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Abstract

In the last decades, the use of recycled concrete aggregates (RCA) has proven to
be a possible solution for making concrete with less environmental impact. This
concrete has shown similar properties to conventional concrete and can reach
an adequate performance. However, its broader application depends on a bet-
ter understanding of its fire behaviour, a critical factor for structures. Concrete
made with RCA presents specific properties that may lead to a particular be-
haviour (higher porosity, water content and different interfaces). Within this
context, the present work had the aim to do a comprehensive evaluation of the
fire and high temperature behaviour of concrete made with RCA. First, different
concrete mixes made with RCA have been designed. These mixes had differ-
ent replacement rates (from 0% to 100 %) and different replacement methods
(direct replacement and strength-based replacement). The latter was designed
to achieve the same performance (compressive strength and slump) as concrete
made with natural aggregates (NA). Then, a comprehensive experimental cam-
paign on elevated temperature behaviour was done. The first campaign was on
the residual thermomechanical properties. The concrete mixes were heated and,
after cooling, subjected to mechanical, thermal and microstructural evaluations.
The second campaign was on fire spalling behaviour. In this, concrete prisms
were exposed to the standard fire curve (ISO 834-1) and uniaxial loading. An
additional spalling campaign was also made to evaluate the effect of water con-
tent profiles on the spalling risk. Finally, post-heating durability after heating
and cooling was evaluated in the light of performance-based approaches. Results
show that RCA affects concrete’s thermal and mechanical properties after high
temperatures, but the reduction was similar to what was observed in concrete
made with NA. An even closer behaviour was observed if concrete made with
RCA was optimised. From the fire tests, it was seen that concrete made with
RCA exhibited a higher spalling degree than concrete made with NA, and this
is associated with the physical properties of concrete, particularly water con-
tent. The results from the complementary campaign confirmed that spalling was
strongly sensitive to the water content and the drying profile. The drying of
the concrete samples reduced the risk of spalling in all studied mixes. Lastly,
exposure to high temperatures resulted in a decrease in all durability parameters
for all studied concretes. The addition of RCA reduced the performance, but,
as in the case of residual thermomechanical properties, this decrease can be re-
duced with a proper mix optimisation. This study provided an overview of the
behaviour of concrete made with RCA after exposure to elevated temperatures.
The results herein presented may serve as a reference for different aspects of the
fire behaviour of concrete structures made with RCA.

Keywords: Recycled concrete aggregates, high temperature, mechanical properties,
thermal properties, durability, transfer properties, spalling, water content




Résumé

Au cours des dernieres décennies, 1'utilisation de granulats de béton recyclés
(GRB) s’est avérée étre une bien adapte pour fabriquer du béton avec un moin-
dre impact environnemental. Ces bétons présentent des propriétés similaires a
celles des bétons conventionnels et peuvent atteindre de bonnes performances.
Cependant, son utilisation plus courante nécessite une meilleure compréhension
de son comportement au feu, un parametre critique pour les structures. Le bé-
ton a base de GRB présente des propriétés spécifiques qui peuvent conduire a
un comportement différent (porosité plus élevée, teneur en eau et interfaces dif-
férentes). Dans ce contexte, ’étude présentée avait pour objectif d’effectuer une
évaluation complete du comportement au feu et a haute température du béton
fabriqué avec des GRB. Tout d’abord, différents mélanges de béton a base de
GRB ont été congus. Ces mélanges avaient différents taux de remplacement (de
0% a 100 %) et différentes méthodes de remplacement (remplacement direct et
remplacement basé sur la résistance). Le deuxiéme mode de substitution avait
pour but d’atteindre les mémes performances (résistance a la compression et
affaissement) que le béton fabriqué avec granulats naturel (GN). Ensuite, une
campagne expérimentale sur le comportement a haute température a été réalisée.
La premiere campagne a porté sur les propriétés thermomécaniques résiduelles.
Les mélanges de béton ont été chauffés et, apres refroidissement, soumis a des es-
sais pour déterminer les propriétés mécaniques, thermiques et microstructurelles.
La deuxieme campagne portait sur le risque d’écaillage au feu. Des prismes de
béton ont été exposés a un chauffage feu standard (ISO 834-1) et & un charge-
ment de compression uniaxiale. Une campagne d’essais au feu supplémentaire a
également été réalisée pour évaluer l'effet des profils de teneur en eau sur le risque
d’écaillage. Pour finir, la durabilité apres chauffage et refroidissement a été éval-
uée via 'approche performantielle. Les résultats montrent que bétons a base de
GRB voient leurs propriétés thermiques et mécaniques du béton diminuées apres
exposition a haute température, mais la réduction était similaire a celle observée
dans le béton fabriqué avec des GN. Un comportement encore plus proche a été
observé si le béton fabriqué avec GRB était optimisé. Les essais au feu ont mon-
tré que le béton fabriqué avec des GRB présentait un degré d’écaillage plus élevé
que le béton fabriqué avec des GN, ce qui est associé aux propriétés physiques du
béton, en particulier sa teneur en eau. Les résultats de la campagne complémen-
taire ont confirmé que le risque d’écaillage était fortement lié a la teneur en eau.
En effet, le séchage a réduit le risque d’écaillage dans tous les mélanges étudiés.
Enfin, 'exposition a des températures élevées a entrainé une diminution de tous
les parametres de durabilité pour tous les bétons étudiés. L’ajout de RCA a ré-
duit les performances, mais, comme dans le cas des propriétés thermomécaniques
résiduelles, cette diminution peut étre atténuée avec une optimisation appropriée
du mélange. Cette étude a donné un apercu du comportement du béton fabriqué
avec des GRB apres exposition a haute température. Les résultats présentés ici
peuvent servir de référence pour différents aspects du comportement au feu des
structures en béton fabriquées avec des GRB.

