the concrete design and
the source of the sulfates.

Chapter 3 combines the use of FRA and the problem of sulfate attack.
The gypsum residues present in FRA act as an internal source of sulfates,
which is di�erent from the types of sulfate attack that have been described.
Strict legislation or the wariness of construction companies ensure that this
(contaminated) material is hardly valorized.
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1 | Recycled aggregates

This chapter discusses the impact of the construction industry on the
environment, and di�erent ways to reduce it. The focus will be on the re-use
of demolished concrete inside a new structure, as a replacement for natural
aggregates. The properties and characteristics of these recycled aggregates -
and the concrete where they were incorporated - are discussed.

1.1 Sustainable development in the construction sec-

tor

The building sector is infamously known as the 40 %-industry, using 40 %
of global energy and resources, and is responsible for a third of our greenhouse
gas emissions [1]. Nowadays 1 m3 of concrete, corresponding to more or
less 2 tonnes, is being produced per person per year. Only fresh water as
a resource is used more, and that's only because the largest part of it is
being wasted [2]. Concrete in itself is not necessarily a material with a
high environmental impact, but the enormous quantities that are produced
make its manufacturing contribute to 5 % of our annual anthropogenic CO2

emissions [3].

The part of the concrete production process with the highest ecological
footprint would be the fabrication of cement [4]. The production of 1 kg
CEM I releases 0.8 kg CO2 into the atmosphere [3]. This value is so high
�rstly because CO2 is a reaction product of the clinker fabrication, and
secondly because very high temperatures are needed in the kiln for this
reaction. Next to CO2, SO2 emissions are also an important byproduct [4]
of cement production. The environmental impact of the cement industry
can be limited by the use of alternative raw materials [5, 6], or alternative
binders [7]. Design-wise, the construction sector can choose mixes that limit
the use of cement, such as "Green Concrete" [8], self-compacting concrete or
ultra-high performing concrete [9].

A second way to reduce the impact of concrete production is on the aggre-
gate level. Aggregates play a crucial role in concrete compositions as they

9



occupy about 60 to 70 % of the total volume [10]. The climate impact of the
construction industry can be reduced by 77 % by core material separation
and its recycling or re-use [11]. Recycled aggregates (RA) are reprocessed
materials that were previously used in construction, including C&DW [12].
As can be seen in Figure 1.1, the aggregate market has an enormous turnover
of materials, but only a very select part of the aggregates produced in 2016
came from recycled sources. The use of recycled aggregates as a replacement
for natural aggregates in a new concrete has many bene�ts. The practice
reduces the amount of debris disposed of in land�lls, reduces the rate of
natural resource depletion, and provides energy, cost and transport savings
[13].

Figure 1.1: Aggregate production by type and country in 2016, in million of
tonnes. From European Aggregates Association [12].

With the demand for cement-based materials expected to increase by a
factor of 2.5 by 2050 [14], it is of an ever growing importance for the con-
struction sector to increase its sustainability.
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1.2 Recycled aggregates

1.2.1 Production from construction and demolition waste

Accounting for approximately 25 - 30 % of all waste generated, C&DW is
one of the heaviest and most voluminous waste streams in the EU, and as
such has been identi�ed as a priority waste stream by the European Union
[15]. C&DW consists of numerous materials, including concrete, bricks, gyp-
sum, wood, glass, metals, plastic, and excavated soil. The major fraction of
C&DW however is mineral waste, which has a high potential for recycling
and re-use [16]. One of the objectives posed in the Waste Framework Direc-
tive (WFD) of the European Union (2008/98/EC) is to re-use a minimum
of 70 % of C&DW by 2020, either by recovering materials, recycling them as
aggregates, or using them for back�lling [17]. Conform to this WFD, most
countries make an e�ort to not land�ll their C&DW. However, presented in
Figure 1.2, some of them are relying to a large extent on back�lling to meet
the 2020 target. Even though it is mentioned as an acceptable treatment of
C&DW in the WFD, the question could be asked if back�lling can be seen
as 'quality recycling', especially for mineral wastes such as aggregates [18].
Of the 315 Mton of inert C&DW generated per year in Europe, 204 Mton
ton of recycled aggregates are produced from it [12], but the percentage of
recovery varies a lot between di�erent countries.

Figure 1.2: The treatment of C&DW in European countries in 2012. From
Deloitte, Study on resource e�cient use of mixed wastes [16].

Technology for the separation and recovery of construction and demoli-
tion waste is well established, readily accessible and in general inexpensive.
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The recovery of C&DW has to be planned in advance of the demolition of
the structure: a selective deconstruction, where material streams like wood,
glass, plaster or hazardous wastes are separated before demolishing, ensures
a higher quality of RA. A second step in the recovery of RA from C&DW
is a separation and size reduction of the mineral phase, either by on-site
crushers or at a recycling center. On-site processing has some constraints
such as available space or legislation (permit needs) [18], but limits the need
of transport which is a very impacting step of the recycled aggregate pro-
duction [19]. In order to ful�ll the desirable properties of RA (composition,
size distribution, ...), an additional treatment of the stony fraction is neces-
sary, which is typically performed in a recycling center. Each of these centers
have their own processes optimized for the separation of their most abundant
�ows. Ceramic, asphalt, brick or concrete �ows can be isolated by jigging
[20], magnetic separation [21, 22], density [23], color [24], etc.

The traceability and quality assurance of the materials at every stage of
the process is of great importance, especially for recycled aggregates that
will be used in high-end applications or in large volumes [18]. Di�erent
countries have voluntary certi�cation and waste audit systems in place to
track material �ows trough the whole process: Tracimat in Belgium [25],
Beoordelingsrichtlijn Veilig en Milieukundig Slopen (assessment guideline for
safe and environmental demolition) in the Netherlands [26], and the Con-
struction Federation in Sweden [27] are some examples.

1.2.2 Characterization of recycled aggregates

Heterogeneity and classi�cation

As a general principle, results in literature about the properties of RA vary
a lot. Because mechanical results depend largely on the e�ective water in a
mix, the composition of the original concrete [28], or the crushing process,
the heterogeneity of RA that is established [29, 30] makes it di�cult to
compare results of di�erent studies.

The relative proportions of the main constituents within RA can vary
widely and it is generally assumed that, as a result, the performance of
concrete containing RA can vary signi�cantly [31]. Standard EN12620 [32]
classi�es RA according to its di�erent constituents, which should make it
faster to judge their composition and related properties (Figure 1.3). The
highest quality RA - de�ned as Rc90 and above - can be used in high perfor-
mance applications [33]. This classi�cation is however a visual method, and
can therefore not be used for smaller size fractions of RA.
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Figure 1.3: The di�erent constituents used in the classi�cation of RA (from
EN12620 [32]) and their physical appearance (from Medina et al. [34]).
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Adherent mortar and cement

The most distinguished property of RA derived from C&DW, is their ad-
herent mortar content. Figure 1.4 shows how a RA particle consists of smaller
natural aggregates connected by cement - both hydrated and unhydrated -
coming from the original concrete. The volume of this residual mortar in RA
has been found to vary between 20 and 60 %, with higher contents found in
the smaller size fractions of RA [28, 35, 36]. The crushing procedure and the
mechanical strength of the original concrete also play a role in the amount
of adherent mortar [37], but not as signi�cantly as the particle size.

Figure 1.4: Recycled aggregates consist of smaller natural aggregates and
adherent mortar paste. From Le et al. [38].

Water absorption, porosity and density

The adherent mortar is directly responsible for the high water absorption
found in RA [39]. Because of the higher mortar content and speci�c surface
area in �ner particles, the water absorption of FRA will be higher than for
coarse RA.The water absorption of CRA has been found to be 2 to 3 times
higher than natural aggregates, and ranging up to 12 or even 15 % for FRA
[36]. Another consequence of the adherent mortar is a higher porosity and
lower bulk or apparent density [40]. Especially durability issues are a�ected
by the porosity and high water absorption of RA [41].

Knowing the water absorption of RA is essential since the e�ective water
in a mix will largely determine its workability and mechanical properties [29].
However, the measurement of this value is based on a 'surface saturated dry'
state, which is di�cult to obtain for FRA. Characterization techniques for
natural aggregates described in EN1097 [42], while they can be used for
CRA, consistently underestimate the water absorption of FRA because of
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Figure 1.5: A comparison between the water absorption determination via
the EN1097-6 or the IFSTTAR n◦78 method shows a large disparity for small
size fractions. From Le et al. [38].

the �neness and agglomeration issues between these particles. The method
- designed in response to this di�culty - by IFSTTAR [43] on the other
side seems to overestimate the water absorption of FRA but also works
well for larger particles (Figure 1.5). Thanks to the very good correlation
between water absorption and cement content, a method has been developed
by Zhao et al. where the water absorption of larger particles is measured
experimentally via the IFSTTAR method, and that of the �ner particles is
calculated via extrapolation [44]. This technique of determining the water
absorption for each size fraction separately (either measured or calculated),
gives more accurate results than measuring it for the whole RA bulk [45].

Another method to determine the water absorption of �ne materials was
developed by Mechling et al. and is based on evaporation kinetics. A porous
and �ne material is submerged in water and placed in an oven at 45 ◦C. An
experimental setup is necessary where a balance is connected to the sample
inside the oven and to a computer to regularly record the mass change. The
drying of the sample proceeds at di�erent rates: external water will evaporate
at a constant speed, but water inside the porous particles will evaporate with
a decreasing speed. The slope of the mass lost by evaporation over time
reaches a critical point where it is considered that the particles are saturated
with their absorbed water (Figure 1.6) [46].
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Figure 1.6: The evaporation of water from a porous �ne material reaches a
critical point at the SSD state. From Mechling et al. [46].

Form and size distribution

RA have a higher quantity of very �ne material, which is often seen as
a negative characteristic. These �nes cause a decline in workability, have a
higher and more di�cult to measure water absorption, and are more di�cult
to separate from contaminations.

The RA particles themselves have an old interfacial transition zone (ITZ)
between its natural aggregate and adherent mortar. This original ITZ is
weak in nature because of the porosity of the mortar and cracks or �ssures
that were developed during the crushing process [47].

RA have a rough surface texture and irregular shape: they are more an-
gular and elongated than NA (Figure 1.7). This requires more cement paste
to compensate for the higher void content, and more water to counteract
the e�ect on workability. Furthermore, �atter particles can stratify in such
a way that they weaken the strength and durability of concrete [48].

Impurities

Another di�culty with the characterization and subsequent incorporation
of RA is the potential presence of impurities. As discussed in section 1.2.1,
guidelines are in place to separate di�erent material streams during the de-
molition and processing. Nevertheless, RA often contain amounts of wood,
plastic, brick, glass, ... which have a negative impact on concrete strength.
More importantly, chemical contaminations in RA such as chlorides or sul-
fates have a signi�cant e�ect on concrete durability [41].
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Figure 1.7: A higher shape index indicates more elongated and angular par-
ticles. Natural aggregates (NA) are more rounded than recycled aggregates
(RA). From Matias et al. [48].

1.2.3 Properties of concrete with recycled aggregates

Although the potential for the use of RA has been acknowledged, some
factors hinder the large scale use of RA in concrete, as it a�ects the perfor-
mance in terms of workability, strength and durability.

Workability and fresh properties

The workability of concrete gets a�ected by physical parameters of the
aggregate such as porosity, surface texture and aggregate size [49]. Even
keeping the same W/C ratio (meaning taking into account the water ab-
sorption capacity of the aggregates) RA require about 10% more water to
obtain the same slump as NA, due to their shape [50].

The high water absorption of mixes with RA is mostly due to the poros-
ity of the adherent mortar paste, absorbing free water during the mixing
process. This workability problem can be compensated by presaturating the
RA, which is found to vastly improve the slump and other fresh properties
[45, 51, 52, 53].
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Hardened properties

In general, most researchers �nd a systematic reduction in long-term strength
when NA are replaced by RA. Losses in compressive strength from 8 to 40
% were determined (Figure 1.8). This range is very high because of the vari-
ability of methods and materials used by researchers. After all, compressive
strength depends on many parameters such as the replacement level of RA,
the W/C ratio, and the physical properties of the aggregates.

Especially important when it comes to mechanical performance, is the old
ITZ in the RA, between a natural aggregate and its adherent mortar. It
is the dual performance of this old ITZ and the new one (between the RA
and the new cement paste) that will determine concrete strength (Figure
1.9). The old ITZ is very weak, and will be responsible for the strength
loss of concrete made with RA instead of NA [54]. Another reason why
the incorporation of RA often leads to a loss in compressive strength, is
the increased air content they generate in the cement matrix. These voids
are caused by the angularity of the RA particles, entrapping air during the
mixing process [55, 56].

Figure 1.8: Compressive strength in function of coarse aggregate replacement
percentage. These results are collected from a review by Behera et al. of 16
di�erent studies [37].

It is established that the concrete made with RA has a lower quality than
one with NA, nevertheless there is a certain percentage of coarse aggregate
replacement where there is no loss of strength or durability (Figure 1.8).
Most studies place this limit around 20-30% [37, 57, 58, 59], a value that
has been adopted by the recommendations in international standards. In
concretes where there is an existing risk on any chemical deterioration (such
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Figure 1.9: The mechanical performance of concrete with recycled aggregates
depends on the dual performance of the old and new ITZ. From Lee et al.

[54].

as corrosion), EN206 permits only 20-30 % of coarse RA, depending on the
exposure level of the environment [60]. The French National Project RECY-
BETON concluded that, with the right adaptations to the mix formulation,
replacements of up to 60 % are possible [61]. It goes without saying that a
thorough characterization of the RA and knowledge about the exposure con-
ditions of the concrete are necessary to know which measures to take. The
W/C ratio or the amount of superplasti�er can be considered to improve the
properties of concrete made with 100 % RA [62].

1.2.4 Valorization of �ne recycled aggregates

FRA are variably de�ned by di�erent authors as particles below 4, 4.8 or 5
mm. Typically, they are seen as the less valorizable fraction of the processed
C&DW [63]. FRA are a byproduct of the crushing and not made on purpose
[64], but nevertheless make up 50 % of the C&DW weight [65]. The nega-
tive properties of RA discussed above become worse with a smaller particle
size: more adherent mortar, higher water absorption, more contaminations
[53]. Properties like water absorption become more di�cult to measure with
�neness, which makes special the techniques like those discussed above nec-
essary. Where coarse RA can be processed to remove some adherent mortar
or impurities, this is not possible for FRA. FRA vary even more in their
characteristics - due to heterogeneity - than seen for coarse particles [66].

While some authors measure a decline in compressive strength after the
incorporation of FRA (like with coarse RA) [67], others note an increase. In
those cases, it is assumed that the high �nes content acts as a �ller, increasing
the compacity of the mix and its mechanical performance [68]. The high
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cement content in FRA could also ensure a better bond [53]. Another reason
why some authors �nd an increase in compressive strength, is because they
failed to compensate for the extra water demand of the aggregates, thereby
e�ectively lowering the W/C ratio of their mix.

While the incorporation of coarse RA is viable, the use of FRA is dis-
couraged by strict standards and recommendations. Recent studies however
conclude that substitutions with FRA are very possible, provided they are
characterized correctly and the mix design is subsequently adapted to it
[53]. Nevertheless, most research is focused on the incorporation of coarse
RA, leaving FRA largely unvalorized by industrials.
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2 | Sulfate attack

This chapter discusses the long term durability of concrete subjected to de-
teriorating reactions. The focus will be on sulfate attack, a reaction between
sulfates and cement that causes the swelling and cracking of structures. The
di�erent types of sulfate attack and their proposed mechanisms are discussed.

2.1 Concrete durability

The degradation of concrete by various chemical or physical processes
endangers its structural safety and increases maintenance and repair costs.
A structure can lose integrity because of physical or chemical mechanisms,
which are summarized in Table 2.1 and 2.2. In general, porosity/permeability
and moisture content are the common points de�ning the resistance of a
structure to these types of deteriorations [69].

Many physical and chemical deteriorations can occur simultaneously and
di�erent reactions can have similar e�ects, as can be deduced from Table
2.1 and 2.2. Besides that, cracking induced by one reaction can facilitate
the ingress of aggressive solutions, thereby worsening the degradation even
further. Durability studies are thus di�cult to simulate in a laboratory where
possible interactions are overlooked. For example, both the alkali-aggregate
reaction and sulfate attack can be classi�ed as a chemical process where
expansive products are formed, and have comparable macroscopic results. In
these instances, microstructural investigations can distinguish between the
two. The discussion of some case studies later on will prove the complexity
of this issue.
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Mechanism Examples Consequences

Exchange reactions between aggressive
�uids and components of hardened
cement paste

Acidic solutions solubilizing Ca2+

ions Increase in permeability and
porosity:

� loss of alkalinity,

� loss of mass,

� increase in other deterioration
processes.

Substitutions of Ca2+ by Mg2+ in
seawater

Reactions involving hydrolysis and
leaching of the components of hardened
cement paste

Presence of soft water

Reactions involving the formation of
expansive products

Sulfate attack
Increase in internal stress:

� loss of strength and rigidity,

� deformation and cracking.
Alkali-aggregate reaction

Table 2.1: Chemical reactions responsible for concrete deterioration. Summary adapted from Mehta et al. [70].
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Consequences Causes

Surface wear

Abrasion

Erosion

Cavitation

Cracking

Volume change: due to temperature and mois-
ture, or a chemical degradation.

Structural loading: either cyclic or overloading.

Exposure to extreme temperatures: �re damage
or freeze-thaw cycles.

Table 2.2: Physical causes of concrete deterioration. Summary adapted from Mehta et al. [70].
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2.2 Degradations caused by ettringite or thauma-

site

Sulfate attack is an important deteriorating reaction that manifests in
two forms: as an expansion and subsequent cracking, and/or the progressive
decrease in concrete strength and cohesiveness of the hydration products
[70].

The key aspect of sulfate attack is the formation of expansive minerals
like ettringite or thaumasite. While macroscopically the e�ects of both are
comparable, XRD or microstructure analyses can con�rm the presence of
one and/or the other.

Ettringite is formed by the reaction between aluminates from cement, sul-
fates and water (Reaction 2.1) [71]. Primary ettringite is a normal hydration
product necessary for the early strength development of concrete and to pre-
vent premature setting. It is expansive, but crystallizes in the fresh and
deformable paste. Only secondary ettringite, formed in an already rigid ce-
ment matrix and leading to a heterogeneous swelling, can lead to cracking
[72, 73].

3(CaSO4 · 2H2O) + 3CaO ·Al2O3 · 6H2O + 20H2O

→ 3CaO ·Al2O3 · 3(CaSO4) · 32H2O (2.1)

There are several ways in which the reaction can take place after hardening,
and all are based on the delayed release of sulfates: a sulfate ingress from
an aggressive environment (section 2.3.2), from the cement itself after the
destruction of primary ettringite (section 2.3.3) or by a contamination of the
aggregates (Chapter 3).

Next to ettringite, thaumasite is another expansive mineral that can be
formed by the action of sulfates on the cement hydrates (Reaction 2.2) [71].
The damage it incurs is heavier than conventional sulfate attack, but thau-
masite is not formed as often as ettringite. The conditions for thaumasite
formation - presence of carbonates and a low temperature of 5 to 10 ◦C - are
not as commonly met [74].

CaSO4 · 2H2O + CaCO3 + CaSiO3 ·H2O + 12H2O

→ CaSiO3 ·CaCO3 ·CaSO4 · 15H2O (2.2)
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Self compacting concrete, containing limestone �ller, is one example where
thaumasite can be formed. Cement compositions with carbonates such as
the CEM II types are also susceptible [75]. In these cases, it has been shown
that thaumasite is formed out of the ettringite from the early stages of sulfate
attack [76]. This means that thaumasite formation should not be seen as
a separate type of sulfate attack, but as a continuation of the reaction in
speci�c circumstances [77].