Mots-Clés: granulats de béton recyclés, haute température, propriétés mécaniques,
propriétés thermiques, durabilité, propriétés de transfert, écaillage, teneur en eau
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Chapter 01

Introduction

This PhD deals with the behaviour of concrete made with recycled concrete
aggregates (RCA) exposed to elevated temperatures. It is structured as a compi-
lation of journal and extended conference papers manuscripts. This initial chap-
ter introduces the research background and motivation for the thesis. Given the
thesis’s nature and structure (compilation of papers), the research background
also includes a brief literature review on concrete made with RCA and the be-
haviour of concrete at elevated temperatures. After, the research project aims
and objectives are presented. Lastly, the thesis layout and the relation between
the proposed papers and chapters are given.



Chapter 1 Introduction

1.1 Research background, motivation and liter-
ature review

1.1.1 Concrete and environmental considerations

Concrete is the most used construction material in the world [1], and its consump-
tion is more than twice that of all other building materials [2]. Each year, more
than 10 billion tonnes are produced [3] and the rate of consumption of concrete
will undoubtedly increase until 2050 due to population growth and urbanisa-
tion [1]. Concrete popularity comes from its versatility, affordability, durability,
mechanical properties, and structural performance [2, 4]. At the same time,
concrete has one of the highest environmental impacts in terms of emission of
greenhouse gases, use of natural resources and waste production [1-3].

For a typical residential building, construction-related emissions come mainly
from reinforced concrete, with concrete by itself being responsible for up to 38 %
of COy emissions [1]. In typical commercially produced concrete mixes, cement
and aggregates represent the majority of CO, emissions. The first is responsible
for up to 70%. At the same time, the production and transport of sand and
aggregates are responsible for almost 20 % of concrete COy emissions (for one
cubic metre) [1]. Cement industry per itself is responsible up to 5 % of total CO,
emissions, considered the major responsible for greenhouse effect [5].

Concrete production also requires the use of non-renewable resources, using
a high quantity of raw materials, including sand, stone and water [6]. It is
estimated that the industry consumes 40 % of raw materials (stone, gravel and
sand), 40 % of total energy and 16 % of water [7]. In terms of aggregate use,
worldwide consumption is up to 48.3 billion tones per year and a increase rate of
5% is expected annually [8, 9]. Considering the current infrastructure growth,
it is expected that the demand for natural resources will further increase.

Another big concern of the concrete industry is waste production (Fig. 1.1).
In the European Union, the total amount of waste generated in 2014 was 2.5
billion tonnes, of which 34.7% were from construction and demolition waste
(C&DW) [10]. It is estimated that concrete corresponds to one-third of C&DW
[11, 12]. The most common method of disposal of these materials is still land-
filling, which is now banned from public policies in Europe [3, 13, 14].

Hence, reducing the environmental impact of concrete production is necessary
to reach more sustainable development. One of the promising strategies is the
reuse and recycling of construction and demolition waste. Regarding concrete
waste, the primary approach is to use recycled concrete aggregates (RCA) as
a replacement for natural aggregates (NA) for concrete production. The RCA
is an aggregate made from concrete debris usually composed of two different
materials: natural aggregate and attached (or adhered) mortar (AM). The use
of this aggregate to produce new concrete (Recycled Aggregate Concrete or RAC)
can help reduce the amount of waste produced and sent to landfills, reduce the
scarcity of raw materials and reduce CO4 associated to aggregate transportation
[15-18].
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Figure 1.1: Waste generation by economical activities - 2014 (adapted from
Eurostat [10])

1.1.2 Concrete made with RCA

The reuse of construction and demolition waste to make new concrete has gained
popularity in the last years [19]. Especially in academic research, a great effort
was made to understand the aggregate’s behaviour, how it might influence the
structural performance of concrete and how its use will contribute to reducing the
environmental impact [14, 20]. Some countries and institutions also provide stan-
dards and guidelines addressing the use of RCA for the production of concrete.
In the European context, in order to produce a concrete made with RCA, aggre-
gates specifications should follow EN 12620:2013 [21], the concrete composition
should follow EN 206:2013 [22] and execution should follow EN 13670:2009 [23].
Lastly, in French context, the national project RECYBETON further developed
the feasibility of using RCA in concrete, showing that the usual requirements of
strucutral concrete can be achieved using RA, even for high replacement rates
[24].

The recycling procedure of RCA consists of turning the demolition waste
into recycled aggregates. Given the usual miscellaneous nature of waste de-
bris, the RCAs may contain different materials and contaminants, such as glass,
wood, paper, bituminous particles and steel [4, 16]. The recycling procedure of
RA includes different stages, such as demolition, crushing, material separation
(screening), removal of contaminants, and sieving [4, 5]. The different compo-
nents and configurations of the recycling procedure will affect the type, quantity
and quality of the recycled aggregate [25]. Significantly, the crushing processes
will have a crucial influence on RCAs, given that they affect the detachment of
different mineral phases attached to the aggregates [18]. Other advanced process-
ing techniques (ultrasonic, thermal treatments, nitric acid solution, for example)
can help to improve aggregates quality [4]. In addition to these processes, the
quality of parent concrete also plays a crucial role in the final behaviour of RCAs
[17].

In the case of recycled concrete aggregates, the main difference from NA is
that RCAs are composed of two different materials: the old natural aggregate
and the attached (or adhered) mortar (AM). The fractions and the interactions
between these elements control the properties of the RCA [5]. However, the

4



Chapter 1 Introduction

AM content is the principal responsible for the worsening of most properties
of the RCA [26, 27]. The research done so far shows that recycled aggregates
are more heterogeneous, porous and less dense than natural aggregates and,
as a consequence, RCA presents high water absorption and low strength when
compared to NA [4, 28, 29].

Finally, concrete made with RCA has more phases than an ordinary concrete
(Fig. 1.2). In the case of a mix with both NA and RCA, concrete is composed
of RCA (old natural aggregate and old cement paste), NA and (new) cement
paste. Hence, RACs presents three interfacial transition zones (ITZ): between
old aggregate and old cement paste, between new cement paste and the RCA
(new paste/old paste and/or new paste/old NA), and between NA and new
cement paste [30].

Old Cement Paste NA
ITZ Old NA/Old I17 NA New
Cement Paste
Cement Paste

Old NA New Cement Paste

I'TZ RCA/New
Cement Paste

Figure 1.2: Scheme of RCA mesostructure

This difference in the composition, along with the worse properties of RCA,
can harm the concrete properties, influencing practical aspects, such as mixing
methods, to microstructure and properties [29, 31]. Indeed, one of the main con-
cerns when using RCA in concrete is the high water absorption. This property,
along with the high heterogeneity of RCA, makes the correct determination of
mixing water a complex task [16, 32]. The fast and higher absorption affects
the effective water /binder (w/b) ratio of concrete, which influences the fresh and
hardened behaviour of concrete [33] and the bond between paste and aggregates.