Characteristic symptoms of sulfate attack include an enlargement of the
concrete, and the development of (microscopic and sometimes also macro-
scopic) cracking (Figure 2.1). Concrete undergoing sulfate attack su�ers a
general loss in mechanical strength and dynamic elastic modulus. The cohe-
siveness of the cement paste is diminished, and in extreme cases the concrete
becomes crumbly and soft [78].

Figure 2.1: Examples of 2 di�erent bridges in France that underwent sulfate
attack. The damage appeared as a network of widely-spaced multidirectional
cracks, only at places that were accesible by water. From Divet et al. [79].

Because the occurence of thaumasite sulfate attack is low, ettringite for-
mation will be the focus of the following pages.

2.3 Sources of sulfates and associated mechanisms

2.3.1 General mechanism

It is agreed upon that the swelling caused by sulfate attack is due to the
formation of ettringite, but the exact mechanism by which the expansion
occurs is still under discussion [69]. One hypothesis - and the most commonly
accepted one - is the exertion of pressure by the growing ettringite crystals in
restricted spaces [78, 80]. In this reaction, the crystallization is constrained
by the available porosity [77]. Another possibility is a homogeneous paste
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expansion by the absorption of water that happens in alkaline environments
when ettringite is poorly crystallized [81].

Microstructure investigations show that ettringite is often formed in exist-
ing spaces like air bubbles, pores and microcracks. Next to its characteristic
needle form, massive and semi-crystalline ettringite deposits are also possi-
ble, pointing to a formation in a con�ned space (Figure 2.2) [77, 82]. From
these places of formation, networks of cracks are formed, running trough the
cement paste or partly along aggregate peripheries (Figure 2.3, 2.4). The
crack propagation is local and heterogeneous [78].

Figure 2.2: SEM images showing ettringite in its non-constrained needle
form or in a massive deposit. From Salgues et al. [82].

Figure 2.3: SEM images showing the formation of ettringite around aggre-
gates and in crack networks. Adapted from Brunetaud et al. [73].
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Figure 2.4: SEM images showing the propagation of cracking behavior at
120 (a) and 240 (b) days. The fracture �rst extends from the gypsum to the
paste. The crack extended around the aggregate until �nally, the aggregate
separated from the paste completely. From Chen et al. [83].

Sulfate attack can have endo- or exogenous origins depending on the source
of the sulfates. In both cases, there is the secondary formation of ettringite.

2.3.2 External sulfate attack

A common type of sulfate attack is where there is an ingress of sulfates
from an aggressive environment such as sulfate containing soils or liquids.
These sulfates can be part of the natural composition of the environment,
or come from an industrial pollution [84]. Some examples of sulfate contain-
ing environments are seawater, agriculture soils, acid rain or certain sulfate
producing bacteria [70].

Since the sulfates have to di�use inwards, the main factor determining
the extent of the external sulfate attack reaction is the permeability of the
material via pores or microcracks [69, 72]. This means that porous or poorly
compacted concretes will be more vulnerable [77]. The di�erence in mecha-
nism with internal sulfate attack is that here, the reaction is very di�usion
dependant: the damage starts on the surface and moves slowly inwards. Once
microcracks have been formed, the reaction will go progressively faster. This
will also mean that prevention of external sulfate attack is easily achievable
by creating impermeable concretes [80].

2.3.3 Internal sulfate attack

To experience internal sulfate attack, the sulfates are introduced together
with the mix components and not by an environment. The sulfates them-
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selves can be associated with the aggregates (discussed in Chapter 3), or
with the cement. This last case is explained here.

Early on, sulfate attack problems have been identi�ed within precast rail-
road beams. These beams are steam cured, and it was discovered that this
heat (>70 ◦C) destroyed the ettringite that was initially formed in the hy-
dration process [85]. The sulfates and aluminates that have been released by
this dissolution react again after some weeks to form ettringite anew, only
this time in a rigid cement matrix that will swell, crack and degrade as a
consequence (Figure 2.5). This speci�c mechanism of the sulfate attack re-
action was labelled Delayed Ettringite Formation (DEF) and has since been
researched a lot. Not only steam cured samples are subject to DEF, but
massive concrete structures such as bridges or dams with a hydration heat
>70 ◦C are also at risk [78, 86].

Figure 2.5: The same concrete, when subjected early to high temperatures,
will showcase large amounts of swelling after a few months. From Taylor et

al. [85].

Unlike the situation discussed for external sulfate attack, the sulfates in the
DEF reaction do not come from outside, but are introduced with the cement.
Cement contains sulfates which are added to prevent a '�ash set': a gypsum
addition gives the best strength development and minimizes shrinkage while
avoiding premature setting. The quantity of gypsum in cement required
increases with increasing C3A content, alkali content, and �neness of cement.
A higher sulfate content in cement is associated with increased early (1 to 3
day) strengths [87].

The early temperature treatment of concrete is essential for DEF, where
primary ettringite crystals are dissolved or even inhibited to grow in the �rst
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place. The sulfates from cement are thereby adsorbed onto the CSH ma-
trix, in the form of monosulfate (Figure 2.6). This adsorption is completely
reversible, and the sulfates are released back into solution after some weeks
[88]. This desorption is however a slow reaction, explaining why it takes
some months or even years to observe DEF swelling in heat cured samples.
The ettringite-CSH equilibrium is indeed temperature dependent: at 20 ◦C,
ettringite precipitates already at a concentration of 0.4 mmol/L, but at 85
◦C 5 mmol/L is is possible in solution [89].

Figure 2.6: The adsorbed monosulfates will release and contribute to ettrin-
gite formation in microcracks and pores. From Taylor et al. [85].

According to Collepardi et al., the DEF reaction is based on three ele-
ments: a late sulfate release, the presence of microcracks, and exposure to
water. This means that preventing or controlling either of these could theo-
retically mitigate the DEF-induced damage [90]. A slower temperature rise
during curing can also limit the expansion [91]. Some aspects of the concrete
composition can be adapted: the use of lithium nitrate [92], a cement with
a lower sulfate content, or the addition of �y ash [93] are some examples.

Interaction with AAR

The DEF reaction is remarkably often observed together with the alkali-
aggregate reaction (AAR). This last reaction is also developed from the con-
crete mix itself: the cement alkali's in the pore water and the siliceous com-
pounds in aggregates produce a type of gel. This gel swells after contact
with water, causing tensile stresses and internal cracking. The �nal result
is a deformation of the concrete with a crack network on the surface [94].
This reaction has been noticed already in the 1940's and has been studied
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extensively since then [69]. AAR is easily avoidable by keeping the relative
humidity of the concrete/surroundings as low as possible (80 % or less) or
by the use of mineral admixtures [95].

In many cases of DEF, there is a simultaneous or concurrent AAR [78].
The outward pathology of these two reactions is very similar and di�cult to
distinguish without a microstructural analysis, which is not always easy in
the �eld. While DEF is less common than AAR, it can potentially be more
damaging: AAR expansions are typically around 0.3 - 0.5 % where DEF can
go to 1 - 2 % [73, 96]. AAR occurences reduce the alkalinity of the pore
solution. As the formation of ettringite is heavily linked to this parameter -
DEF is triggered at lower pH - naturally these reactions will be intertwined.

There have been a number of cases involving deteriorated concrete columns
in North America where there was considerable controversy surrounding the
respective contributions of AAR and DEF to the observed damage. Al-
though the columns were not deliberately heat-cured, it was estimated that
the peak internal temperature would have exceeded 70 ◦C. The forensic in-
vestigation of the columns by Thomas et al. included scanning electron mi-
croscopy with energy-dispersive X-ray analysis and expansion testing of cores
extracted from the structure. Their conclusion was that DEF attributed for
a far greater part to the deterioration than previously thought, and in most
columns AAR and DEF worked hand in hand (Figure 2.7) [97].

Figure 2.7: BSE images of concrete columns originally suspected to be de-
teriorated by AAR. Ettringite �lled gaps are present around the reactive
particle. From Thomas et al. [97].

A concrete dam in Spain had multiple diagnoses to explain its degradation,
that kept changing throughout the years according to the evolution of the
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behavior observed. 2D and 3D models were used to analyze these diagnoses
and determined that the conclusion of AAR did not justify the magnitude of
displacements observed. The main cause of degradation was then considered
to be an internal sulfate attack (�gure 2.8) [86].

Figure 2.8: SEM images from a damaged dam: (a) ettringite crystals and
gel of the AAR, (b) detail of the gel covering the ettringite crystals. From
Campos et al. [86].

2.4 Important parameters

Many authors show the important role of the alkalinity of the interstitial
solution, as it interferes with the equilibrium between the di�erent sulfate
phases. The alkali's in cement (from potassium or sodium salts which dis-
solve and raise the pH) are often expressed as a Na2O equivalent (Reaction
2.3).

Na2Oeq.% = Na2O%+ 0.658 ·K2O% (2.3)

A higher alkalinity favors the existence of monosulfate and the absorption
of sulfur on the CSH matrix instead of the formation of ettringite [73, 98], so
ettringite formation triggers as pH lowers. This is because the alkali content
largely in�uences the availability of Ca2+ ions (Figure 2.9). Alkali's are not
necessary in the ettringite formation reaction, but play a role in the availabil-
ity of the reactants [82]. This was also relevant in the interaction between
sulfate attack and the alkali aggregate reaction (section 2.3.3). Nevertheless,
a higher swelling due to ettringite formation is often found in mixes with a
higher alkalinity [96, 98, 99, 100, 101] which seems contradictory. While al-
kalinity speeds up hydration and increases early compressive strength [102],
it leads to lower mechanical performances in a sulfate presence [96, 98].
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Figure 2.9: An elevated alkalinity in�uences the availability of necessary
reactants for ettringite formation. Modellisations (black, blue) compared to
experimental results (colored). From Salgues et al. [82].

Using a sulfate-resisting cement allows the concrete to be exposed to a
high sulfate content [103]. These types of cement contain less C3A, one of
the reactants needed to form ettringite. Moreover, fewer gypsum is added
to this cement type as a setting retarder, compensating for the additional
sulfate source to which the mixture will be exposed. The SO3/Al2O3 ratio
of a cement is a limiting factor regarding its potential to form ettringite [73,
91, 104]. Figure 2.10 calculates, based on the reaction equations of cement
hydration, the SO3/Al2O3 ratio of cement required to consume all C3A and
convert it to monosulfoaluminate (the secondary ettringite precursor).

The most commonly accepted theory about the cause of expansion is the
heterogeneous crystal pressure exerted by the growing ettringite crystals
[69, 72, 78]. In this sense, a lower porosity means more con�nement and
a higher internal pressure. On the other hand, in the case of external sulfate
attack (and numerous other deteriorating reactions), a lower porosity was
recommended, to prevent the inwards di�usion of sulfates [105]. In general,
a lower water to cement ratio of a concrete mix - thus a lower porosity - is
found to have a positive e�ect on mechanical performances and durability.

For sulfate attack, it is important to have a source of sulfates that becomes
available after the initial cure. Only water soluble sulfates can contribute
to sulfate attack: characterization techniques for sulfates such as acid dis-
solutions also capt sulfates �xed into cement hydration products which do
not pose a risk. Depending on the form of the sulfates (MgSO4, Na2SO4,
CaSO4), the swelling response can change [96, 98].
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Figure 2.10: SO3/Al2O3 ratio required to react with all C3A to form mono-
sulfoaluminate. From Day et al. [91].

Next to these identi�ed parameters, other speci�c factors can also in�uence
the course of the sulfate attack reaction, such as the presence of carbonates
and low temperatures to form thaumasite. Numerous researchers also found
that pre-existing cracks (for example from other deteriorating reactions) fa-
cilitate the reaction [72], as well as certain curing conditions like temperature
treatments or wetting/drying cycles [89].
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3 | Gypsum in recycled materials

This chapter discusses the combination of the two complicating factors
discussed previously. FRA are often contaminated with gypsum residues
from the demolition site, which can act as an internal source of sulfates to
facilitate sulfate attack in recycled materials. With the goal of valorizing
these contaminated FRA in mind, the objectives of the thesis are discussed.

3.1 Gypsum as a source of sulfates

Gypsum is used as a generic name for several types of calcium sulfate.
These compounds are classi�ed according to the number of hydrogens present
in the crystal structure: calcium sulfate dihydrate (CaSO4 · 2H2O), cal-
cium sulfate hemihydrate (CaSO4 · 0.5H2O), and calcium sulfate anhydrite
(CaSO4) [106]. Transformation between these di�erent types is a reversible
process of hydration and evaporation (Reaction 3.1). From here on out,
'gypsum' will refer to the calcium sulfate dihydrate form.

CaSO4 · 2H2O
p,T−−⇀↽−− CaSO4 · 0.5H2O + 1.5H2O

p,T−−⇀↽−− CaSO4 + 2H2O (3.1)

The primary occurrence of gypsum is as a soft white mineral found in
massive sedimentary deposits, but it can also crystallize as selenite. It is
used for many applications in medicine, agriculture or construction.

Gypsum is only moderately soluble: depending on the pH and ionic strength
of water, gypsum has a solubility between 0.015 and 0.055 mol/kg (corre-
sponding to 2.6 and 9.5 g/L) [107]. Exceptionally, gypsum also exhibits
a retrograde solubility, where a rise in temperature does not equal a rise
in solubility. The di�erent types of calcium sulfate hydrates have di�erent
stabilities in solution as well. The solubility changes in function of these
parameters can be seen in Figure 3.1.
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Figure 3.1: The solubility of CaSO4.2H2O in aqueous NaCl solutions at 35
◦C and at various pH values, and the solubility of the di�erent calcium sulfate
types in function of temperature. From Shukla et al. [107] and Colas et al.

[108].

3.1.1 Use of gypsum in the construction industry

Gypsum is used in the construction industry as the major constituent of
drywall boards for interior walls and ceilings which contain mostly gypsum
and some small part cardboard. Plaster also consists of gypsum powder
that has formed a paste with water and subsequently hardened. Plaster is
not a strong material and is easily crushed. Naturally, when a building is
demolished, the resulting C&DW will be contaminated with plaster residues.
This increased water soluble sulfate content is a limiting factor for the reuse
of recycled aggregates, because of the risk on internal sulfate attack.

To avoid these gypsum residues as much as possible, the deconstruction of
a building is favored over its demolition. Plaster is taken out of the building
in a systematic way, to be reused in future construction applications. The
'Gypsum to Gypsum' study of the European Commission on the reuse of
gypsum products eventually lead to the publication of the 'European Hand-
book on best practices in deconstruction techniques' [109] [110]. In Figure
3.2 is shown how, before the demolition of an apartment building in Roubaix
(France), plaster is collected to be recycled. Nevertheless, traces of gypsum
were still to be found on most walls, which will end up in recycled aggregates
after demolition.

The reversibility of the hydration reaction of calcium sulfates lends it-
self excellently to recycling: in theory, a closed loop is inde�nitely possible.
Studies prove indeed that multiple cycles of grinding and burning gypsum
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Figure 3.2: Plaster is being collected before demolition (a) of an apartment
building, but gypsum residues are still present on walls (b-d) and will end
up in recycled aggregates.
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waste can be completed without discernible di�erences in plaster proper-
ties [111]. The energy and temperatures needed for this recycling do have
a larger environmental impact than the mining of new gypsum. However,
a complete life cycle analysis shows that recycling is still the best option.
Gypsum waste products in land�lls can decompose to hydrogen sul�de gas
by sulfate reducing bacteria, creating an environment where methanogenic
bacteria thrive [112]. Next to this methane production, sulfates can also
leach into the environment causing ecotoxicological problems [113, 114].

Even without a plaster contamination, RA will still contain water solu-
ble sulfates because of their unreacted cement particle content. Gypsum is
used as a setting retarder in cement, to limit the rapid hydration of cal-
cium aluminates. When water �rst contacts cement there is an initial rapid
dissolution of anhydrous aluminates and subsequent rapid crystallization of
these hydrated calcium aluminates. This occurs before the solution becomes
saturated with lime and/or gypsum and corresponds to the �rst peak in
the hydration heat curve. When more and more gypsum gets dissolved, the
formation of aluminates slows down. The subsequent formation of sulfoalu-
minates starts to deplete the amount of sulfates in solution, and the rapid
aluminate reaction will begin again (Figure 3.3) [115].

Figure 3.3: A calorimetric curve of Portland cement, showing the stages of
cement hydration. From Scrivener et al. [115].

3.1.2 Sulfate attack with recycled aggregates

The gypsum contamination of recycled aggregates can cause internal sul-
fate attack. Larger concrete and gypsum particles can be separated from
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each other based on a di�erence in color [24] or density [23], but these tech-
niques are mostly visual and thus not applicable on the smallest size fractions
of RA. In FRA, gypsum is an important contaminant to be considered: the
water soluble sulfates coming from the gypsum particles strongly limit their
valorization potential [116]. There is a clear variability between di�erent
recycling centres: in industrial samples, values of 0.03 to 0.25 % of sulfates
have been found in one study [117], but up to 1.52 % in another [118].

Laboratory made concrete that was crushed and manually contaminated
with gypsum particles is a good way to simulate contaminated recycled aggre-
gates with exact knowledge of their composition but without other interfer-
ing impurities. The substitution of natural aggregates with these materials,
shown in Figure 3.4, prove that the sulfate content in RA provokes a swelling
of the concrete samples [119]. While the same trend of increased expansion
with sulfate contents is seen in other studies, the absolute swelling amounts
do not seem reproducible. Mortars made with an acid soluble SO3 content
of 2.9 or 4.3 % by weight of cement, showed expansions of 0.04 to 0.12 %
respectively [120]. An SO3 content of 1.8 % however gave rise to 0.04 % of
expansion in another study [121].

Figure 3.4: Swelling behavior of concrete made with contaminated �ne recy-
cled aggregates. The FRA had an acid soluble SO3 content of 1.5%. From
Abid et al. [119].
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Next to the sulfate content, other parameters can in�uence the swelling re-
sponse. An early work on the use of contaminated recycled aggregates found
that the C3A content of cement and the particle size of gypsum changed
the swelling results. Gypsum particles from the 0/4 mm fraction were more
reactive and lead to a larger swelling response. For a concrete made with a
standard CEM I, the swelling limit was exceeded for plaster contents above
1.5% (Figure 3.5), while cements with lower C3A contents - like CEM III
- could handle up to 3% of plaster [122]. When accounting for their molar
mass ratio, these amounts of plaster correspond to respectively 0.87 % and
1.74 % of SO4

2-. The use of an accelerated aging protocol in this study and
a W/C of 1 could make it di�cult to compare these results to industrially
realistic scenarios.

Figure 3.5: Swelling behavior of 7x7x28 cm concrete samples, made with
contaminated recycled aggregates. From Orsetti et al. [122].

A heavy contamination of aggregates does not necessarily mean they can-
not be used: several possible solutions exist to compensate for sulfate attack.
A case study about the reuse of excavated materials as aggregates in concrete
showed that they were contaminated with 1.6 to 4.3 % of SO3. The sulfates
in these aggregates did not come from plaster residues from a construction
site but rather from the gypsum content of the soil. The swelling caused by
these amounts of sulfates was indeed important and two possible solutions
were suggested. A �rst proposal would be - for very large projects such as

40



these - to order a custom cement where gypsum had not been added as a
setting retarder. The sulfates in the aggregates would take on the role of
setting retarder. If this is not possible, some sulfate resisting cements also
had good results limiting the swelling reaction. A second solution was on
the level of the aggregates. Washing the aggregates lead to a decrease from
3.5 to 2.5 % of sulfates. Eliminating the �ner fraction (0/0.315 mm) reduced
the sulfate content even more, to 1.1 %. These �ne particles contained most
of the sulfates, which leached very quickly [108].

In most of these discussed studies, there is not a uniform de�nition for
'the sulfate content'. They were expressed as a percentage of SO3 or plaster,
all of which have a di�erent molar mass and correspond to a di�erent SO4

2-

content in the mix. To make it even more confusing, this mass percentage
referred sometimes to the aggregate but at times also the cement weight.
The percentages were often speci�ed as being determined by acid dissolution,
which will misinterpret the risk on sulfate attack because only water soluble
sulfates will react to form secondary ettringite. It is, as a consequence, very
hard to compare these results or try to correlate a sulfate content to a swelling
response in general. The most important distinction in these studies however,
is that they researched the in�uence of the gypsum contamination as an
additional internal source of sulfates, without doing any heat treatments to
provoke the DEF reaction. This makes the problem much more prevalent as
it can happen in every concrete - not just precast or massive structures.

3.2 Limits, legislation and standards

3.2.1 Limitations for recycled aggregates

To keep the risk on sulfate attack at a reasonable level, the current water
soluble sulfate limit in coarse recycled aggregates is established at 0.2% by
EN206 [60], with no mention of FRA. EN206 also states a replacement per-
centage of 30 % coarse RA in concrete is feasible, but there again does not
discuss the incorporation of FRA. Other recommendations state that RA
with water absorptions above 7 % for coarse and 13 % for �ne particles are
not suitable to be used in concrete [37].

These limits can be seen as very strict and will exclude the use of a big part
of C&DW, and especially FRA. Because these regulations also require nu-
merous analyses to be run before use, small sites with a high stock rotation
will have di�culties valorizing RA [16]. There is a general lack of con�-
dence from industrials regarding the quality of RA perpetuated by these
strict recommendations [12], but this position is more and more seen as too
conservative by researchers [53]. Recent durability studies mention the pos-
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sibility of increasing the sulfate limit [103]. The previously mentioned French
National Project RECYBETON speci�cally proposes a sulfate limit of 0.3
% [123].

3.2.2 Recommendations for swelling due to DEF

The recommendations on allowable compositions are in turn based on a
swelling limit. Expansions above 0.1% lead to a reduction in compressive
strength of 60 to 70 %, and a decrease in elasticity of 60 % [96]. This value
of 0.1 % is also seen as a threshold for the cracking of concrete, while others
place that limit at 0.2 % [100, 121]. As soon as this threshold is passed,
existing microcracks facilitate the reaction and the needed crystal pressure
to cause deformations will be smaller.

In a protocol to assess damage by DEF by the Laboratoire Central des

Ponts et Chaussées [124], the following swelling limits are established for
concrete formulations that are considered 'safe':

� After 12 months, the average expansion is below 0.04 % with no in-
dividual sample passing the 0.06 % mark. After the third month, the
expansion did not increase by more than 0.004 %.

� If expansion after 12 months should be comprised between 0.04 and
0.07 %, three additional months of testing are necessary. The formula-
tion is safe if in those 3 extra months, the expansion did not increase
by more than 0.004 %.

Brunetaud et al. proposed, based on his experimental results on DEF
(Figure 3.6), a classi�cation of expansions depending on the swelling amounts
and the form of the swelling curve [73]:

� Negligible (<0.04 %): 0.04 % is the usual limit used for the diagnosis
of sulfate attack. This type of swelling had no macroscopically visible
e�ects.

� Weak (0.04-0.2 %): the swelling increased linearly, but had no e�ect
on mechanical properties.

� Important (>0.4 %): these swelling curves had sigmoid shapes. The
material was damaged which in turn caused even more swelling, and
increased more in mass than was necessary for the hydration reaction.
There were noticeable e�ects on mechanical properties.
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Figure 3.6: The expansions of di�erent concrete formulations - tested ac-
cording to a DEF protocol - could be classi�ed in three groups: negligible,
weak and important. From Brunetaud et al. [73].

From these results, 0.2 % could be seen as the threshold for 'dangerous'
expansions, but even the so called 'weak' swelling can still have e�ects on a
structure. Here, a problem arises with the translation of swelling limits to
sulfate limits. Methodology and materials play a big part in the measured
absolute amount of swelling: certain sulfate contents will, depending on the
followed protocol, give rise to di�erent swelling amounts. These discussed
limits and protocols are speci�cally set up for DEF on concrete, and not for
all mechanisms of sulfate attack.
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Conclusion, problem de�nition and
methodology

Using recycled aggregates coming from C&DW is a good practice that
would majorly impact the environmental burden of the construction sector,
but it still needs traction in the industry. Recycled aggregates need some
processing and characterization before their incorporation has satisfactory
results, and especially �ne recycled aggregates are up to now not valorized
in high quality applications.

Sulfate attack is a real concern for concrete: signi�cant damage can occur
depending on its composition or environment. It has a complex mecha-
nism depending on many parameters and other deteriorating reactions. In
this context, sulfate contaminated aggregates are de�nitely a risk factor for
degradation.

Depending on the source of �ne recycled aggregates, they can be contam-
inated with non-negligible amounts of gypsum. Standards and limits are in
place to restrict their use because of the risk they pose for sulfate attack.
However, research points out that these limits could be too strict, and that
they are hindering the valorization of FRA.

From the available literature, several problems were pointed out that could
be addressed in new experimental work:

� Studies about sulfate attack focus on one of the two better known
mechanisms, being DEF or external sulfate attack. Research about the
presence of an internal source of sulfates without heat curing samples
is very scarce.

� Most authors acknowledge that the �ner fraction of RA is often over-
looked in research. Perpetuated by older studies and strict regulations,
there is a lack of con�dence in the quality of FRA, which inhibits its
valorization.
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� A lot of research about the incorporation of RA highlights mechanical
performance, and more work needs to look at long term durability
issues. Durability is especially a concern with recycled materials, as
they are less dense and less resistant to aggressions.

This research was conducted in the framework of the VALDEM project,
which aims to identify and valorize 'problematic' material �ows derived from
C&DW. One of the focus points was the valorization of FRA contaminated
with gypsum residues. Within that context, this thesis started with two
questions: how much sulfates are actually contaminating industrially avail-
able FRA? Do these amounts of sulfates cause any signi�cant damage and
if so, which parameters could in�uence this result?

The ultimate objective of this work was to provide new scienti�c results
about the internal sulfate attack reaction, that at the same time also inform
industrials about the use of contaminated FRA.

To obtain answers to the research questions posed above, the following
experimental steps were envisaged:

� Fabricating an uncontaminated FRA, to serve as a reference material
against industrial sources of FRA;

� Developing di�erent protocols, to measure water soluble sulfates in
FRA, and to monitor the degradation of mortar or concrete over several
months;

� Collecting FRA from di�erent recycling centres to characterize them
and incorporate them into mortars to undergo swelling tests;

� Varying di�erent composition or mixing parameters to assess their ef-
fect on the swelling result, regardless of the sulfate contamination;

� Evaluating whether the results found on mortars in the previous steps
are applicable to concrete.

These steps are displayed schematically in Figure 3.7.
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Figure 3.7: Schematic representation of the di�erent materials and the ex-
perimental steps in which they were used.
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Part II

Materials and methods
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Introduction

The experimental work in Part III all makes use of the same protocols and
materials, which are summarized in these following chapters.

The �ne recycled aggregates that were the subject of this study are de-
scribed in Chapter 4. Di�erent industrial samples of FRA have been collected
from recycling centers. As a reference material, a laboratory-made concrete
was crushed to obtain pure uncontaminated FRA. Their physical and chem-
ical characteristics relevant for the following experiments are discussed: size
distribution, water absorption, density, cement content and water soluble
sulfate content.

Experimental work in this thesis is conducted on mortar or concrete bars,
made with the materials from Chapter 4. The design of their compositions
and mixing procedures are discussed in Chapter 5.

In Chapter 6, the di�erent tests are described that will follow the devel-
opment of sulfate attack in the samples. Because no heat curing is used to
trigger DEF in this study, a ready-made testing protocol was not available.
The relevant weekly swelling tests, periodic mechanical tests and microscopic
examinations are de�ned.

51



52



4 | Characterization of recycled
aggregates

This chapter discusses the di�erent types of aggregates used, and their
physical and chemical characteristics.

4.1 Recycled aggregates

To study the e�ect of gypsum residues in FRA, two types of recycled
aggregates are used: industrial FRA coming from C&DW, and a laboratory-
made FRA to act as a reference material.

4.1.1 FRA from recycling plants

Samples of recycled aggregates were collected in di�erent size ranges from
three di�erent recycling centers in Belgium. These samples were named 'A'
to 'F', and their original characteristics are shown in Table 4.1. To obtain
FRA samples ready for characterization, they were dried at 40 ◦C and sieved
to keep the 0/4 mm fraction. From the pictures in Table 4.1 a large variability
between the di�erent sources can be seen, and contaminations with soil,
brick, wood, plastic or gypsum particles. Their impurity becomes especially
clear when compared to pure crushed concrete, discussed later in Figure 4.1.
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A B C D E F

TRADECOWALL SATEA SATEA SATEA ELOY SATEA
0/4 0/10 0/32 0/20 0/90 0/10

Table 4.1: The di�erent samples of FRA, their source recycling center and original size distribution. Pictures shown are after
drying at 40 ◦C and separating of the 0/4 mm fraction.
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4.1.2 Production of a reference material

Next to industrial samples, a reference material was made by fabricating
and crushing a standard concrete. The use of these 'model' recycled ag-
gregates gave exact control over the chemical composition of the materials
and removed any possible variability or contamination at the level of the
aggregates by chlorides, organics, etc. These reference recycled aggregates
could then manually be contaminated with gypsum when desired, to ob-
tain a 'clean' material where only sulfates can contribute to a deteriorating
reaction.

The composition and properties of the original concrete are given in Ta-
ble 4.2. It was designed to obtain a consistency class S3 and strength class
C30/37. The the mixing procedure and the method used to determine this
composition are described in more detail in section 5.2, as well as a descrip-
tion of the used cement.

CEM I 52.5 N Water Limestone aggregates (mm) Superplasticizer
0/4 2/7 7/14 14/20

350 175 216 658 436 612 0.4%

Slump Fresh density Compressive strength (90 days)
12 cm 2.45 (kg/m3) 42 MPa

Table 4.2: Composition (in kg) of the original concrete, and its properties
at a fresh and hardened state. This concrete was crushed after 90 days to
obtain the reference recycled aggregates.

After 90 days of curing in a humid environment, 1000 kg of this concrete
was crushed by a jaw crusher at the Centre Terre et Pierre in Belgium. A
�rst crushing was carried out with a jaw opening of 15 mm. The remaining
coarse recycled aggregates (CRA) were passed through the crusher again
with a jaw opening of 8 mm, which yielded some extra FRA (Figure 4.1).

The two resulting loads of FRA di�ered slightly in their size distribu-
tion and cement paste content. They were homogenized by mixing the two
batches and quartering them with the help of a ri�e splitter (Figure 4.2).
10 samples taken after this homogenization showed no distinct di�erences in
size distribution or cement paste content anymore.
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Source concrete
1000kg

FRA
170kg

CRA
830kg

FRA
200 kg

CRA
630kg

Figure 4.1: The crushing procedure of the original concrete in two steps: the
�rst with a jaw opening of 15 mm and the second at 8 mm. The result was
370 kg of FRA and 630 kg of CRA.
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Figure 4.2: The homogenization process of the 2 obtained FRA fractions,
with the help of a ri�e splitter.
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4.2 Physical characteristics

4.2.1 Size distribution

The size distribution of the industrial FRA samples as well as the refer-
ence FRA, are shown in Figure 4.3. They were determined by dry sieving
according to standard EN 933-1 [125]. A high variability in �nes content
was found between the di�erent industrial sources. The size distribution of
the CRA fraction, obtained from the same crushing process as the reference
FRA, is shown in Figure 4.4

 0

 20

 40

 60

 80

 100

 0.063  0.125  0.25  0.5  1  2  4

Pa
ss

in
g 

(%
)

Particle size (mm)

A
B
C
D
E
F
REF

Figure 4.3: Particle size distribution of the used FRA: industrial sources or
lab-made.
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Figure 4.4: Particle size distribution of the used CRA, obtained by crushing
concrete.
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4.2.2 Water absorption

The water absorption of FRA is a notoriously di�cult characteristic to
measure [53]. Three techniques were used here to determine this value: the
one according to standard EN1097-6 [42], the one designed by IFSTTAR
[43], and an extrapolation method developed by Zhao et al. [44]. They are
all based on �nding the saturated surface dry (SSD) state of the aggregates,
where the surface is dry but the intra-particle voids are �lled with water.
The water absorption coe�cient is determined by comparing the weight of
the aggregates in SSD condition to their weight when oven dried (Equation
4.1).

WA (%) =
MSSD −Mdry

Mdry
(4.1)

The standard method consists of blowing warm air over a saturated ag-
gregate to dry out the surface of its particles. A cone is used to test the
slump, and the SSD state is here de�ned as a speci�c shape after removal
of this cone (Figure 4.5). This technique is known to underestimate the wa-
ter absorption of FRA, because the agglomeration between the �ne particles
means they need to be dried more before they reach the desired slump.

Figure 4.5: Determination of the SSD state according to standard EN1097-6,
in juxtaposition with observations on FRA.
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The method developed by IFSTTAR determines the SSD state by drying
the wet aggregates on absorbent paper until there are no traces of moisture
visible anymore. While this technique works well for coarser particles, �ner
size fractions are very di�cult to get in such a state without overestimating
the water absorption or losing material (Figure 4.6).

Figure 4.6: Determination of the SSD state according to method n◦78 by
IFSTTAR, for the size fractions 2/4 and 0.5/1 mm respectively. The smaller
the particle size, the more di�cult it gets to measure the SSD state accu-
rately.

A solution to the problem with these �ne materials has been proposed
by Zhao et al, by determining the water absorption for each size fraction
separately. Water absorption has been found to correlate nicely with mass
loss at 475 ◦C. This mass loss is associated with the cement content of a
material, because the water bound in hardened cement paste will evaporate
around this temperature (Section 4.3.1). The water absorption of the particle
sizes from 0.5 to 4 mm is measured with the IFSTTAR method, and the
resulting regression line makes it possible to extrapolate the water absorption
of the �ne particles (Figure 4.7). The size distribution, determined in Section
4.2.1, then permits to calculate the water absorption of the 0/4 mm bulk.
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Figure 4.7: An example of how the water absorption of 0/4 mm aggregates
is determined with the extrapolation method. The particle sizes in blue have
been measured with the IFSTTAR method, the orange ones are calculated
via the resulting regression line.

As an illustration, the 3 mentioned techniques have been applied on aggre-
gate B. Table 4.3 shows how the extrapolation method yields a value between
the standard and the IFSTTAR method. In terms of maniability, this value
also seemed the most correct [45].

Norm EN1097-6 IFSTTAR n◦78 Extrapolation
5.1 % 13.2 % 8.9 %

Table 4.3: The three methods of water absorption determination, applied on
aggregate B.

The extrapolation method was then applied in triplicate for all (industrial
and reference) aggregates (Figure 4.8, Table 4.4). The technique worked
really well for a pure crushed concrete, and also obtained good results for
most industrial FRA. Only two of them showed a weak correlation with the
mass loss at 475 ◦C: A and C.

The water absorption of the coarse recycled aggregates could be measured
without issues by the IFSTTAR method, and is also given in Table 4.4.
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Figure 4.8: A summary of the correlation between the water absorption and
mass loss at 475 ◦C for the coarser particles of FRA. This correlation was
used to calculate the water absorption of the 0/4 mm fraction.

RA WA (%)
A 6.1
B 8.9
C 11.5
D 10.6
E 14.6
F 13.0

REF 9.8
CRA 3.2

Table 4.4: The water absorption of all RA, for FRA determined by the
extrapolation method and for CRA determined by the IFSTTAR method.
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4.2.3 Density

The density of an aggregate is an important requirement to determine its
total volume in a mix. Di�erent types of densities can be measured. The
apparent density ρapp of a material is its mass per unit of volume, but without
bringing into account the porosity of the grains. This value is determined
with �xed-volume pycnometers according to standard EN1097-6.

The particle density ρ used hereafter to determine certain volumes of RA is
calculated by equation 4.2. The porosity P is directly related to the amount
of water an aggregate envelope holds in its SSD state, and is de�ned in
equation 4.3.

ρ = ρapp(1− P ) (4.2)

P =
WA

WA+ 1
ρapp

(4.3)

The resulting particle densities, based on the water absorptions determined
in section 4.2.2, are summarized in Table 4.5.

RA particle density (g/cm3)
A 2.14
B 2.10
C 1.99
D 2.00
E 1.97
F 1.96

REF 1.95
CRA 2.38

Table 4.5: The SSD-based particle density of all FRA samples, and the CRA.
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4.3 Chemical characteristics

4.3.1 Cement content

The mass loss at 475 ◦C that is used in the determination of the water
absorption, is a value that indicates the cement paste content of a sample.
The water bound to hydrated cement will release at this temperature (Equa-
tions 4.4 and 4.5). To measure this value, FRA are ground until they pass
a 200 µm sieve and dried at 105 ◦C. They are then placed, in triplicate, in
crucibles in an oven and their weight di�erence between 105 and 475 ◦C is
recorded.

Ca(OH)2
T−→ CaO +H2O (4.4)

C − S −H T−→ C − S +H2O (4.5)

This mass loss for the recycled aggregates is pictured in Figure 4.9 for the
0/4 mm fraction, and in Figure 4.10 per particle size. For most sources of
FRA the smaller size fractions contain more cement.
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Figure 4.9: The mass loss at 475 ◦C for the 0/4 mm aggregate samples.
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Figure 4.10: The mass loss at 475 ◦C per size fraction.
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4.3.2 Water soluble sulfates

Only water soluble sulfates participate in the sulfate attack reaction. Stan-
dard EN1744-1 lays out the way to determine their concentration in either
natural or recycled aggregates [126]. For recycled aggregates, it speci�es
to extract the sulfates in hot water, �lter them, and bu�er at a neutral pH.
They are then precipitated with BaCl and quanti�ed spectrophotometrically.

In this thesis, the water soluble sulfates are determined in a slightly di�er-
ent way. Firstly, the sulfates are brought into solution at room temperature
and not at 60 ◦C, because in this context they originate from gypsum which
exhibits a retrograde solubility. Secondly, the sulfate concentration was not
determined via precipitation but via ion chromatography which is an easier,
safer and more precise analytical technique.

2 grams of FRA were placed in 250 mL of demineralized water and stirred
for 1 hour at room temperature. A sample was passed trough a 0.45 µm
syringe �lter, and tested for its sulfate concentration by ion chromatography
(Dionex ICS-3000). These tests are all done in triplicate.

This method was �rst validated for di�erent parameters, by mixing a cer-
tain amount of gypsum powder into a sample of FRA. Figure 4.11 shows that
gypsum is dissoluted quickly enough to justify a time of 1 hour. Figure 4.12
shows that the method is very accurate, and only a slight underestimation
for high gypsum contents.

Using this method, the water soluble sulfates in the used FRA samples
were determined (Figure 4.13). Five out of six industrial samples surpassed
the 0.2 % limit posed in standard EN206. The reference FRA, which is
not contaminated, still contained 0.18 % of sulfates which originated from
cement.

The sulfates shown in Figure 4.13 were not evenly divided over the dif-
ferent size fractions. Figure 4.14 shows how in most cases the sulfates are
predominantly present in the �ner particles. The �ner particles are known
to contain more cement paste which can in part explain the higher sulfate
content. The brittleness of gypsum plaster is another reason why - after the
demolition, crushing and handling - more sulfates are present in �ne particle
sizes.