Different technical methods have been proposed to prevent the decrease in
fresh and hardened properties. The most prevalent techniques are saturation and
pre-wetting (or pre-humidification), where the aggregates are added to the mix
in a saturated or nearly saturated state [28, 33]. However, this kind of approach
may lead to a decrease in compressive strength [16]. Mixing water compensation,
when aggregates are used in dry conditions and extra water is added to the mix,
is also proposed [33]. Other mixing procedures, such as the Two-Stage Mixing
Approach and other enveloping methods, were also proposed. In these methods,
the concept is based on the filling of RCA pores, which may improve the I'TZs
and the final compressive strength [16, 33]. In any case, a standard method is
not defined and dealing with the higher water absorption of RCA is one of the
major concerns in the industrial production of RAC [33].

Regarding the microstructure of RAC, the two new I'TZs also have a crucial
role in this new concrete, promoting changes in the concrete properties [28, 30].
In the case of RCA, the I'TZ formation is strongly affected by the water exchanges
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between the aggregate and the cement paste [16]. The higher porosity and crack-
ing of the old ITZ (old paste/old NA) increase the water demand, reducing water
for hydration and making the new ITZ (new paste/RCA) more open and loose
[28, 34]. At the same time, some authors also state that this extra water can
help the hydration process, promoting internal curing and densification of ITZ
at longer ages [28]. In general, the quality of the ITZ depends on the surface
characteristics of aggregates, chemical bonding, absorption, and the saturation
state of aggregates [35].

As stated before, the higher water absorption affects the free water of con-
crete, thus, affecting the workability of concrete. Besides water absorption, the
shape and texture of aggregates can also affect the fresh behaviour of the mix [28,
31, 36]. In general, concrete with RCA has lower slump values as the percent-
age of RCA increases [5, 26]. The approaches mentioned above to compensate
higher water absorption should be applied to present a competitive slump and
overcome this behaviour. Another approach is using water-reducing admixtures
to guarantee the required workability without significantly changing the w/b ra-
tio [36]. Previous works also observed that, even though similar workability can
be obtained, concrete made with RCA tends to present slightly higher bleeding
[36]. Another parameter that is affected is fresh density since the substitution of
NA by RCA may reduce it up to 5% [36].
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Figure 1.3: Mechanical properties with the increase in RCA content (adapted
from Silva et al. [37, 38])

The use of RCA also has a strong influence on all mechanical properties,
from compressive strength to fatigue behaviour. The main one, the compressive
strength, has been deeply studied by several researchers [16, 37]. In general, if
RCA content increases, the compressive strength decreases, but this drop will
depend on factors related to the type, origin and quality of aggregate [37]. Silva
et al. [37] compiled the results from 65 publications that studied different types
of recycled aggregates. Fig. 1.3a shows the variation of relative compressive
strength with the increase of coarse RCA content, together with upper and lower
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limits of 95 % confidence interval. A variation can be observed in the results, but
a general decrease trend is verified. With 100 % of RCA, compressive strength
may range from 0.62 to 1.2 times the value of concrete with NA.

Similar behaviour is also observed in the case of elastic modulus, flexural
and tensile splitting strength [5]. Again, the quantity, size, type and quality of
recycled aggregate affect the evolution of these properties with RCA content [38,
39]. Fig. 1.3b shows the evolution of elastic modulus with replacement rate,
compiled by Silva et al. [38]. With 100 % of RCA, the relative elastic modulus
varies from 0.53 to 1.05 times the value of concrete made with NA. Tensile
behaviour was also compiled and analysed by Silva et al. [39], which verified that
the splitting tensile strength of RAC (100 % of RCA) was around 0.88 times the
value of concrete made with NA. Further analysis on other mechanical properties
(shrinkage, stress-strain, creep, fatigue) can be found in previous works [4, 16,
20].