The water soluble sulfates of CRA were measured in the same way. Similar
to the reference FRA, this aggregate was uncontaminated and the sulfates
here originated from cement. The low cement paste content of CRA lead to

66



 0

 100

 200

 300

 400

 500

 600

 0  100  200  300  400  500

Su
lfa

te
 c

on
ce

nt
ra

tio
n 

m
ea

su
re

d 
(m

g/
L)

Dissolution time (min)

Figure 4.11: A leaching time of 1 hour was largely su�cient to take an
accurate sample.

a sulfate content that was several orders of magnitude smaller than in found
in FRA (Figure 4.15).
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Figure 4.12: The sulfate determination technique shows to be very accurate
and precise, especially for low gyspum contents.
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Figure 4.13: Sulfate content (by mass of aggregate) of the 0/4 mm fraction,
in 5 out of 7 cases surpassing the 0.2 % limit posed in EN206.
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Figure 4.14: The distribution of the total sulfate content over the size frac-
tions of the aggregates.
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5 | Mix design

In this chapter, the mixing procedure and materials for mortars and con-
crete are discussed.

5.1 Used materials

In some mixes, aggregates were manually contaminated with gypsum. This
gypsum is a CaSO4.2H2O powder (D50 13 µm) obtained from VWR Chem-
icals.

The cement types used in the following tests were a CEM I 52.5 N and
in one case a CEM I HSR, both from Holcim in Belgium. A large quantity
of the same batch was ordered and kept in airtight containers, to be used
throughout all experiments. The chemical characteristics of both cements
are shown in Table 5.1.

Next to recycled aggregates, natural limestone aggregates were sometimes
used in a mix to act as a reference aggregate.

5.2 Mixing procedures

Experiments were mostly done on mortar bars to limit the quantity of
necessary materials and storage room for the numerous samples. To evaluate
the conclusions made on these mortars, an experimental series on concrete
was also conducted afterwards.

5.2.1 Mortars

According to EN196-1, a standard mortar contains 1 part cement for 3
parts sand, and has a W/C ratio of 0.5 [127]. To account for their di�erence
in density, a volumetric equivalent of FRA was added to the mortars instead
of a mass equivalent, to keep the aggregate envelope volume constant.
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CEM I 52.5 N CEM I HSR
CaO 64.3 64.6
SiO2 18.3 21.4
Al2O3 5.2 3.7
Fe2O3 4.0 4.6
MgO 1.4 0.8
Na2O 0.32 0.27
K2O 0.43 0.40
SO3 3.5 2.5
Cl- 0.06 0.06
LOI 2.3 1.3
C3A 6.6 2.4
C4AF 12 14
C3S 61.9 68.8
C2S 11.2 9.4

Table 5.1: Chemical composition (mass%) of the used cement types

Cement Aggregate Water
Normalized aggregate 450 1350 225

Table 5.2: Standard mortar composition, in g, as described in EN196-1 [127].
When switching to a recycled aggregate, its density, size distribution and
water absorption needed to be taken into account.

To compensate for the increased water absorption of FRA compared to
the normalized sand, the FRA were always presaturated with their absorbed
water and 10 % of the mixing water. This technique to improve the proper-
ties of mortars made with recycled aggregates has been proposed by many
researchers in Chapter 1. For the reference FRA, which contained a lot
of cement, this week of presaturation ensured that this cement started to
harden. As a consequence, the size distribution of the FRA on mixing day
was slightly di�erent than the one measured in section 4.2.1 (Figure 5.1):
the presaturated FRA contained less �ne particles.

When di�erent sources of aggregate were used in an experimental series
with the intention of comparing the results to each other (Chapter 7 and
9), their size distribution was adapted to resemble one another. This way, a
di�erence in swelling results could not be due to particle sizes. In the case of
the reference FRA the size distribution after presaturation was considered,
not the one from before.
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Figure 5.1: Presaturating the reference FRA hardened its residual cement
particles. The size distribution of the FRA on mixing day changed to contain
less �nes.

If gypsum was used to contaminate the mix, it was added to cement. The
size distributions of cement and the gypsum powder were similar and this
ensured a homogeneous mix. Nevertheless, sulfate/gypsum concentrations
were always expressed as a mass% of the aggregate.

The standard mixing protocol from EN196-1 was followed (Table 5.3). The
mixing water mentioned here needs to be substracted with the percentage
that was used for presaturation.

Action Speed Time Total time
Add cement and mixing water, mix 1 30" 30"
Add aggregates (0/4 mm), mix 1 30" 1'
Mix 2 30" 1'30"
Rest 0 1'30" 3'
Mix 2 1' 3'

Table 5.3: Mortar mixing procedure in function of mixer speed as described
in EN 196-1 [127].
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After this mixing procedure, the mortar is tested for slump according to
EN196-1. The 4x4x16 cm moulds, coated with demoulding oil, are �lled
halfway and compacted on a shocking table. They are then topped up with
mortar and compacted again. All samples were cured for 24 hours in a humid
environment at room temperature before demoulding.

5.2.2 Concrete

The design of concrete compositions, either the original concrete that
yielded the reference recycled materials or the concrete mixes in Chapter
9, was done with the Dreux-Gorisse method.

7x7x28 cm bars were cast for weekly swelling tests, and 15x15x15 cubes
for the periodic mechanical measurements.

The mixing procedure for concrete is largely the same as for mortar. Be-
cause it takes a lot of time to introduce the large quantities of aggregates,
they are �rst placed in the mixer after which cement is added. The mixing
protocol is shown in Table 5.4. The slump of the concrete is checked with the
help of an Abrams cone according to EN12350-8 (Figure 5.2). Depending on
the envisaged slump value, sometimes it was necessary to add a little more
superplasti�er and mix for another several minutes. Because the volume of
a sample is known, the density at a fresh state can easily be determined by
weighing �lled moulds.

Action Time Total time
Add aggregates (0/16 cmm), mix 30" 30"
Add half of the mixing water, mix 2' 2'30"
Rest 2' 4'30"
Add cement, mix 30" 5'
Add second half of mixing water and superplasti�er,
mix

1'30 6'30"

Table 5.4: Concrete mixing procedure in function of mixer speed.

5.3 Sulfate contents of standard mixes

A few preliminary mixes were made to check which sulfate contents had
visible results, and could thus be used in further mixes. In this sulfate series,
the comparison between recycled and natural aggregates was also made. The
aggregates in these samples were contaminated with 0, 0.5, 1 and 5 mass%
of gypsum respectively. Table 5.5 shows with which sulfate concentration
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Figure 5.2: Testing the slump of a concrete mix with an Abrams cone

this corresponds, taking into account that FRA already contained 0.18 % of
sulfates.

CaSO4.2H2O SO4
2- (%)

(%) FRA FNA
0 0.18 0
0.5 0.47 0.29
1 0.76 0.58
5 3.08 2.90

Table 5.5: The mass% of gypsum in the aggregates corresponds to di�erent
actual sulfate concentrations, due to the residual sulfates in FRA originating
from cement.

The mixing protocol described in Section 5.2 was followed, and the length
measurements will be explained in Section 6.1. The swelling results can
be seen in Figure 5.3 for the reference FRA, and Figure 5.4 for natural
aggregates. For FRA, only the highest sulfate concentration gave a visible
swelling result. The length change also stabilizes already after one month
of testing. This is in contrast with the tests on natural aggregates, where
more moderate amounts of sulfates also caused a signi�cant swelling, and
the expansion did not yet reach its maximum point after 7 months.
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Figure 5.3: Swelling tests on mortars with FRA and varying gypsum con-
tents.

With these swelling results in mind, a gypsum content of 5 % by mass of
the aggregate was chosen for other preliminary tests, and for the parameter
variations in Chapter 8.
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Figure 5.4: Swelling tests on mortars with FNA and varying gypsum con-
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6 | Monitoring of mortars and
concrete

6.1 Swelling tests

A digital length comparator is used to measure the length of a mortar or
concrete bar accurately up to 0.001 mm, relative to a reference rod. This
reference rod is made of Invar - an alloy with a uniquely low thermal expan-
sion coe�cient - and does not expand or contract depending on temperature.
The measurement works by �tting the bottom and top anvils of the appara-
tus into studs. These studs were speci�cally cast into the mortar or concrete
during fabrication, by attaching them to the mould and pouring the material
around it (Figure 6.1).

Figure 6.1: To register the length of a mortar or concrete sample with a
length comparator, measuring studs need to be placed into the bars during
fabrication.

This relative length change was measured weekly at early ages, and monthly
when the swelling started to stabilize. To obtain the most accurate results,
the pins are cleaned before performing the measurement, and the result is
always registered when the bar is in the same position (writing in the front
and right side up). Similarly, the Invar reference bar also has a front and top
side. If the start of the hydration reaction is seen as day 0, the �rst length
measurement (after demoulding) is carried out on day 1.
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Figure 6.2: A swelling test on a mortar (4x4x16 cm) and a concrete (7x7x28
cm) bar respectively. The length value, relative to a reference rod, is mea-
sured by �tting the anvils into the measuring studs.

Next to a length change, the swelling reaction can also be recorded by the
relative mass change of a sample. The bars were weighed after dabbing o�
excess water, before the length measurements. While the normal mass gain
of samples submerged in water is about 1 %, for DEF experiments an increase
of up to 5 % has been found [73]. However, di�erent researchers found that
a mass increase only correlates with length change for high swelling amounts
[96].

A test often used to assess the internal damage caused by a swelling re-
action is based on the propagation of ultrasonic waves trough the material
[128, 129]. Two di�erent methods have been used depending on available
techniques, but the principle of the two tests stays the same. The experi-
ments of Chapter 8 made use of the wave velocity (m/s), by measuring the
time it takes for an ultrasonic wave to travel trough the mortar and be reg-
istered by a receiver. Dividing by the traveled distance gives the wavespeed.
In Chapter 7 and 9, the resonance frequency (KHz) of a mortar or concrete
bar is determined by measuring the vibrations caused by the impact of a
hammer (Figure 6.3).

Sulfate attack is known as a slow process and most authors mentioned in
Chapter 1 monitored their samples for a year or more. As can be seen on the
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Figure 6.3: Assessing possible internal damage with 2 methods: the measure
of wave velocity (left) and the measure of resonance frequency (right).

preliminary tests in section 5.3 and 6.2, the reaction for recycled materials
goes noticeably quicker and a testing time of 6 months would be justi�ed.

6.2 Storage

The storage of the mortar and concrete samples after curing was another
point that could in�uence the swelling results. Results found in literature
were often obtained by di�erent storage conditions and sometimes by pro-
tocols trying to accelerate the reaction. Because sulfate attack is a slow
reaction, a testing protocol where the response would be exaggerated and/or
accelerated could be interesting. Three options were considered here, tested
for mortar bars made with the reference FRA contaminated with 5 mass%
of gypsum.

In a �rst procedure the mortar bars are placed in a conditioned chamber
at 100 % humidity. The samples have access to the water needed for the
sulfate attack reaction, but are not in direct contact with it so the sulfates
cannot leach.

A second option would be a storage in water, where there is a possibility
that sulfates are leached into the storage water and the sulfate concentration
of the mix changes. To limit leaching when submerged, mortar bars are
placed in very limited amounts of water, which are not changed during the
testing time. Ion chromatography on samples of this storage water con�rmed
that the loss of sulfates into this solution was small. This procedure is the
one most often found in literature and seems to give elevated swelling results.

The third treatment plan consisted of the drying/wetting cycles proposed
in method n◦66 by the Laboratoire des ponts et chaussées to assess the re-
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activity of concrete towards internal sulfate attack [124]. This method is
designed for the DEF reaction and contains a curing program at high tem-
perature which was not used here, only the wetting/drying cycles they pro-
pose before a storage in water were adopted. These cycles consisted of a
placement in the oven at 38 ◦C for a week, and a submersion in water at
room temperature for a week. This is then repeated once more. The tem-
perature change of these cycles is represented in Figure 6.4, together with
the length of the mortar during this treatment.
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Figure 6.4: The wetting/drying cycles, and the length change of a mortar
with FRA and 5 mass% of gypsum during these cycles.

After these 28 days of drying/wetting, the mortars are placed into water
in the same way as the second procedure, where their length is monitored
for the remainder of the test.

Figure 6.5 summarizes the results of the three tested storage protocols. For
exactly the same mortar compositions, di�erent expansions were found. A
storage in water gave the highest results and - knowing that sulfate leaching
was negligible - was thus used in the experiments in Chapter 7, 8 and 9.
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Figure 6.5: The swelling results of mortars made with FRA and 5 mass% of
gypsum for the three tested storage protocols.
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6.3 Periodic tests

At ages of 7, 28, 90 and 180 days of curing, mortar bars and concrete
cubes are tested in triplicate for various hardened properties.

Compressive strength was universally used by authors to assess the qual-
ity of a mortar or concrete made with RA, and to follow its development
(Chapter 1). The compressive strength was measured according to standard
EN196-1.

On mortars, either the 3-point �exural (EN196-1) or tensile (NBN B15-
211 [130]) strength were also determined. Both tests are based on the yield
stress of the material.

The porosity of the mortars or concretes at these speci�c ages was mea-
sured by Mercury Intrusion Porosity. The porosimeter - a Mecromeritics
Autopore IV - forces mercury into the voids of a 1 cm3 porous substrate,
at increasingly higher pressures ranging from 0 to 200 MPa. The porosity,
pore size distribution, and pore volume can be characterized. This test was
carried out to check whether pores would get �lled up with ettringite over
the course of the reaction.

From Chapter 2, it could be seen how ettringite can manifest in di�erent
microstructural forms: the location (cement paste, cracks, ITZ, pores, ...)
and morphology of ettringite can give useful information about the mecha-
nism of its formation. A microstructural analysis for the mortars in Chapter
8 was carried out at a sample age of 90 days. The samples were prepared
according to routine procedures of embedding and polishing [131] using a
2020 resin from Huntsman and MD System from Struers with water-free di-
amond pastes and lubricants. Images in scanning electron microscopy were
obtained on a Hitachi S-4300/SE-N. These images were coupled with Energy-
dispersive X-ray spectroscopy (EDS) analyses to identify certain minerals or
to map the distribution of sulfur throughout the sample.
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Conclusion

From the literature study, the cement paste content, water absorption,
density and sulfate contamination were proposed as important characteristics
of FRA often hindering their valorization. These properties were determined,
on industrial FRA as well as a reference material. This reference recycled
aggregate was fabricated by crushing a standard concrete. A large variation
in characteristics was found between FRA from di�erent recycling centres,
and even between di�erent FRA batches from the same source. The sulfate
contaminations in industrial sources of FRA were signi�cant and surpassed
the maximum allowable limit of 0.2 %. The reference FRA that was not
contaminated also contained a certain concentration of sulfates, which must
have come from its residual cement content.

Mortar and concrete compositions and mixing procedures were described
in Chapter 5. A gypsum content of 5 %, corresponding to 3.1 % of sulfates,
showed the most visible swelling results, and will be chosen as the standard
value from here on out. An important distinction could be made between
recycled and natural aggregates: mortars made with contaminated natural

aggregates showed more variation in their swelling results, corresponding
to their sulfate content. The swelling reaction also took longer: while the
mortar with recycled aggregates had stabilized after one month, the one with
natural aggregates continued swelling for at least 200 days.

The di�erent characteristics - like length, compressive strength, and mi-
crostructure - that will be used to follow the development of internal sulfate
attack in these samples were de�ned. A storage in water and no use of
heat treatments or accelerated aging protocols was explained and justi�ed
by several validation tests in Chapter 6.
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Part III

Experimental work
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Introduction

After the characterization of the used materials and some preliminary
tests, three experimental campaigns were envisaged. The following chapters
are presented in the form of research articles, written about each of those
three parts. They are supplemented with a short introduction to relate them
to the thesis objectives, and an annex to show some additional results.

The �rst article, Chapter 7, researches the potential valorization of indus-
trial FRA. It has been submitted to Materials.

In Chapter 8, several parameters that could in�uence - either negatively
or positively - the amount of expansion due to internal sulfate attack were
identi�ed. It has been submitted to Construction and Building Materials.

The di�erent proposed sulfate limits, and the parameters that proved to
be relevant in Chapter 8, are tested on concrete in Chapter 9. It has been
submitted to Journal of Building Engineering.
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7 | Valorization of industrial
contaminated FRA

This Chapter researches the valorization potential of FRA. As a starting
point for this research, the �rst important issue was to determine the range of
sulfate contents that are actually contaminating 'real-life' industrial FRA. Do
they regularly surpass the maximum limit of 0.2 %? What is the variability
between recycling plants or even di�erent batches from the same plant?

A second matter was the in�uence of FRA on the properties of cementi-
tious materials. With the contamination levels of FRA known, which amount
of expansion can they cause? Does the incorporation of FRA a�ect other
characteristics of the material?

To answer these questions, the FRA that were collected from recycling
centres, and who were described and characterized in detail in Chapter 4,
were used as a replacement for natural aggregates in mortars. As a compari-
son, mortars were also made with the reference FRA and natural aggregates.
They were contaminated with the same amount of gypsum found in the in-
dustrial samples. To put the swelling results in perspective, one mortar was
made that contained the token amount of 3.1% of sulfates, to show signi�-
cant swelling. The length change and mechanical properties of the mortars
were monitored.

While the industrial samples did show the negative characteristics that are
often associated with FRA, the mortars were not a�ected in a major way.
Most importantly, they did not show an important swelling reaction. This
does not mean that sulfate attack caused by FRA doesn't exist: as proven
by the very contaminated mortar, it just simply needs more sulfates than
assumed by the norm.
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Abstract: Fine recycled aggregates (FRA) (0/4 mm) are up to now not valorized on a high enough level
because of characteristics like an elevated water absorption, higher fines content, and the presence of
contaminations. Leftover gypsum residues from the construction site can cause internal sulfate attack
when FRA are incorporated into new structures. Concern about this deteriorating reaction plays an
important role in the rejection of FRA. In this study, samples of FRA from different recycling centers
were characterized and incorporated into mortars. They were then subjected to swelling tests in order
to evaluate the development of sulfate attack. Reference materials with different amounts of sulfates
were used as a comparison. Results showed a variable sulfate content in industrial FRA, depending
heavily on the source of the materials. In all but one case, the total amounts surpassed the acceptable
sulfate contents specified in the European standard EN 206, meaning the FRA would be rejected for
reuse in concrete. Nevertheless, swelling tests demonstrated that these contamination levels did not
pose a risk for sulfate attack. These results indicated that the incorporation of FRA leads to acceptable
mechanical performances and that the sulfate limit could be reviewed to be less strict.

Keywords: fine recycled aggregates; sulfate attack; construction and demolition waste; secondary
ettringite formation

1. Introduction

The building sector is infamously known as the 40%-industry, using 40% of global energy and
resources, and is responsible for one-third of our greenhouse gas emissions [1]. Nowadays, 1 m3 of
concrete, corresponding to more or less 2 tonnes, is being produced per person per year. The climate
impact of the construction industry can be reduced by 77% by core material separation and its
recycling or reuse [2]. Accounting for approximately 25–30 % of all waste generated, Construction
and Demolition Waste (C&DW) is one of the heaviest and most voluminous waste streams in the EU
and as such has been identified as a priority waste stream by the European Union [3]. C&DW consists
of numerous materials, including concrete, bricks, gypsum, wood, glass, metals, plastic, and excavated
soil [4]. The major fraction of C&DW however is mineral waste, which has a high potential for
recycling and reuse [5]. One of the objectives posed in the Waste Framework Directive (WFD) of
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the European Union (2008/98/EC) is to reuse a minimum of 70% of C&DW by 2020 [6], either by
backfilling as road bases or—the most preferrable high-quality application—reusing them in the form
of Recycled Aggregates (RA). RA are reprocessed from C&DW and can be used in mortar or concrete
as a replacement for natural aggregates (NA) [7,8]. This practice reduces the amount of debris disposed
of in landfills, reduces the rate of natural resource depletion, and provides energy, cost and transport
savings [9]; 1.7 tonnes of these recycled aggregates are produced per person per year in Europe,
waiting to be valorized [10].