Another concern in the use of RCA in concrete is durability. Again, the
presence of attached mortar affects the overall performance. Indeed, the higher
quantity of mortar leads to higher porosity and water absorption, which may
reduce the durability of concrete made with RCA [16, 40]. Besides this, the
different 1TZs also affect the durability properties. Guo et al. [40] compiled the
main results related to the durability of recycled aggregate concrete (Fig. 1.4).
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Figure 1.4: Durability of concrete made with RCA (adapted from Guo et al.
[40])

Fig. 1.4a shows the effect of coarse RCA content on concrete water absorption
by immersion. Authors indicate that RAC specimens can have a water absorption
1.7 times higher than ordinary concrete. Fig. 1.4b shows the carbonation depth
with replacement rate and indicates that these concretes can have depths 2.5
times higher. However, some measures can be taken to minimise RCA’s negative
effect. The use of mineral admixtures (fly ash and slag, for example) and the
reduction of the water/binder ratio can help to achieve equivalent resistances to
carbonation penetration, and chloride diffusion [16, 40, 41]. Other studies on
durability properties, such as freezing-thawing and alkali-silica reaction, can be
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found elsewhere [16, 40].

Even though the use of RCA implies specific properties and concerns, previous
research shows that concrete made with RCA may have similar properties to
conventional concrete and can reach the desired structural performance, even for
high replacement rates [24]. Although significant work has been done in the past
years, there are still open issues that prevent the widespread use of RCA [42].
One of these is related to the high-temperature behaviour of concrete made with
RCA, the scope of this present thesis.

1.1.3 Concrete made with NA at elevated temperatures

Before studying the behaviour of concrete made with RCA, it’s fundamental to
describe the behaviour of concretes made with NA at elevated temperatures.
Understanding of the elevated temperature behaviour of concrete is fundamental
since fire safety it’s a critical factor in the design of concrete structures. The
current knowledge of the behaviour of these concretes is quite known. Under
heating, several physicochemical changes occur, resulting in the deterioration of
the material’s mechanical properties depending on the temperature range.

The first transformations are related to the slow capillary water loss associ-
ated with water evaporation, from 20 °C to 80°C [43, 44]. From 80°C to 100°C,
the first concrete hydration product (ettringite) starts dehydrating and decom-
posing [45, 46]. Also at this stage, the water physically bonded in aggregates
and cement matrix evaporates, increasing capillary porosity and microcracking
[44, 47]. From 100°C to 200°C, concrete loses more water (bonded and capil-
lary), and calcium silicate hydrates (C-S-H) start to dehydrate and disintegrate,
forming aC,S [46].

In addition, between 120°C and 300°C, cement gel layers starts to moving
closer, increasing van der Waals forces [48, 49]. This movement may lead to
an increase in the strength up to 300°C. At this temperature, hydration of
unhydrated cement grains may also occur, which also may lead to a constant or
increase in strength [50]. Up to 350 °C, water loss is almost complete, and C-S-
H continues to disintegrate, increasing microcracks, and porosity in the cement
paste [46]. It is noteworthy that above 300°C concrete starts to have some
significant loss of strength and stiffness [50].

After 400°C and up to 600 °C, portlandite (CH) decomposes, further con-
tributing to microcracking in the cement paste [44, 46]. Also, siliceous aggregates
containing quartz (e.g. sand) transform at 573°C [43, 46|, inducing cracking on
the surrounding cement paste. From 600 °C to 800 °C, a second phase of decom-
position of C-S-H undergoes [43, 51]. From 800°C to 1200°C, the dehydrated
phases starts to melt, along with an intense microcracking at 1200 °C [43, 46].
The aggregates, depending on mineralogical composition, starts to melt at tem-
peratures higher than 1000°C [43, 46].

In addition to these physicochemical changes, heating leads to a difference
in deformations between cement paste and aggregate — what is often called “the
thermal mismatch”. When heated, cement paste first expands but rapidly af-
ter 100°C, it shrinks due to dehydration, while most of the aggregates used in
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concrete expand [52, 53]. This differential strain can lead to thermal-induced
stresses that may induce microcracks in the I'TZ, contributing to the degrada-
tion of mechanical properties [54]. Fig. 1.5 shows an example of the cracking
in the concrete after exposure to 600 °C, both at the material scale and at the
microstructure scale.