The use of coarse recycled aggregates has been shown to produce concrete with acceptable
properties [11–15]. Fine recycled aggregates (FRA), however, have more nefarious characteristics
and their incorporation into a new concrete is up to now generally avoided [16,17]. These properties
include—among others—a higher water absorption [18,19]; a lower density; and the presence of
contaminations from the construction or demolition site such as plaster, bricks, wood, etc. [20,21].
Existing studies often focus on mechanical properties, and research is needed on the durability aspects
of the incorporation of FRA.

Gypsum (CaSO4·2H2O) is used in the construction sector firstly as an addition to Portland cement,
to regulate the setting time of cement and prevent a flash set [22]. Besides that, gypsum is the major
constituent of plaster walls in buildings. Demolished concrete particles contain adherent cement and
plaster, which will lead to a certain sulfate content in recycled aggregates after the crushing process.
The effective sulfate concentration in RA will of course depend on the type of the source concrete
but most stocks of RA in recycling centers are mixed from different sources and demolition sites:
a sulfate contamination is a very realistic concern for RA. Larger concrete and gypsum particles can be
separated from each other based on a difference in color [23] or density [24], but these techniques are
not applicable on the smallest size fractions. Especially in FRA, gypsum is an important contaminant
to be considered: the water-soluble sulfates coming from the gypsum particles strongly limit their
valorization potential [25].

Sulfate attack is a deteriorating process where sulfates dissolve in water and react with aluminate
hydrates in a hardened cement paste to form secondary ettringite. It is assumed that this mineral
exerts a pressure on its surrounding cement paste and thereby causes a volumetric deformation [26].
Macroscopically, the concrete structure will show swelling behavior and the formation of (micro)cracks.
Primary ettringite is a normal hydration product in the cement paste: it is only secondary ettringite,
formed in an already rigid cement matrix, that risks causing a swelling reaction.

A distinction can be made between different types of sulfate attack. External sulfate attack happens
when the sulfates diffuse into the concrete from an aggressive environment [27]. Another reaction
called Delayed Ettringite Formation (DEF) occurs when primary ettringite is destroyed by high curing
temperatures and formed anew in a hardened cement paste. The sulfates in this case come from
cement, an internal source [22,26,28] .

While external sulfate attack and Delayed Ettringite Formation are well researched and
understood, the reaction caused by the presence of gypsum in FRA is not. The gypsum residues
contaminating FRA are another internal source of sulfates and unlike with the DEF reaction, high curing
temperatures are not needed to observe the swelling effect of ettringite formation. The term “secondary
ettringite formation” will be used to distinguish this reaction from DEF.

To keep the risk for secondary ettringite formation at a reasonable level, the current water soluble
sulfate limit in coarse recycled aggregates is established at 0.2% by EN 206 [29], with no specific
mention of FRA. The conclusions of recent durability studies indicate a higher level should be made
possible [30], specifically up to contents of 0.3% [31].

In this study, different sources of FRA were characterized for their sulfate content,
water absorption, and size distribution; this provided information about the variability in
characteristics between industrially available FRA. The materials were then incorporated into mortars.
Swelling tests performed on these mortars indicated whether or not the found contamination levels
did indeed cause a deterioration. Ultimately, these results might provide a better understanding of
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the long term effects of sulfate attack in the context of construction and demolition waste and will
promote the use of these recycled materials in the building sector.

2. Materials and Methods

Six samples of recycled aggregates were collected from recycling centres in Belgium, of which
only the 0/4 mm fraction was characterized and used. They are named “A” to “F”. In total, 3 recycling
plants were sampled: of the six FRA samples, four were from different batches of the same recycling
plant. As a reference sample, a pure FRA was also made in the laboratory by fabricating and crushing a
standard concrete. This sample is called “REF”. The composition of this original concrete was designed
to obtain a consistency class S3 and strength class C30/37, and was made with CEM I and limestone
aggregates. After 90 days of curing, this concrete was crushed by a jaw crusher and the resulting
0/4 mm fraction was used as FRA. The use of this “model” FRA as a reference gave exact control of
the chemical composition of the materials and removed any possible variability or contamination at
the level of the aggregates by chlorides, organics, etc. The results on FRA are compared with those
from a natural limestone aggregate called ’NS’.

2.1. Characterization

All FRA samples were characterized for their size distribution according to EN 933-1 [32].
Only water-soluble sulfates contribute to secondary ettringite formation. The procedure described

in EN 1744-1 [33] for the determination of water-soluble sulfates in recycled aggregates was followed
with two adaptations to the testing protocol. First, an elevated temperature to extract the sulfates was
not used because gypsum exhibits a retrograde solubility [34]. Second, sulfate concentrations were
measured with ion chromatography instead of spectrophotometry, which is an easier, safer, and more
precise analytical technique [35].

Water absorption and particle density of the FRA were determined via the method described
by Zhao et al. [18]. Characterization techniques for natural aggregates, described in EN 1097-6 [36],
consistently underestimate the water absorption of FRA because of the fineness and agglomeration
issues between the particles. The method, designed in response to this difficulty, by IFSTTAR [37]
seems to overestimate the water absorption of FRA, but works well for particles in the 0.5/4 mm range.
Thanks to an excellent correlation between the hardened cement paste content or mass loss at 475 ◦C
and the water absorption, the water absorption of the fines can then be extrapolated. Using the water
absorption of each size fraction (either measured for the coarser particles or calculated for the fines) is
more accurate than using either of the two mentioned experimental methods for the whole 0/4 mm
bulk [38].

2.2. Swelling Tests

The industrial FRA were used in the manufacture of mortars, to monitor their swelling over the
course of 6 months. Three extra mixes were prepared to serve as reference samples:

• Two mixes that will compare the industrial FRA with either a natural aggregate (named “NS”)
and a pure crushed concrete (the reference FRA named “REF”). Both the natural and the
recycled aggregate are manually contaminated with 0.5 mass% of gypsum. This 0.5% of gypsum
corresponds to to 0.29% of sulfates, which reflects the sulfate contents found in industrial FRA.
In the case of FRA, this manual contamination is in addition to the water soluble sulfates already
found during the characterization, bringing its total sulfate content to 0.47%.

• One mix made with the reference FRA and a very high gypsum content of 5 mass%—
corresponding to 2.9% of sulfates—to exaggerate the consequences of sulfate attack. Again,
this manual contamination is in addition to the sulfates already present in this FRA, bringing the
total sulfate content to 3.08%.
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The gypsum used to contaminate the aggregates was a CaSO4·2H2O powder (D50 13 µm)
obtained from VWR Chemicals.

In order to compare only the influence of the different sulfate contents of the sands, other variations
between the different aggregate types were reduced as much as possible:

• To account for their difference in size distribution, all aggregates were recomposed to match the
size distribution of the reference FRA. This adaptation caused a slight change in the total sulfate
content, water absorption, and density. These new values were recalculated.

• To account for their difference in density, a volumetric equivalent of every aggregate was added
to the mortars instead of a mass equivalent, to keep the aggregate envelope volume constant.

• To account for their difference in water absorption, all aggregates were pre-saturated one week
before mixing, with their absorbed water and 10% of the mixing water. This assures the same
amount of effective water in all mixes, proven to be an important factor in the swelling process [39].

The standard procedure described in EN 196-1 [40] for mortar fabrication was followed. A CEM
52.5 N from HOLCIM in Belgium was used for all mortars.

To follow the development of the internal sulfate attack reaction, the mortar specimens were
subjected to different tests. The mass, length [41], and resonance frequency were recorded weekly to
observe features of sulfate attack such as swelling and possible internal cracking. Length measurements
were performed with a digital length comparator, which gives the length of a mortar bar accurately
up to 0.001 mm, relative to an Invar reference rod. At 7, 28, 90, and 180 days the mortars were
characterized mechanically for their flexural and compressive strength [40]. One sample that showed
significant swelling was analyzed with XRD using a Bruker D8 Advance diffractometer according to
the powder diffraction method with a Co Kα1 radiation, sweep from 10◦ to 200◦ 2θ. Every described
test was done for 3 replicate mortars.

3. Results and Discussion

3.1. Characterization

Of the six collected FRA samples, four were from different batches of the same recycling plant.
Because of their small particle sizes, it was not possible to obtain a detailed composition of these
materials. The industrial sources named these samples “mixed aggregates”, indicating that next to
concrete also bricks and other construction materials can be present. Their original characteristics are
shown in Table 1. To obtain FRA samples ready for characterization and subsequent incorporation
into mortars, they were dried at 40 ◦C and sieved to keep the 0/4 mm fraction. From the pictures in
Table 1, a large variability between the different sources can be seen, and contaminations with soil,
brick, wood, plastic, or gypsum particles. Their impurity becomes especially clear when compared to
the pure crushed concrete “REF”.

The particle size distribution of the FRA samples is shown in Figure 1. A very high variability in
characteristics was found between the different industrial sources.

In Figure 2, the water-soluble sulfate content of the FRA is shown for the total 0/4 mm sample
as well as per size fraction. All but one source of FRA surpassed the maximum allowable sulfate
limit of 0.2% specified by EN 206 [29], indicating they would be rejected for use in a new concrete.
The reference FRA, which was a pure uncontaminated crushed concrete, also contained 0.18% of
sulfates, which originated from the leaching of cement particles.

Sulfates are predominantly present in the smaller size fractions, except for sample E and REF.
This is explained by the brittleness of gypsum during the handling process of construction and
demolition waste, and by the increasing presence of cement particles in the finer size fractions [42–44].
The sulfates accumulating to the finer fractions partially explains why—contrary to coarse recycled
aggregates—FRA are not valorized.
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Table 2 summarizes other characterization results. Again, a large difference in characteristics was
noticed, proving the necessity of a thorough characterization of FRA before incorporating them into a
mix. An elevated water absorption is one of the key aspects of recycled aggregates, and these ranged
from 6.1% to 14.6% over the different samples. No apparent correlation was found between this water
absorption and the sulfate content (Figure 2) or the amount of fine particles (Figure 1).

Table 1. The different samples of aggregates and their original size distribution. Pictures shown are
after drying at 40 ◦C and separating of the 0/4 mm fraction. The “model” FRA and natural aggegrate
that were used for reference mortars are also presented.

A B C D
0/4 0/10 0/32 0/20

E F FRA NS
0/90 0/10
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Figure 1. Particle size distribution of the used fine recycled aggregates (FRA).
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Figure 2. Water soluble sulfate content of the FRA in total and per size fraction.

Table 2. Characterization of the used FRA before recomposition and effective values in the mortars
after recomposition.

Water Absorption SSD Particle Density SO4
2− Content

(%) (g/cm3) (%)

Source Original Recomposed Original Recomposed Original Recomposed

A 6.1 7.1 2.14 2.15 0.21 0.19
B 8.9 9.7 2.10 2.00 0.15 0.08
C 11.5 10.6 1.99 1.97 0.36 0.29
D 10.6 8.8 2.00 1.92 0.80 0.62
E 14.6 12.6 1.97 1.92 0.59 0.61
F 13.0 11.8 1.96 1.85 0.30 0.18

REF 9.8 1.95 0.18
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3.2. Swelling Tests

Recomposing all aggregates to obtain a uniform size distribution slightly changed their total
water absorption, density, and sulfate content. The recalculated values of these recomposed aggregates
are shown in Table 2. Taking these values into account, the composition of the mortars was calculated
and shown in Table 3. An amount of added gypsum was then recalculated into the corresponding
amount of sulfates, giving the total water soluble sulfate content for each mortar in the sample name.
These mixes were made in triplicate.

The 6-month swelling behavior of these mortars is shown in Figure 3. Except for “F-0.18%”
which showed a lower expansion, no statistical differences (p < 0.05) were found between the length
changes of the industrial FRA sources and the 2 reference mortars with similar sulfate contents.
More information about statistical differences between the results can be found in Table S1 and
Figure S1 in the Supplementary Information. There was also no correlation between the absolute
swelling amount and the sulfate content of these mortar mixes. It was, however, very clear that sulfates
do indeed cause a swelling reaction—as can be seen from the curve of REF-3.08%, but an exaggerated
contamination level was needed for this result. The sulfates present in the industrial FRA were not
enough to provoke a significant swelling reaction even though they largely surpassed the 0.2% limit.
The length change curve of sample REF-3.08% stabilized after one month, which is a much faster
reaction than seen in literature for other types of sulfate deteriorations like DEF or external sulfate
attack, that often go on over multiple years [28,45–47].

The resonance frequency test is a measure for the internal damage in the mortar sample.
If microcracks were formed, they would manifest as irregularities in their frequency curves, but this
was not the case for these mortars. Even though significant swelling was attained for REF-3.08%, it was
nevertheless not severe enough to cause internal fissuration.

Table 3. Compositions, in g, of the mortars, using the values of the recomposed FRA from Table 2.
The samples are named after the source of their FRA, and the water soluble sulfate content in their mix
expressed as a mass % of the aggregate fraction.

Name Cement Water Aggregate Extra Gypsum
Effective Absorbed (0/4 mm)

A-0.19% 1350 675 79.15 1116.3 0
B-0.08% 1350 675 100.32 1038.5 0
C-0.29% 1350 675 108.22 1022.9 0
D-0.62% 1350 675 87.33 996.9 0
E-0.61% 1350 675 125.71 996.9 0
F-0.18% 1350 675 113.16 960.6 0

REF-0.47% 1350 675 98.52 1007.4 5.1
REF-3.08% 1350 675 94.07 961.9 50.6
NS-0.29% 1350 675 0 1343.2 6.8

The mass of the mortars kept steadily increasing each week, because of ingress of the water in
which they were kept. The mortars made with the reference FRA gained more mass, because of their
irregular shape which captures more air into the mixture than a round aggregate [30,48]. For the
reference FRA specifically, a high air content in mixes with this material was already observed [49].
Industrially fabricated FRA are rounder by nature than laboratory crushed FRA [50], explaining why
their results lie between those of the natural aggregates and the reference FRA.

An XRD analysis on “REF-3.08%” (Figure 4) at different moments shows how ettringite peaks
become more intense with age, corresponding well to the observed swelling results. The biggest
growth for the ettringite peaks is between 7, 28, and 90 days, after which the intensity stabilizes and
even decreases slightly at 180 days.



Materials 2020, 13, 4866 8 of 12

Figure 3. Six-month swelling behavior of the mortar samples, including their length change (a),
resonance frequency change (b), and mass change (c).

Figure 4. XRD analysis of “REF-3.08%” at 7, 28, 90, and 180 days.
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Figure 5 shows the flexural and compressive strength of the mortar samples after 7, 28, 90,
and 180 days. As expected, the mortar with natural aggregates has a better mechanical performance
than those with the reference FRA. The heavily contaminated sample REF-3.08% showed a higher
flexural and compressive strength than REF-0.47%, even though it underwent significant swelling.
The samples with the industrial FRA performed between the natural aggregates and the reference
FRA, confirming their higher quality compared to a pure crushed concrete. This could again be due
to the irregular shape of the REF aggregates: the higher air content in these mixes affected their
mechanical resistance.

Figure 5. Flexural (a) and compressive (b) strength of the mortar samples after 7, 28, 90, and 180 days.

4. Conclusions

Between the three different sampled recycling centers and even between different samples from
the same center, a large variability was found in the FRA they offered. Results showed their water
absorptions ranging from 6.1% to 14.6% and sulfate contents from 0.15% to 0.80%. Both of these
characteristics increased with particle fineness, explaining how small particles sizes can be more
difficult to incorporate than coarser grains.

Pure, uncontaminated, crushed concrete had a sulfate content of 0.18%, showing that sulfates
are not only originating from gypsum but also residual cement particles. Regardless of their source,
all water soluble sulfates can contribute to sulfate attack. Mortars made with this reference recycled
material showed a lower compressive strength than those with industrial FRA. Lots of research done
on the incorporation of FRA in mortars or concrete is done with reference recycled materials, so this
could mean that the quality of industrial FRA is underestimated.

Swelling tests on mortars showed that no harmful swelling occurred when industrial FRA
were incorporated. While internal sulfate attack caused by contaminated FRA is definitely a
relevant deteriorating reaction, exaggerated sulfate amounts were necessary to provoke any swelling.
The sulfate contents found in industrial FRA, while still largely surpassing the 0.2% limit posed in EN
206, did not pose this threat to the mechanical stability of the mortar.

For these reasons, FRA from recycling centers should be considered as a viable material to
incorporate in mortars, provided that the mix design is adapted to account for their lower density and
higher water absorption. Future work should focus on upscaling these tests to concrete, to further
evaluate the established sulfate limit.

Based on these results, the sulfate limit of 0.2% posed in EN 206 could be reconsidered to
be less strict. Mortars made with sulfate contents of up to 0.6% did not show any significant
deteriorating reaction.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/13/21/4866/
s1, Figure S1: Swelling curve corresponding to Figure 3a, shown with error bars, Table S1: T-test results of the
swelling curves. A red color means that samples differed significantly from each other for p < 0.05.
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Annex

The fresh mortars showed a similar slump and density right after mixing
(Table 7.1), except for 'B' and 'F' which were less maniable than the other
aggregates. The determination of their water absorption was however done
via a very good correlation (Section 4.2.2), and their fresh densities were in
line with the other mortars.

Slump (mm) Fresh density (g/cm3)
A-0.19% 27.9 2.14
B-0.08% 14.9 2.05
C-0.29% 24.5 1.98
D-0.62% 31.3 2.07
E-0.61% 27.9 2.10
F-0.18% 16.7 2.07

REF-0.47% 30.5 1.78
REF-3.08% 20.6 1.95
NS-0.29% 29.5 2.27

Table 7.1: Fresh properties of the mortar mixes.

The porosity of the mortar mixes is shown in Figure 7.1. As expected,
the sample with natural aggregates is less porous than those with recycled
aggregates. The porosities of the mortars with FRA were not proportional
to their swelling results. The fact that the mortar with FRA 'A' is a little bit
below the others might be explained by its higher fresh density, approaching
that of the mortar with natural aggregate.
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Figure 7.1: Porosity by mercury intrusion of the mortars made with indus-
trial FRA, 'model' FRA, or natural �ne aggregates.
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8 | Parameters in�uencing the
reaction on model materials

When dealing with contaminated FRA, some expansion can be expected
depending on its sulfate content. This chapter aimed to identify which pa-
rameters of a mix could be adapted to try to limit sulfate attack when
the gypsum content is a given. This way, even heavily contaminated FRA
could be valorized provided that the composition or mixing procedure can
be adapted accordingly.

The literature study in Chapter 2 revealed several factors that can play
a role in the internal sulfate attack mechanism. In this experimental part,
they were analyzed in a qualitative way, which means with exaggerated low
or high values. While varying, all other parameters were kept constant so
the response could be isolated.

In Chapter 5, it was determined that a gypsum contamination of 5 mass%
gave the best visible swelling results. That gypsum content - corresponding
to 3.1 % of sulfates in the reference FRA - was used in these experiments.