(a) specimen (adapted from Mindeguia (b) microstructure (adapted from Hager
et al. [55]) [43])

Figure 1.5: Concrete after exposure to 600 °C (heated with no external mechan-
ical load)

The abovementioned transformations result in several changes in the prop-
erties of concrete. These properties, from mechanical to thermal properties, are
fundamental parameters to understand, describe and predict the behaviour of
concrete at elevated temperatures. High temperature mechanical properties of
concrete made with NA have been deeply studied for the last decades. As pointed
out by previous studies [50, 56, 57|, different parameters may affect the measured
properties. These parameters range from mixture proportions (e.g., w/b ratio,
curing conditions, aggregate type and size, additions, and admixtures) to test
parameters (hot/residual states, stressed/unstressed conditions, specimen size,
heating rate and exposure time).

In relation to mechanical properties, compressive strength, modulus of elas-
ticity, tensile strength and stress-strain response are fundamental. Kodur [56]
compiled and compared experimental results with standard recommendations.
Fig. 1.6 shows the evolution of relative (ratio between high and room temper-
ature properties) compressive strength and elastic modulus with temperature.
Regarding compressive strength, up to 300 °C, compressive strength values show
small decay and, in some cases, constant or even increase. From 300 °C to 800 °C,
strength decreases linearly and, after 800 °C, almost all compressive strength is
lost [50]. Elastic modulus and tensile strength also face strong reduction as tem-
perature increases, and in this case, the reduction rate is almost linear since
room temperature [50]. Regarding stress-strain response, with the increase in
temperature, curves become flattered, and strain at peak stress increases [50].

Concrete made with RCA at elevated temperatures has also been a research
subject in the last decade. In general, the behaviour shows similarities to the
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behaviour of ordinary concrete made with NA. However, the exact influence of
the RCA and its content is still lacking. Contradictory results have been found
in previous works related to the impact of the replacement rate on its properties
after exposure to high temperatures. Some authors [58-63] pointed out that
increasing the replacement rate can improve the relative mechanical properties
compared to the behaviour of concrete made with NA. On the opposite, other
authors verified similar [42, 64, 65] or even a slightly worse [66-69] behaviour
as replacement increases. This is usually attributed to different factors, such
as the higher initial porosity of RCA, the possible weaker and thicker ITZ, and
microcracking.
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Figure 1.6: Relative mechanical properties versus temperature (adapted from
Kodur [56])

1.1.4 Fire spalling

Another important aspect of the behaviour of concrete at elevated temperatures
is the spalling during fire. This phenomenon consists on a violent or nonvio-
lent detachment of concrete fragments from structures exposed to fire [53, 70].
Spalling can seriously affect the performance of the concrete structures, reducing
thermal insulation, exposing the steel rebars directly to fire and reducing the
load-bearing capacity [71, 72] (Fig. 1.7). Despite the numerous experimental
and numerical studies, some uncertainties remain, especially regarding spalling
prediction.

Fire spalling is affected by thermal, hydric, chemical and mechanical mech-
anisms. Spalling usually occurs by the coupled action of some of these mecha-
nisms (thermo-hydro and thermo-mechanical), i.e., a combination of pore pres-
sure, compression stresses (induced by thermal action and loading), and cracking
[53]. Lately, another type of mechanism (thermo-chemical spalling) has also been
proposed.

The two first mechanisms (thermo-hydro and thermo-mechanical) are behind
the most common theories about spalling in concrete [70, 73]. The first, the
thermo-hydro mechanism, is related to the pore pressure build-up driven by water

10
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(b) Exposed surface of slabs after fire

(a) Fire damage to concrete of Channel test (Mindeguia et al. [55])

Tunnel indicating severe spalling

Figure 1.7: Examples of spalling of concrete

transport and vaporisation. When concrete heats, vapour will escape from the
concrete towards the heated surface. Also, another part of the vapour will move
towards the inner core of concrete (nonheated). This vapour that goes inside
the concrete will condensate due to the thermal gradients. This condensation
will lead to a saturation of the pores in a zone located a few centimetres from
the exposed side. This zone, the so-called 'moisture-clog’, will block further
vapour movements, increasing pore pressure. As temperature increases, these
pore pressure will rise, and if the stresses due to this pore pressure overcome the
tensile strength of concrete, spalling may occur [50, 70, 72, 74, 75].