Three factors came to light that altered the swelling results of a mortar
with 3.1 % of sulfates signi�cantly. The possibility for thaumasite formation
was the most damaging, and after that the lowering of the W/C ratio. On
the other hand, the swelling caused by a very high sulfate content could be
completely mitigated by increasing the alkalinity of the mix. Surprisingly,
other parameters that were thought to have an in�uence - like the cement
type or the gypsum particle size - did not change the swelling results. These
results were interpreted with the help of microstructure observations, that
showed where and how ettringite was being formed, and how these parame-
ters could have in�uenced the expansion of the mortars.
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� Gypsum residues in fine recycled aggregates can cause internal sulfate attack.
� Limited porosity or thaumasite formation had an aggravating role on the swelling.
� Increased alkalinity or limited sulfate contents inhibited the swelling response.
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a b s t r a c t

Internal sulfate attack can be caused by the gypsum residues present in fine recycled aggregates (FRA). As
opposed to the better known external sulfate attack or Delayed Ettringite Formation (DEF), the sulfates in
this context are provided by a gypsum contamination of the aggregates. Mortars made with contami-
nated FRA were subjected to different conditions, to assess which parameters had an influence on the sul-
fate attack reaction. Their mechanical properties and microstructure are investigated. Results showed
that gypsum content, porosity, temperature and alkalinity influenced the consequences of sulfate attack.
However, the gypsum size distribution and cement type did not.

� 2020 Elsevier Ltd. All rights reserved.

1. Introduction

1.1. Gypsum in fine recycled concrete aggregates

One of the key points within the framework of a sustainable
construction sector is the recycling of its waste products, complet-
ing the life cycle of these materials. Recycled concrete aggregates
(RCA), obtained by the demolition or deconstruction of older con-
crete structures, can be used in a new concrete as a replacement for
natural aggregates [1]. 1.7 tonnes of these RCA are produced per
person per year in Europe, waiting to be valorized [2]. Gypsum
(CaSO4.2H2O) is used in the construction sector firstly as an addi-
tion to Portland cement, to regulate the setting time of concrete
and prevent a flash set [3]. Besides that, gypsum is the major con-
stituent of plaster walls in buildings. RCA, as a consequence, will
contain a certain amount of gypsum. Larger concrete and gypsum

particles can be separated from each other based on a difference
in color [4] or density [5], but these techniques are not applicable
on the smallest size fractions of RCA. In fine recycled aggregates
(FRA), gypsum is an important contaminant to be considered: the
water soluble sulfates coming from the gypsum particles strongly
limit their valorization potential [6].

1.2. Sulfate attack: sources and mechanisms

Sulfate attack is a deteriorating process where sulfates react
with water and aluminate hydrates in a hardened cement paste
to form secondary ettringite. It is assumed that this mineral exerts
a pressure on its surrounding cement paste and causes a volumet-
ric deformation [7]. Macroscopically, the concrete structure will
show swelling behavior and the formation of cracks. Ettringite is
a normal hydration product in the cement paste: its formation only
becomes dangerous when it occurs after setting, in a rigid cement
matrix. Depending on the source of the sulfates responsible for the
reaction, a distinction can be made between an external and an
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internal reaction. To experience external sulfate attack, the struc-
ture is submerged in a sulfate rich environment such as soil or sea-
water. Diffusion mechanics and microcrack propagation from the
surface inwards are determining factors here [8]. Internal sulfate
attack happens when there is a delayed release of sulfates from
the hardened cement matrix. In this sense, an internal source of
sulfates eliminates the diffusion and microcrack necessity of exter-
nal sulfate attack, possibly accelerating the reaction. Delayed
Ettringite Formation (DEF), which occurs when high curing tem-
peratures have destroyed the sulfate hydrates that were initially
formed [7], has been known for some time. The current situation,
where FRA is contaminated with gypsum residues, is a relatively
new problem that has not been studied extensively.

The following aspects of the internal sulfate attack reaction
were selected to be elaborated in this study:

Alkalinity Many authors show the important role of the alkalin-
ity of the interstitial solution, as it interferes with the equilibrium
between the different sulfate phases. A higher alkalinity favors the
existence of monosulfate and the absorption of sulfur on the C-S-H
gel instead of the formation of ettringite [9], so ettringite formation
triggers as pH lowers. Nevertheless, a higher swelling due to ettrin-
gite formation is often found in mixes with a higher alkalinity [9–
13]. While alkalinity speeds up hydration and increases early com-
pressive strength [14], it leads to lower mechanical performances
in a sulfate presence [9,10]. Besides a possible interaction with sul-
fate attack, alkalinity is also a risk factor for the alkali-silica reac-
tion and other durability issues.

Cement type Using a sulfate-resisting cement allows the use of
FRA with a high sulfate content [15]. These types of cement contain
less C3A, one of the reactants needed to form ettringite. Moreover,
fewer gypsum is added to this cement type as a setting retarder,
compensating for the additional sulfate source to which the mix-
ture will be exposed. The SO3/Al2O3 ratio of a cement is an impor-
tant factor regarding its potential to form ettringite [16].

Porosity The most commonly accepted theory about the cause of
expansion is the heterogeneous crystal pressure exerted by the
growing ettringite crystals [7,3,17]. In this sense, a lower porosity
means more confinement and a higher internal pressure. On the
other hand, in the case of external sulfate attack, a lower porosity
would prevent the inwards diffusion of sulfates and thus limit the
swelling potential [18].

Sulfates Before dissolution, sulfates can be associated with dif-
ferent cations. It has been found that the sulfates originating from
Na2SO4 lead to more swelling than those from CaSO4 [9], and that
MgSO4 is even more damaging [19]. This would suggest that a gyp-
sum contamination is less damaging than other types of sulfate
attack that have been researched. However, these are external
sources. The rapid availability of an internal CaSO4 contamination
could make this difference smaller.

Coarser gypsum particles are hypothesized to not feed early
ettringite formation, but react later in an already rigid cement
matrix. To keep the risk on sulfate attack at a reasonable level,
the current water soluble sulfate limit in coarse recycled aggre-
gates is established at 0.2% by EN 206 [20], with no mention of
FRA. At these quantities, sulfates are considered the limiting
reagent in the ettringite formation reaction so any augmentation
would hypothetically lead to more swelling. The conclusions of
recent durability studies indicate a level of 0.3% should be made
possible [21].

Thaumasite formation Next to ettringite, sulfates can also con-
tribute to the formation of the expansive mineral thaumasite.
While damage caused by thaumasite is more severe than that
caused by ettringite, thaumasite formation does not occur as
often [22]. Only at temperatures lower than 10 �C and in the
presence of a carbonate source, is thaumasite favored over ettrin-
gite [23].

1.3. Objectives

In this study, contaminated FRA were used in mortars to
research the damaging effects of sulfates. Each parameter of inter-
est was varied while others were kept constant, to identify the fac-
tors that can worsen or mitigate the sulfate attack results. Knowing
which parameters to manipulate in a mix design with highly con-
taminated FRA will ultimately promote the use of these recycled
aggregates. The results of this study could also contribute to the
ongoing discussion about the sulfate attack reaction mechanism
[24].

2. Materials and methods

2.1. Used materials

FRA were made in the laboratory by fabricating a concrete and
subsequently crushing it. The composition of this original concrete
is given in Table 1, and was designed to obtain a consistency class
S3 and strength class C30/37. After 90 days of curing, this concrete
was crushed by a jaw crusher and the resulting 0/4 mm fraction
was used as FRA in all described tests. The use of this ‘model’
FRA gave exact control of the chemical composition of the materi-
als and removed any possible variability or contamination at the
level of the aggregates by chlorides, organics, etc. This FRA was
then manually contaminated with gypsum to obtain a ‘clean’ mate-
rial where only sulfates could contribute to a deteriorating
reaction.

Fig. 1 and Table 2 summarize the properties of the resulting
FRA. Water absorption and particle density of the FRA were deter-
mined via the method described by Zhao et al. [25]. Characteriza-
tion techniques for natural aggregates, described in EN 1097-6
[26], consistently underestimate the water absorption of FRA
because of the fineness and agglomeration issues between the par-
ticles. The method – designed in response to this difficulty – by
IFSTTAR [27] seems to overestimate the water absorption of FRA
but works well for particles in the 0.5/4 mm range. Thanks to an
very good correlation between the hardened cement paste content
or mass loss at 475 �C and the water absorption, the water absorp-
tion of the fines can then be extrapolated. Using the water absorp-
tion of each size fraction (either measured for the coarser particles
or calculated for the fines) is more accurate than using either of the
two mentioned experimental methods for the whole 0/4 mm bulk
[28]. Even though no gypsum was added to the model concrete,
0.18% of water soluble sulfates were measured via ion chromatog-
raphy, originating from the used cement.

The gypsum used to contaminate this FRA was a CaSO4.2H2O
powder (D50 13 lm) obtained from VWR Chemicals. The sulfates
from this gypsum contamination are added to the 0.18% of water
soluble sulfates already in this FRA, originating from cement parti-
cles. A CEM I 52.5 N cement from HOLCIM was used as the default
cement, in one test replaced by a High Sulfate Resisting (HSR) CEM
I from the same manufacturer. The chemical composition of these
cements is shown in Table 3.

2.2. Mortar fabrication

All mortars were prepared with the FRA described in Section 2.1,
and were contaminated with 5% (by weight of the granular frac-
tion) of gypsum. This gyspum, together with the residual sulfates
in the model FRA, brings the total sulfate content of this mix to
3.08%. 7 days before mixing, the FRA was presaturated with its
absorbed water and 10% of the mixing water. The standard proce-
dure described in EN 196-1 [29] for mortar fabrication was fol-
lowed, where normalized sand was replaced volumetrically by
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FRA: using a particle density of 2.6 g/cm3 for normalized sand and
1.95 g/cm3 for the FRA, the aggregate envelope volume was kept
constant. After a cure of 24 h, the mortars were kept in water at
21 �C. These described compositions or conditions were then var-
ied accordingly, depending on the parameter that was tested.

2.3. Tested parameters

The following parameters were hypothesized to have an effect
on the internal sulfate attack reaction. The influence of each one
was tested with an exaggerated high (+1) and a low (�1) level,
and in one case also an intermediate (0) level. Table 4 summarizes
these levels and how each of them was obtained by adapting the
standard mortar composition. Table 5 shows the compositions in
more detail. To isolate the response of only one parameter, each

series of replicates is kept in its own container, so as not to be
influenced by the leaching water of another [30]. While one factor
is being researched, all other parameters are kept as described in
Section 2.2.

Alkalinity The lower level of this parameter is the normal alka-
linity present in the used cement. The higher level is double this
amount, achieved by adding NaOH to the mixing water.

Cement type To test the influence of the available C3A, a HSR
cement was used. A small difference in alkalinity between the
HSR cement and the CEM I was mitigated by adding NaOH to the
mixing water, bringing the Na2O Eq. of both cements on the same
level.

Gypsum grain size The same fine gypsum powder used in the
other samples, was hardened and subsequently crushed to obtain
particles in the 2/4 mm range. These two size distributions – the
powder or the coarser particles – are used to contaminate the FRA.

Porosity To research the influence of the available porosity, the
water to cement ratio (W/C) was varied.

Sulfate content A sulfate amount, one order of magnitude smal-
ler than in the other mortars, was used to demonstrate the impor-
tance of this parameter.

Table 1
Composition, in kg, of the original concrete.

CEM I 52.5 N Water Limestone aggregates (mm) Superplasticizer
0/4 2/7 7/14 14/20

350 175 216 658 436 612 0.4%

Fig. 1. Size distribution 0–4 mm of the used FRA.

Table 2
Characterization of the used FRA.

Water absorption Particle density SO4
2� content

9.78% 1.95 g/cm3 0.18%

Table 3
Chemical composition (mass%) of the used cement types.

Chemical CEM I 52.5 N CEM I HSR

CaO 64.3 64.6
SiO2 18.3 21.4
Al2O3 5.2 3.7
Fe2O3 4.0 4.6
MgO 1.4 0.8
Na2O 0.32 0.27
K2O 0.43 0.40
SO3 3.5 2.5
Cl� 0.06 0.06

LOI 2.3 1.3

C3A 6.6 2.4
C4AF 12 14
C3S 61.9 68.8
C2S 11.2 9.4

Table 4
Summary of how the mortar composition was changed to obtain the levels of the
different parameters.

Factor Level

Alkalinity (A) �1 0.61% Na2O Eq.
+1 1.2% Na2O Eq.

C3A content (C) �1 2.4% (CEM I HSR)
+1 6.6% (CEM I)

Gypsum grain size (G) �1 Powder (D50 13 lm)
+1 2/4 mm distribution

Porosity (P) �1 W/C 0.35
0 W/C 0.5
+1 W/C 0.65

Sulfate content (S) �1 0.47% of water soluble sulfates
+1 3.08% of water soluble sulfates

Temperature (T) �1 5 �C and a carbonate addition
+1 21 �C
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Thaumasite formation These mortars were kept in water at 5�C
to promote thaumasite formation over ettringite. For thaumasite
formation, a source of carbonates is necessary besides C3A, sulfates
and water. 20% by mass of CEM I was therefore replaced with a
limestone filler. Here again, NaOH was added so the alkalinity of
the mix resembled the others.

2.4. Monitoring of the reaction

To follow the development of the internal sulfate attack reac-
tion, the mortar specimens were subjected to different tests. On
a macroscopic level, the mass, length and ultrasonic wavespeed
were recorded weekly to observe features of sulfate attack such
as swelling and possible internal cracking. At 7, 28, 90 and 180 days
the mortars were characterized mechanically for their compressive
strength [29] and porosity by Mercury Intrusion Porosimetry.
Every described test was done for 3 replicate mortars. A
microstructural analysis for the samples at 90 days was carried
out to examine the pore structure and ettringite deposits, to com-
plement the swelling results and provide grounds for their inter-
pretation. The samples were prepared according to routine
procedures of embedding and polishing [31] using a 2020 resin
from Huntsman and MD System from Struers with water-free dia-
mond pastes and lubricants. Images in scanning electron micro-
scopy were obtained on a Hitachi S-4300/SE-N and coupled with
EDS analyses.

3. Results and discussion

In Fig. 2, the length change of the mortars is shown. Standard
deviations are not shown on these figures to improve their read-
ability, but are taken into account when performing an unpaired
t-test to check whether the swelling results differ from each other
statistically.

According to Table 6, C-1, G+1 and P+1 are similar to the stan-
dard mix where all parameters have their normal value. Four other
samples deviate from this trend: P-1 and T-1 had a larger expan-
sion, A+1 and S-1 had a lower expansion. Next to their length,
the mechanical properties that were monitored are presented in
Fig. 3. The compressive strength of all samples kept steadily
increasing over time but did not seem to have any correlation to
the corresponding swelling amounts. The samples that showed a
high or low swelling did not have a low or high compressive
strength, respectively. There was a large variation of the measured
strengths between 25 and 40 MPa, the parameters that did not
influence the swelling amount did influence the compressive
strength. There was less variation between the samples in terms
of porosity, only the sample with a limited W/C ratio had a distinct
lower porosity. The macroscopic differences between the parame-
ters are interpreted together with microstructural observations.

3.1. General case

The four curves on Fig. 2 that stay together between the 0.06%
and 0.08% marks, show that increasing the porosity, using larger

Table 5
The compositions, in kg, of the different mortar samples. The changes between a mix and its reference composition is placed in bold. For the C-1 samples, the difference is in the
type of cement, for the G+1 samples the size of the gypsum particles. Since the gypsum contamination is expressed as a mass% of the aggregate part, a lower gypsum content in S-1
means more FRA and thus also more absorbed water.

Name Cement FRA Absorbed Mixing Gypsum Extra
water water

A-1, C+1, G-1, P0, S+1, T+1 1.35 0.96 0.094 0.675 0.05
A+1 1.35 0.96 0.094 0.675 0.05 10.30 g NaOH
C-1 1.35 0.96 0.094 0.675 0.05 1.2 g NaOH
G+1 1.35 0.96 0.094 0.675 0.05
P-1 1.35 0.96 0.094 0.473 0.05
P+1 1.35 0.96 0.094 0.878 0.05
S-1 1.35 1.005 0.098 0.675 0.005
T-1 1.08 0.96 0.094 0.675 0.05 270 g limestone filler,

2.1 g NaOH

Fig. 2. 6 month swelling behavior of the mortar samples in function of the tested parameters.
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gypsum grains, or limiting the available C3A did not influence the
amount of swelling. SEM results confirmed that the morphology
of these samples was very similar. Fig. 4 is a typical image found
with recycled materials: the recycled aggregate is a cluster of nat-
ural aggregates in the original cement paste. The new cement
paste, surrounding the recycled aggregates, had a notably higher
air content, which has been observed before by Bouarroudj et al.
[32] for the same material. This air content can be explained by

the surface roughness of the recycled aggregates [33], which cap-
tures more air into the mixture than a round (natural) aggregate.
Next to that, the difference in surface free energy between the
new cement paste and the recycled aggregates could also have
played a role in this elevated air content [34]. Fig. 5 illustrates
how ettringite deposits in these samples were mainly found in
pores or air bubbles, which sometimes also resulted in cracks in
the surrounding paste.

Table 6
Unpaired t-test to evaluate if there is a significant difference between the samples and their reference mix, shows that 3 parameters did not change the swelling results (C-1, P+1
and G+1), and 4 did (T-1, P-1, S-1, A+1).

Name Length Stdev Sample Difference
(180 days) (180 days) size for p > 0.05

A-1, C+1, G-1, P0, S+1, T+1 0.0675 0.007 3
A+1 0.017 0.002 3 yes
C-1 0.081 0.005 3 no
G+1 0.060 0.002 3 no
P-1 0.113 0.004 3 yes
P+1 0.063 0.004 3 no
S-1 0.037 0.010 3 yes
T-1 0.137 0.004 3 yes

Fig. 3. Compressive strength and porosity of the samples at 7, 28, 90 and 180 days.
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3.2. Alkalinity

Sample A+1 with an increased alkalinity did not show any evi-
dence of cracks. Air bubbles were often filled with ettringite, but
not in a way that caused damage. Instead, a high percentage of
them showed the presence of a piece of calcite or portlandite in
their center, with ettringite crystals growing outwards of this cen-
ter and not inwards from the cement paste. This is demonstrated in
Fig. 6. Calcite has been described as a nucleation center for very
fast ettringite growth at high alkalinity [35,36]. The kinetics of this
reaction explain the lack of available sulfates to cause damage in a
cured cement matrix. A higher alkalinity has also been observed by
Juenger et al. [14] to increase the initial rate of hydration and cause
a higher early compressive strength, which has been confirmed in
Fig. 3. However, the swelling and compressive strength results
obtained in these experiments contradicted the findings of numer-
ous authors described in Section 1.2. This could be due to the cho-
sen experimental setup: the high alkali values in this study were
obtained by adding NaOH, which is immediately available. Alkali’s
coming from the adherent cement paste of FRA would take more
time to leach into the interstitial solution. The rapid initial hydra-
tion in this sample prevented the higher swelling that is normally
provoked by the alkalinity of FRA.

Fig. 4. Contrast between a recycled aggregate and the new cement paste with a
high air content.

Fig. 5. Ettringite was found in pores and air bubbles, which exerted a pressure and
cracked the surrounding cement paste.

Fig. 6. A piece of calcite promoted the formation of ettringite at high alkalinity at an
early age.

Fig. 7. Comparison of the cement paste density between P-1, P0, and P+1.
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3.3. Porosity

While increasing the W/C ratio did not have an effect on the
reaction, lowering it raised the swelling amount. Fig. 3 shows a dis-
tinctly lower porosity for sample P-1, but not an equally large dif-
ference between P0 and P+1. In Fig. 7, these findings are confirmed
by showing a similar morphology for P0 and P+1, but a significantly
denser matrix for P-1. No superplasticizer was added to counteract
a loss in workability due to the lowerW/C. The microstructure of P-
1 also showed the presence of more unreacted cement particles.
The P-1 samples displayed many cracks throughout which were
filled with ettringite crystals, as illustrated in Fig. 8. A high swelling
level would seemingly be a good indicator for internal damage.

3.4. Sulfates

The S-1 samples contained only 0.28% of water soluble sulfates,
which is still well above the maximum allowable limit in recycled
aggregates [20]. Still, no significant damage occured, as shown by
its swelling behavior in Fig. 2 and microstructure in Fig. 9. The long
term compressive strength of these samples, shown in Fig. 3, was
lower than those with higher sulfate contaminations, but only
because it did not increase after the first month of aging.

3.5. Temperature

The samples kept at lower temperatures showed an important
amount of swelling compared to the other mixes, but the reaction
seems slower and did not reach a stabilization point yet after

6 months. Compressive strength, shown in Fig. 3, was much lower
compared to the other samples, which is due to the limited amount
of cement in this mix. Fig. 10 shows the internal damage in these
samples, while EDS confirmed that pores, air bubbles or cracks
are filled with an ettringite/thaumasite mixture.

4. Conclusion

The water soluble sulfates in FRA are responsible for a deterio-
ration when they react with C3A and water in a new cementitious
mix. These sulfates could originate from gypsum residues at the
demolition site, but also from cement particles in otherwise ‘un-
contaminated’ FRA. The severity of this deteriorating reaction is
determined by other factors: some can limit the swelling potential,
others enhance it. Six parameters were chosen to research and
their influence on the sulfate attack reaction has been identified.
The use of a model FRAmanually contaminated with gypsummade
it possible to isolate the responses of only one parameter at a time,
without interference of other variabilities or contaminations.

Limiting the C3A content, using coarse gypsum particles, or aug-
menting the W/C ratio did not significantly change the swelling
results. The formation of thaumasite or limiting the available
porosity lead to a larger expansion. On the other hand, increasing
the alkalinity of the mix or using a lower sulfate content seemed
to limit the swelling results. This indicates that the maximum sul-
fate content established in EN206 may be too strict, which is in line
with the findings of the PN RecyBéton [21] and their subsequent
proposal to set this limit at 0.3%. Unrelated to their influence on
the swelling amount, the variation of these parameters also chan-
ged the compressive strength of the mortars.

In general, the use of FRA in mortars led to a high air content,
which was responsible for a lower compressive strength when
compared to the compressive strength of a standard mortar with
natural aggregates. This air content was explained by the surface
roughness of recycled aggregates.

These results provide industrials with helpful information for
mix designs with high sulfate contents. This could in turn help pro-
mote the use of contaminated FRA, which are up to now not
valorized.

Future work should focus on upscaling these tests to concrete,
and/or research a possible interaction between the parameters.
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Annex

The fresh mortars showed a similar slump and density right after mixing
(Table 8.1), except for the mix with a limited W/C ratio ('P-1'): its slump
was notably lower because no superplasti�er was used.

Slump (mm) Fresh density (g/cm3)
A-1, C+1, G-1,
P0, S+1, T+1

20.6 1.95

A+1 18.2 2.03
C-1 30.3 1.93
G+1 28.3 1.91
P-1 3.0 1.95
P+1 31.4 1.90
S-1 29.3 1.82
T-1 29.2 2.03

Table 8.1: Fresh properties of the mortar mixes.

Next to the length change, the mass and wavespeed was recorded weekly
too. These results are shown in Figure 8.1 and 8.2. No important drops or
peaks could be distinguished here, and the mass or wavespeed of a sample did
not seem to correlate with its swelling potential (Figure 2 in the publication).
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Figure 8.1: Mass change of the mortar samples.
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Figure 8.2: Wavespeed change of the mortar samples.

The tensile strength of the mortars was recorded at the same ages as their
compressive strength or porosity, and is shown in Figure 8.3. This tensile
strength is measured by attaching the samples with an epoxy glue to an
apparatus that is subsequently pulled apart by the press. At 180 days of age
(and for 'G+1' and 'P-1' at 90 days also), this glue was not strong enough
and the samples broke o� at this glue interface. As a consequence, these
results will not represent the actual tensile strength of the sample and aren't
shown. In general, the results from 7, 28 and 90 days were similar as the
trends seen for their compressive strength.

Some more microstructure observations are presented below. In Figure
8.4, a general photo series is shown of the transition between the new and
old paste and a close-up of those two. The new paste, which contained
gypsum from the start of mixing, is signi�cantly more rich in ettringite and
has a di�erent morphology. Sulfur mapping shows that ettringite is spread
somewhat evenly throughout the new paste, so massive deposits are harder
to detect analytically.

The phenomenon where a piece of calcite acted as a nucleation center
for ettringite growth at high alkalinities was found throughout the 'A+1'
sample. More examples are shown in Figure 8.5.
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Figure 8.3: Tensile strength of the mortars at 7, 28, 90 and 180 days.

The SEM images in Figure 8.6 show how cracks were not always �lled
with ettringite. In these cases, the pressure of the cement paste (which
was uniformly �lled with ettringite as shown before) caused the �ssurations,
sometimes around or through existing air bubbles.

The question could be posed if the ettringite found inside cracks (Figure
8.7) was the cause of the �ssuration, or rather a consequence. If ettringite
would have formed in pre-existing cracks, the unrestricted formation would
create needle-like crystals perpendicular to the crack surface. The crystals
in these images were however too small to make out their orientation. The
most probable situation would be a mix of both, as (yet) un�lled cracks were
observed together with �lled ones - which are a classic example of sulfate
attack pathology.

Next to a reduced porosity, the limited W/C ratio in the 'P-1' sample
had the consequence that more unhydrated cement particles could be found
(Figure 8.8).
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Figure 8.4: The transition between the new and old cement paste.
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Figure 8.5: More examples of a pore with calcite piece in the center of the
ettringite crystals, from the 'A+1' sample.
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Figure 8.6: Examples of cracks in the 'P+1' sample that were caused by
pressure from the cement paste, not by ettringite deposits in pores or air
bubbles.
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Figure 8.7: Examples of cracks �lled with ettringite found in the 'P-1' sample.
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Figure 8.8: Unhydrated cement particles in the 'P-1' sample.
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9 | Evaluation of the sulfate limit
on concrete

While the study on the incorporation of FRA and the in�uence of mix
parameters was done on mortars, the question could now be posed if the
conclusions taken in Chapter 7 and 8 remain true on concrete. Is the expan-
sion in function of certain contamination levels the same on mortars as on
concrete? If not, how does this translate to the sulfate limit?

As a �ne aggregates in all these mixes, the reference FRA was used. Coarse
recycled aggregates, obtained from the same source concrete as the reference
FRA, were used in one series but all other experiments were done with
coarse natural aggregates. This choice was made because after all, the goal
was to valorize contaminated �ne recycled aggregates, and not research the
incorporation of coarse recycled aggregates. In the same mindset, the sulfate
contents were always expressed as a mass% of the FRA and not the total
aggregate mass.

In the line of Chapter 7 and the valorization of FRA, di�erent sulfate
contents were researched to evaluate the sulfate limit from EN206 (0.2 %)
and the one proposed in the national project RecyBeton (0.3 %). Following
the identi�cation of the parameters in Chapter 8, a limited porosity was used
to see if an acceptable contamination could still surpass a swelling limit. An
increased alkalinity was tested to see if the expansion caused by unacceptable
sulfate contents could be mitigated.

The results showed, just like with mortars, that a mix with FRA either
did or didn't swell: there was no middle ground proportional to sulfate con-
centrations. The level at which the swelling reaction started was however
slightly di�erent. For a concrete made with �ne as well as coarse recycled
aggregates, this was between 0.3 and 0.8 mass% of FRA. A concrete with
coarse natural aggregates could handle more sulfates: between 0.8 and 3.1
%. The explanation for this di�erence was found in the pore size distribu-
tion. It seemed that a lower W/C ratio could only a�ect the expansion of
materials that were already undergoing a swelling reaction (cfr Chapter 8):
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the concrete with 0.2 % of sulfates did not swell more because of a limited
porosity. An increased alkalinity caused an important increase in compres-
sive strength, more than seen on mortars in Chapter 8.
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cUniv Orléans, Univ Tours, INSA CVL, LaMé, EA 7494, France

Abstract

Recycled aggregates, and especially the fine (0/4 mm) fraction, are often con-

taminated with sulfates coming from gypsum residues on the demolition site.

When these aggregates are used in concrete, the sulfates can induce internal

sulfate attack which causes the expansion of concrete. Standard EN206 sets the

water soluble sulfate limit at 0.2 % by weight of the aggregate but other studies

suggest this limit could be safely increased. In addition to the sulfate content,

other parameters like the porosity and alkalinity of a mix have been seen to

influence the swelling results. In this study, the different proposed sulfate lim-

its are evaluated on concrete made with 100 % fine recycled aggregates. It is

also researched whether mixing parameters could change the swelling amount

regardless of sulfate content. The results showed that the incorporation of fine

recycled aggregates with sulfate contents up to 0.8 mass% is safe when com-

bined with coarse natural aggregates. If coarse recycled aggregates are used,

the sulfate content of fine recycled aggregates could reach up to 0.3 %. The

swelling caused by these sulfate levels was not high enough to be influenced by

porosity or alkalinity.
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ettringite formation, expansion, contaminated aggregates

1. Introduction

The construction industry is one of the most energy and resource consum-

ing sectors in the world and produces an enormous amount of construction and

demolition waste (C&DW) [1]. This C&DW consists mostly of crushed con-

crete [2] and the challenge exists in valorizing this waste stream. C&DW can5

be reprocessed into recycled aggregates, that can be used inside a new concrete

structure as a replacement for natural aggregates [3, 4]. Using recycled aggre-

gates is a practice that decreases the environmental impact of the construction

sector by reducing the need for landfills, aggregate extraction and transport

[5]. 1.7 tonnes of these recycled aggregates are produced per person per year in10

Europe, waiting to be valorized [6].

While coarse recycled aggregates (CRA) are already used in various applica-

tions without important losses in properties [7, 8, 9, 10, 11, 12], the incorporation

of fine recycled aggregates (FRA) faces some problems.

FRA are variably defined by different authors as particles below 4, 4.8 or 515

mm. Typically, they are seen as the less valorizable fraction of the processed

C&DW [13]. FRA are a byproduct of the crushing and not made on purpose

[14], but nevertheless make up 50 % of the C&DW weight [15]. The negative

properties of RA become worse with a smaller particle size: more adherent mor-

tar, higher water absorption [16, 17], more contaminations [18]. Properties like20

water absorption become more difficult to measure with fineness, which makes

special techniques necessary. Where coarse RA can be processed to remove

some adherent mortar or impurities, this is not possible for FRA. FRA vary

even more in their characteristics - due to heterogeneity - than seen for coarse

particles [19]. These characteristics are cited among the reasons why FRA are25

up to now not valorized [20, 21].

While some authors measure a decline in compressive strength after the

incorporation of FRA (like with coarse RA) [22], others note an increase. In
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those cases, it is assumed that the high fines content acts as a filler, increasing

the compacity of the mix and its mechanical performance [23]. The high cement30

content in FRA could also ensure a better bond [18]. Another reason why

some authors find an increase in compressive strength, is because they failed to

compensate for the extra water demand of the aggregates, thereby effectively

lowering the W/C ratio of their mix.

Gypsum (CaSO4.2H2O) is often found as a contamination in recycled aggre-35

gates, which could have originated from different sources. The demolition of a

building will cause gypsum residues - coming from plaster and drywall - to end

up in FRA. Gypsum is also used as an addition to Portland cement, to regulate

its setting time and prevent a flash set [24]. These gypsum residues are more

problematic for the finer size fractions of recycled aggregates, because larger40

concrete and gypsum particles can still be separated from each other based on

a difference in color [25] or density [26], and because the FRA contain a high

residual cement content [27, 28, 29]. There is a clear variability between dif-

ferent recycling centers: in industrial FRA samples, values of 0.03-0.25% [30],

0.15-0.8% [31] and up to 1.52% [32] of sulfates have been found in different45

studies. The valorization of FRA is strongly limited by contaminations with

water soluble sulfates [33], because they can induce internal sulfate attack.

Sulfate attack is a deteriorating process for concrete where sulfates react

with water and aluminates from cement to form ettringite [34, 35]. Primary

ettringite is a normal hydration product in the cement paste: it is only secondary50

ettringite, formed in an already rigid cement matrix, that risks deteriorating the

concrete [36]. Ettringite is an expansive mineral, and will exert a pressure on

its surrounding cement paste [37, 38, 39]. The volumetric deformation caused

by this reaction can in its turn induce (micro)cracking [24] and a general loss

in mechanical performances. Macroscopically, the swelling of concrete can be55

measured as an indication of internal sulfate attack.

A distinction can be made between different types of sulfate attack. External

sulfate attack happens when the sulfates diffuse into the concrete from an ag-

gressive environment [39]. Another reaction called Delayed Ettringite Formation
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(DEF) occurs when primary ettringite is destroyed by high curing temperatures,60

and formed anew in a hardened cement paste. The sulfates in this case come

from cement, an internal source.

While external sulfate attack and Delayed Ettringite Formation are known

reations, but the context where swelling is caused by the presence of gypsum in

FRA is not well researched. The gypsum residues contaminating FRA are an-65

other internal source of sulfates and unlike with the DEF reaction, high curing

temperatures are not needed to observe the swelling effect of ettringite forma-

tion. The term ’secondary ettringite formation’ will be used to distinguish this

reaction from DEF.

To keep the risk for secondary ettringite formation at a reasonable level, the70

current water soluble sulfate limit in coarse recycled aggregates is established

at 0.2% by EN206 [40], with no specific mention of FRA. The conclusions of

recent durability studies indicate a higher level should be made possible [41],

specifically up to contents of 0.3% [42].

Research on mortar samples made with FRA and an elevated sulfate con-75

centration of 3% showed that several mixing parameters could influence the

swelling results without changing the contamination level itself. Two notable

parameters were discovered: a limited porosity enhanced the total expansion,

and an increased alkalinity inhibited it [43]. The most commonly accepted the-

ory about the cause of expansion is the heterogeneous crystal pressure exerted80

by the growing ettringite crystals. In this sense, a lower porosity means more

confinement and a higher internal pressure. The alkalinity of the interstitial

solution interferes with the equilibrium between the different sulfate phases. A

higher alkalinity favors the existence of monosulfate and the absorption of sul-

fur on the C-S-H gel instead of the formation of ettringite [44], so ettringite85

formation will trigger as pH lowers. Next to a decrease in swelling results, a

higher mechanical performance was found too: alkalinity speeds up hydration

and increases early compressive strength [45].

In this study, the effect of sulfate concentration of FRA on the swelling

reaction has been analyzed to evaluate different (proposed) sulfate limits. Next,90
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the relevant parameters that could influence the swelling results are studied:

can an allowed sulfate content still cause swelling because of a limited porosity,

and can an increased alkalinity mitigate the swelling caused by an otherwise

rejected sulfate content?

2. Materials and methods95

2.1. Used materials

Recycled aggregates were produced in the laboratory by fabricating a stan-

dard concrete and subsequently crushing it. The use of ’model’ recycled ag-

gregates gave exact control of the chemical composition of the materials and

removed any possible variability or contamination at the level of the aggregates100

by chlorides, organics, etc. The composition of this original concrete is given

in Table 1: it was designed to obtain a consistency class S3 and strength class

C30/37.

After 90 days of curing at 100 % humidity, this concrete was crushed by a

jaw crusher with a jaw opening of 8 cm and divided in two groups: fine recycled105

aggregates (FRA) of 0/4 mm, and coarse recycled aggregates (CRA) of 4/16

mm. Their size distributions are shown in Figure 1.

While all concrete formulations contained fine recycled aggregates, the used

coarse aggregates were either the CRA or natural limestone aggregates (CNA).

These CNA were recomposed to have the same size distribution as CRA, so they110

resemble the model material. The properties of these 3 aggregate types - FRA,

CRA and CNA - are shown in Table 2. The water soluble sulfate content was

determined via leaching and analysis with ion chromatography [46]. The water

CEM I 52.5 N Water Limestone aggregates (mm) Superplasticizer

0/4 2/7 7/14 14/20

350 175 216 658 436 612 0.4%

Table 1: Composition, in kg, of the original concrete
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Figure 1: Size distribution of the used recycled aggregates.

Water absorption Particle density SO4
2- content

(%) g/cm3 (%)

FRA (0/4 mm) 9.78 1.95 0.18

CRA (4/16 mm) 3.12 2.38 0.05

CNA (4/16 mm) 1.4 2.77 0

Table 2: Properties of the used aggregates.

absorption and density of recycled materials was measured with the method

described by Zhao et al. [16].115

Depending on the concrete formulation, the 0/4 mm fraction of the recycled

aggregates was manually contaminated with gypsum - a CaSO4.2H2O powder

(D50 13 µm) obtained from VWR Chemicals. This gypsum was added and

mixed through the aggregates right before the concrete mixing. A CEM I 52.5

N cement from HOLCIM was used; its chemical composition is shown in Table120

3. To reach the desired slump, the ViskoCrete superplastifier from Sika was

added to the concrete during mixing.
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Chemical CEM I 52.5 N

CaO 64.3

SiO2 18.3

Al2O3 5.2

Fe2O3 4.0

MgO 1.4

Na2O 0.32

K2O 0.43

SO3 3.5

Cl- 0.06

LOI 2.3

C3A 6.6

C4AF 12

C3S 61.9

C2S 11.2

Table 3: Chemical composition (mass%) of the cement.
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2.2. Concrete fabrication

Following previous research, 4 series of experiments were envisaged:

� The sulfate limit was evaluated on concrete with FRA and CRA. Different125

amounts of gypsum contaminations in the FRA were used.

� These same gypsum contaminations were tested on concrete with FRA

and CNA.

� A limited porosity, which was found to be an aggravating parameter, was

tested on a concrete that contained the maximum sulfate limit according130

to EN206.

� An increased alkalinity, which was found to limit the swelling amount, was

tested on a concrete with a sulfate content that is normally not accepted.

The nomenclature of the mixes is as follows: [natural or recycled coarse aggre-

gate] - [W/C ratio] - [sulfate content as a mass% of FRA] (-[added alkalinity]).135

The design of the concretes was done with the Dreux-Gorisse method: the

resulting compositions are given in Table 4. This method specifies the volume

fraction of aggregates in the mix. Because this aggregate envelope volume was

kept constant, the weights of CRA and CNA depended on their density. To

compensate for the elevated water absorption of recycled aggregates, they were140

presaturated with their absorbed water and 15% of the mixing water, one week

before mixing. Presaturating recycled aggregates has been shown to improve

the maniability of a mix [47].

The mixing protocol is given in Table 5. The presaturated aggregates were

placed in the mixer with gypsum after which the water, cement and superplas-145

tifier were added. The superplastifier was added progressively and the slump

of the concrete was checked with the help of an Abrams cone according to EN

12350-8, until a value of 10 to 15 cm was obtained. The fresh properties of

the concrete mixes are shown in Table 6. 7x7x28 cm bars with measuring pins

were cast for weekly swelling tests, and 15x15x15 cm cubes for the periodic150

mechanical measurements.
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Name FRA CRA CNA Cement Water Superplast. Gypsum NaOH

R-0.5-3.1 15.2 28.2 0 10.5 7.62 0.0355 0.785

R-0.5-0.8 15.8 28.2 0 10.5 7.68 0.0317 0.148

R-0.5-0.3 16.0 28.2 0 10.5 7.69 0.0207 0.033

R-0.5-0.2 16.0 28.2 0 10.5 7.69 0.0216 0.005

N-0.5-3.1 15.2 0 32.8 10.5 7.20 0.0355 0.806

N-0.5-0.8 15.8 0 32.8 10.5 7.26 0.0236 0.171

N-0.5-0.3 16.0 0 32.8 10.5 7.27 0.0456 0.033

N-0.5-0.2 16.0 0 32.8 10.5 7.27 0.0121 0.005

N-0.35-0.2 16.0 0 32.8 10.5 5.70 0.1104 0.005

N-0.5-0.3-A 16.0 0 32.8 10.5 7.27 0.0431 0.033 0.0224

Table 4: Compositions, in kg, of the concrete mixes.

Action Time Total time

Add aggregates (0/16 mm), mix 30” 30”

Add half of the mixing water, mix 2’ 2’30”

Rest 2’ 4’30”

Add cement, mix 30” 5’

Add second half of mixing water and superplastifier, mix 1’30 6’30”

Table 5: Concrete mixing procedure in function of mixer speed.
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Name Slump (cm) Density (g/cm3)

R-0.5-3.1 12 1.894

R-0.5-0.8 14.5 2.066

R-0.5-0.3 10.5 1.958

R-0.5-0.2 14.5 1.726

N-0.5-3.1 11 2.335

N-0.5-0.8 11 2.007

N-0.5-0.3 11.5 1.918

N-0.5-0.2 11.5 1.948

N-0.35-0.2 15 2.079

N-0.5-0.3-A 15 2.075

Table 6: Fresh properties of the concrete mixes.
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2.3. Monitoring of the reaction

To follow the development of the internal sulfate attack reaction, the concrete

specimens were subjected to different tests. The length change of the concrete

bars was recorded weekly with a digital length comparator, in reference to an155

Invar bar. At 7, 28, 90 and 180 days the concrete samples were characterized

mechanically for their compressive strength according to EN 12390-3 [48] with

an INSTRON press. Every described test was done for 3 replicates.

3. Results and discussion

In a first series of experiments, the sulfate limits were evaluated. Standard160

EN206 sets this limit at 0.2 %, while the French national project RecyBéton

proposes to increase this to 0.3 %. Two other high sulfate contents, 0.8 % and

3.1 % were tested too.

In Figure 2 the swelling results of the concretes made with FRA and CRA

can be seen, and in Figure 3 the results for concrete made with FRA and CNA.165

For the ”R” series made with recycled aggregates, two groups of results can

be noticed: those with elevated sulfate contents indeed showed an important

swelling, but the mixes with 0.2 and 0.3 % of sulfates did not swell significantly.

This indicates that the proposed increase to 0.3 % is feasible. While no dif-

ference in swelling results could be seen between 0.2 and 0.3 % of sulfates, the170

compressive strength did show a difference. The concretes with the lowest and

highest amount of sulfates performed worse than those with intermediate lev-

els. It seemed that adding a little gypsum improved the compressive strength,

but that 3.1 % was already too much to have a beneficial effect on compressive

strength. The fresh density of these concretes was lower which could also have175

played a role in their diminished compressive strength.

For the ”N” concretes which contained CNA in addition to FRA, the mix

with 0.8 % of sulfates also showed an acceptable expansion together with the

two lower contamination levels. This means that depending on the concrete

formulation, even higher amounts than 0.3 % must be possible. The use of CNA180
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Figure 2: Compressive strength and swelling results for the concrete series with FRA and

CRA and varying sulfate contaminations.

lowered the differences between the samples in compressive strength, mostly due

to the fact that it was possible to keep their fresh properties such as slump and

density very similar.

 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0.16

 0  20  40  60  80  100  120  140  160  180

Le
ng

th
 c

ha
ng

e 
(%

)

Age (days)

N-0.5-3.1
N-0.5-0.8
N-0.5-0.3
N-0.5-0.2

Figure 3: Compressive strength and swelling results for the concrete series with FRA and

CNA and varying sulfate contaminations.

The absolute expansion of the concretes that showed a swelling response

seemed to be on the same level with the results of other researchers working on185

sulfate contaminated aggregates: expansions between 0 and 0.12 % are often

obtained for roughly the same range of sulfate concentrations [49, 50, 51, 52].

The expansions of ”R-0.5-0.8”, ”R-0.5-3.1” and ”N-0.5-3.1” were 0.124 ±
0.004, 0.132 ± 0.010 and 0.116 ± 0.029 respectively, which is not significantly

different for p>0.05. It seemed that as soon as swelling occurred, the absolute190
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amount was always the same, unrelated to the sulfate content or the type of

coarse aggregate. What Collepardi et al. [24] suggested about the necessity of

microcracks could explain why there was almost no difference in swelling results

between ”R-0.5-3.1”, ”R-0.5-0.8” and ”N-0.5-3.1”, or all other concrete bars

with lower sulfate levels. As soon as the swelling process starts it maintains195

and accelerates itself regardless of actual sulfate contents. There seemed to

be a certain treshold of sulfates for when a concrete started swelling, and the

use of CNA increased this treshold: the sulfate content needed to kickstart the

expansion was between 0.3 and 0.8 for the ”R” series and between 0.8 and 3.1

for the ”N” series.200

An explanation for this difference in swelling between ”R-0.5-0.8” and ”N-

0.5-0.8” could lie in the pore size distribution. Figure 4 shows the volume of

mercury intrusion for different pore sizes of these samples at 90 days. Concretes

made with CNA showed two distinct groups of pores at 0.01-0.1 µm and 1-10

µm, while mixes with CRA only exhibited the smaller pore sizes at 0.01-0.1 µm.205

Ettringite crystals as a hydration product are in the 1-5 µm size range [53], and

SEM images of massive ettringite deposits in deteriorated concrete show sizes

from a few to 15 µm [43, 54, 55]. It would make sense that these larger pore

sizes get ’filled up’ first and the ”N-0.5-0.8” has enough reserve of these pore

sizes to accommodate this. On the other hand, ”R-0.5-0.8” does not have these210

micrometric pores and the formation of ettringite lead to a degradation of the

concrete.

The porosity of a mix, influenced by its W/C ratio, has been shown to be

an enhancing factor for the expansion due to internal sulfate attack. For an

acceptable sulfate content of 0.2 %, this means that the expansion could still be215

significant with low W/C ratios. Figure 5 shows this was not the case. A sulfate

contamination of 0.2 % was not enough to provoke a significant swelling reaction

even in these aggravating circumstances. As expected, ”N-0.35-0.2” did show a

higher compressive strength. This is clearly caused by its low W/C ratio and

subsequently lower porosity, as the fresh densities were very similar. The actual220

porosity of these mixes, measured by Mercury Intrusion, is presented in Figure
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Figure 4: The pore size distribution at 90 days of R-0.5-0.8 and N-0.5-0.8.
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Figure 5: Compressive strength and swelling results for the concrete series with the maximum

allowable sulfate content and a varying porosity.

As seen in a previous study, increasing the alkalinity of a mix will inhibit the

swelling effect caused by a sulfate contamination. A sulfate level of 0.3 %, which

was proposed as a safe contamination by recent research but not yet accepted225

by international standards, was chosen as a reference. Although the expansion

with 0.3 % of sulfates is not significant, an increased alkalinity still lowered

this amount. The compressive strength of this mix was very high compared

to the other concretes in these experiments, and again not correlated to any

fresh properties. The increased performance caused by alkalinity was already230
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Figure 6: Porosity of the concrete series with the maximum allowable sulfate content and a

varying porosity.

described by other authors.
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Figure 7: Compressive strength and swelling results for the concrete series with a higher

sulfate content, and a varying alkalinity.

4. Conclusion

The sulfate limit was evaluated on concretes with fine recycled aggregates.

Both the limit of 0.2 % from EN206 and the proposed one of 0.3 % proved to

be safe and did not provoke any significant swelling. Depending on the nature235

of the coarse aggregates (natural or recycled), the contamination level at which

swelling starts may differ. For CRA, this sulfate concentration was between
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0.3 and 0.8 mass% of FRA, and for CNA this was between 0.8 and 3.1 mass%

of FRA. This difference in limits could be due to the pore size distribution:

a lack of pores in the 1-10 µm range means less resistance to swelling. The240

amount of expansion did not correlate with the amount of sulfates: as soon

as swelling started, the absolute length changes stayed the same regardless of

sulfate contents.

These results showed that the sulfate limit of 0.2 % could be seen as too

strict, and that an increase to at least 0.3 % should be possible. Unless a high245

contamination level is present, a limited porosity will not worsen the swelling,

and an increased alkalinity would not be necessary to limit it.

Some perspectives were gained from this study that could inspire future

research. More sulfate contents, in smaller increments, could be tested to narrow

down the limit where the reaction starts. While significant swelling has been250

recorded for 3.1 % of sulfates, the other deterioration symptoms (like cracking,

sudden mechanical performance loss) that are associated with sulfate attack

were not seen. Extreme sulfate contents could be tested to assess what kind of

damage they can provoke. The effect of pore size distribution on sensitivity to

expansion could be very interesting to research. Porosity measurements on the255

nano scale, and microstructure observations can be useful here.
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interactions sur la cinétique et l’amplitude de la réaction sulfatique interne
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drauliques: cas du plâtre dans les granulats issus de produits de démolition,435
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Annex

Next to the length change, the resonance frequency of the samples was
recorded. For the 'R'-series (Figure 9.1) it was higher for the most con-
taminated sample but did not show any sudden changes to indicate internal
damage. The porosity of these samples, shown in Figure 9.2, correlated well
with their compressive strength (Figure 2 in the publication): lower porosi-
ties performed better mechanically.

Figure 9.1: Resonance frequency change for the concrete series with FRA
and CRA and varying sulfate contaminations.

Figure 9.2: Porosity by mercury intrusion of the concrete series with FRA
and CRA and varying sulfate contaminations.
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For the 'N'-series the resonance frequency (Figure 9.3) continues to rise,
contrary to the samples with full recycled aggregates. This has been seen
in the preliminary studies in Chapter 5.3 too, where mixes with recycled
aggregates reach their '�nal' point much faster. The di�erences between the
samples in porosity (Figure 9.4) are smaller, just as with their compressive
strength (Figure 3 in the publication). No link can be seen between their
porosity and expansion.

Figure 9.3: Resonance frequency change for the concrete series with FRA
and CNA and varying sulfate contaminations.

Figure 9.4: Porosity by mercury intrusion of the concrete series with FRA
and CNA and varying sulfate contaminations.
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The porosity of 'N-0.35-0.2' and 'N-0.5-0.2' has already been shown in the
publication (Figure 6). Following the same trend as their swelling, porosity
and compressive strength, there is a clear di�erence in resonance frequency
(Figure 9.5).

Figure 9.5: Resonance frequency change for the concrete series with the
maximum allowable sulfate content and a varying porosity.

While a slight di�erence in swelling and a large di�erence in compressive
strength was recorded for the concretes with varying alkalinity, their reso-
nance frequency is nearly the same. As with the other concretes made with
coarse natural aggregates, it also continues to rise. The di�erences in poros-
ity between the two samples are not as high as would be expected looking at
their compressive strength. Following these two observations, the increase
in mechanical performance for 'N-0.5-0.3-A' is the chemical consequence of
the alkalinity, and not of di�erences in cement paste compacity/porosity.
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Figure 9.6: Resonance frequency change for the concrete series with a higher
sulfate content, and a varying alkalinity.

Figure 9.7: Porosity by mercury intrusion of the concrete series with a higher
sulfate content, and a varying alkalinity.
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Conclusion

Industrial FRA samples showed the typical characteristics of recycled ag-
gregates that were also laid out in Chapter 1, such as a high water absorption,
low density and high �nes content. They were indeed contaminated with im-
portant amounts of sulfates - much more than allowed according to EN206
- con�rming the hesitation of industrials to valorize them. Nevertheless, the
mortars that incorporated these FRA did not show any signi�cant swelling
reaction or other signs of damage. The properties of the mortars with these
aggregates were also better than with the reference FRA. These results were
very positive towards a valorization of contaminated FRA, provided the mix
design takes into account their water absorption and density.

For a recycled aggregate with an elevated sulfate contamination, several
parameters were found to be important with regards to its swelling potential,
while others did not in�uence it. An increase in alkalinity was shown to
decrease the total expansion of a mortar. Factors such as a low W/C ratio
and the possibility for thaumasite formation in a mix proved to be important
in the other sense: it should be taken into account that they can signi�cantly
worsen the swelling reaction. Microstructure analyses showed that ettringite
was concentrated in pores and air bubbles, from which cracks can propagate.
Other observations were the other way around: ettringite in the cement paste
was exerting pressure on pores. It was also discovered how calcite favors
a rapid ettringite growth at high alkalinities, explaining its e�ect on the
swelling amount. These results indicate that a sulfate content of at least 3.1
% could be mitigated in mortars, which promotes the valorization of even
very highly contaminated aggregates.

These conclusions were then evaluated on a concrete scale. For di�erent
sulfate contents in FRA, two types of swelling were observed: negligible (<
0.02 %) or signi�cant (0.10-0.12 %) expansions. A certain sulfate content
seemed to 'kickstart' the reaction, but the resulting swelling amount stayed
the same regardless of actual sulfate concentration. This sulfate limit was
di�erent depending on the type of material: between 0.3-0.8 % for concrete
with coarse recycled aggregates, and between 0.8-3.1 % for coarse natural
aggregates. The explanation was found in the pore size distribution on the
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concretes, where the absence of pores in the 1-10 µm range made the sample
susceptible to swelling. Both an aggravating and a limiting parameter have
been tested on concretes with 0.2 and 0.3 % of sulfates. This level contam-
ination was not enough to provoke any swelling and the porosity/alkalinity
of the mix did not change that. This means that, for reasonable sulfate
contents, those parameters do not need to be as accurately tuned as for very
contaminated samples - in contrast with the mixes from Chapter 8. These
results are positive towards a slight increase of the allowable sulfate limit in
FRA.
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General conclusion and perspectives

Fine recycled aggregates - and especially those contaminated with sul-
fate residues - are not valorized on a high enough scale, resulting in a very
voluminous material stream going to waste. Internal sulfate attack as a de-
teriorating reaction caused by FRA is not well researched and leads to the
hesitation of industrials to incorporate FRA. This is further perpetuated by
strict standards and legislations. The goal of this research was consequently
to study the risk for internal sulfate attack with these types of materials.
Within the framework of the Interreg VALDEM project, this objective will
also inform industrials of possible applications for FRA.

This research was performed on the one hand with a laboratory-made
material, to research certain characteristics of the sulfate attack mechanism
without interference from variabilities other than sulfates. On the other
hand, samples of FRA were collected from industrial sources to relate con-
clusions from 'model' materials to 'real' samples. Results ranged from theo-
retical aspects of internal sulfate attack on a microstructural level, to indus-
trially applicable information about the recycling of contaminated FRA.

In reference to the research objectives that resulted from the literature
review in Part I, the following questions can now be answered:

How much sulfates are contaminating industrial FRA? FRA sam-
ples from di�erent recycling centers have been characterized and their water
soluble sulfate content ranged from 0.15 to 0.8 % which surpasses the max-
imum allowed concentration according to EN206 (0.2 %). In the same line
with other negative characteristics (higher water absorption, higher cement
paste content, lower density) the sulfate content was highest in the smallest
size fractions. This is likely due to the fragility of gypsum particles during
the crushing process. Sulfates were also found in a 'model' material which
was not contaminated. A certain percentage of sulfates can thus be ex-
pected from the residual cement paste content, unrelated to plaster drywall
from demolished buildings. It was interesting to note the variability in char-
acteristics between the di�erent industrial sources, but especially between
di�erent batches of FRA from the same recycling center. This con�rms
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that a thorough characterization of FRA is necessary before utilization, as a
generalisation can't be easily made.

Do these sulfate amounts cause a swelling reaction? The swelling
results obtained in the di�erent chapters of this thesis make it clear that high
sulfate contents were necessary to provoke an expansion. It should be said
that, while those samples did surpass a swelling limit, serious degradations
like visible cracking, sudden drops in ultrasonic wavespeed, or important
losses in mechanical performances were never recorded. There was no sig-
ni�cant distinction between the swelling amounts of di�erent samples: they
either did or didn't swell and the absolute amount was not visibly propor-
tional to the sulfate content. There seemed to be a certain sulfate content
that was the 'starting point' for the swelling reaction, but this limit varied
depending on the mortar or concrete composition. In any case, the sulfate
content routinely present in industrial FRA did not cause a degradation - in
fact, these FRA performed very well when incorporated into mortars. Up to
a certain point, gypsum residues even had positive e�ects on the hydration
reaction and compressive strengths.

With a given sulfate concentration, can other factors be varied to

change the swelling outcome? For mortar samples with the exact same
sulfate content, swelling tests showed di�erent responses depending on cer-
tain parameters. The possibility of thaumasite formation - when a carbonate
source is present and the sample is kept at low temperatures - was the most
damaging circumstance. These conditions are however not common. The as-
pect that requires the most attention is a limited porosity, attained by a low
W/C ratio: this factor made the swelling response increase and is probably
a common occurrence seeing as the water absorption of recycled aggregates
is di�cult to quantify and often underestimated. Next to a necessary char-
acterization of the water absorption, using the aggregates in a presaturated
state can also help control the e�ective W/C. In the other sense, large sulfate
contents could be mitigated by increasing the alkalinity of a mix. This has
the added bene�t of improving compressive strength. The alkalinity in�u-
ences the equilibrium between di�erent sulfate phases: ettringite formation
is less favorable at higher pH. Due to the risk on alkali aggregate reactivity,
this solution is very dependant on the composition and application of the
concrete. Another parameter that can reduce the action of sulfates is to have
a reserve of pore sizes in the 1-10 µm range. In these experiments those pore
sizes became available by using coarse natural aggregates instead of recycled
ones. In general, only the swelling results of samples already undergoing ex-
pansion could be in�uenced. Even with these important parameters varied,
no signi�cant change in results was seen for samples with sulfate contents
under the proposed sulfate limit of 0.3 %, as they did not swell.
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These conclusions in mind, some general recommendations about the re-
use of contaminated FRA can be formed. In general, a characterization of
the material is necessary to properly adapt the mix composition for their
higher water absorption and lower density. Sulfate contents of up to 0.3
mass% of FRA have not posed any problems with regards to swelling or
mechanical properties. Higher concentrations should also not be dismissed
automatically, because several parameters can be varied accordingly to coun-
terbalance the action of the sulfates: the W/C ratio, the alkalinity, and
micrometric porosity.

Nevertheless, the obtained results also made room for new questions that
could inspire future research:

� More sulfate contents, in smaller increments, could be tested to narrow
down the limit where the reaction starts. While signi�cant swelling has
been recorded for 3.1 % of sulfates, the other deterioration symptoms
(like cracking, sudden mechanical performance loss) that are associated
with sulfate attack were not seen. Extreme sulfate contents could be
tested to assess what kind of damage they can provoke.

� The e�ect of pore size distribution on sensitivity to expansion came to
light at the end of the experimental part, and could use more research.
Microstructure observations can be interesting here. Finding a way
to obtain pore sizes in the 1-10 µm range by adapting certain mixing
parameters or using adjuvants could further be used to valorize FRA.

� Di�erent parameters have been identi�ed that did or did not have an
in�uence on the swelling reaction. A full factorial design where inter-
actions between them are studied could be interesting. For example,
in a mix where both a limited porosity and an increased alkalinity are
present, which e�ect will prevail?

The results of this study demonstrate that for a large part of the mixed
C&DW currently land�lled, it is actually very feasible to be incorporated
into cementitious composites. Recycling FRA would bring the construction
sector a step closer towards a circular economy of aggregates.
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