The thermo-mechanical mechanism is related to the thermal-gradient-induced
thermal stresses and/or restrained thermal dilation [70]. The heating of concrete
leads to a high thermal gradient, which will induce bi-axial compressive stresses
parallel to the heated surface. Subsequently, heating will induce tensile stress
perpendicular to the same surface. When these high stresses (compressive ones)
exceed concrete strength, spalling may occur [50, 72, 73]. The last mechanism,
thermo-chemical spalling, is is related to the decomposition of calcium hydroxide,
and the rehydration of calcium oxide [70].

In the case of concrete made with RCA, little is known about spalling risk
of these concretes. The addition of RCA tends to increase concrete’s porosity
and permeability, which may facilitate vapour migration, thus reducing spalling
risk [76]. At the same time, these aggregates also induce high water content in
concrete, which also strongly affects the spalling risk. Spalling was observed in
some previous works [76-79], and the water content was indicated as one of the
main contributors to the phenomena. In any case, a systematic evaluation of the
spalling risk of concrete made with RCA is still missing.

1.1.5 Post-heating durability

Durability can be defined as the capacity of structures to meet the requirements
of serviceability, strength and stability during all the service life [80]. Concrete
structures should resist different environmental, chemical and physical actions
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to achieve these durability requirements [2]. Various approaches can be used
to determine the durability of concrete. Usually, most of them are linked with
the measurement of the transport properties of concrete. These properties are
linked with the ability of concrete to resist (or facilitate) the ingress of fluids
or ions [81]. Different methods can be used to measure the permeability, cap-
illary suction/absorption, and porosity to characterise concrete pore structure
and connectivity [81]. Other methods, simulating exposure to the aggressive en-
vironments, such as chloride penetration tests and accelerated carbonation, can
also be used [81].

This requisite is also valid in the case of post-fire scenarios, especially when
the building is not too structurally damaged. In these situations, a post-fire diag-
nosis of material is required. After exposure to fire, concrete residual behaviour
should be assessed regarding all its properties, including its remaining durability
properties. Understanding the remaining durability is crucial for defining repair,
strengthening, and maintenance strategies. However, several gaps are observed
within the current knowledge of concrete post-heating durability properties [82].
In addition, these issues are often overlooked in standards and codes related to
the fire behaviour of concrete structures [82]. Hence, it is crucial to develop
studies and strategies to assess the residual durability of concrete structures.

As described in the previous section, exposing concrete to high tempera-
tures induces several physicochemical changes that damage hydration products,
increase porosity and promote cracking. Most of these physical and chemical
changes are irreversible and could affect concrete durability [83]. The decay of
durability properties due to heating has been verified in some previous works
[82, 83]. These works indicate that properties such as porosity, water absorp-
tion, chloride, and carbonation can be affected even at temperatures lower than
300°C [82, 84, 85]. Fig. 1.8 shows the chloride and accelerated carbonation re-
sistance of three types of ordinary concretes with NA. It can be seen that, after
300°C, all mixes show less than 50 % of their room temperature property.
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Figure 1.8: Relative durability properties versus temperature (adapted from
Monteiro and Vieira [82])

No specific study in post-heating durability of RCA was verified, but some
works showed this reduction in durability [86-90]. These works showed the
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increase of porosity after exposure to elevated temperatures [86-88]. Authors
pointed out a better behaviour than NA [86], due to a better thermal compat-
ibility between the phases in RAC. In contrast, another study [88] indicates a
worsening in porosity due to the decomposition of hydration products from the
cement mortar in RAC. Water absorption also significantly increases after ex-
posure to elevated temperatures [86]. Residual chloride permeability was also
evaluated [89, 90], and it was seen that the permeability increases with RCA
content.

1.1.6 Concluding remarks

The use of RCA is a promising approach for producing more sustainable con-
crete. At the same time, it can reduce the amount of C&DW and reduces natural
resource depletion. Even though the use of RCA affects concrete fresh and hard-
ened properties, concrete made with RCA can reach an equivalent performance
to concrete made with NA. Some points still need to be addressed to widespread
the use of this concrete in the industry, especially for complete replacement.
One of them is the behaviour at elevated temperatures, as in the case of a fire
situation.

When concrete is heated, several physicochemical occur within the material,
resulting in deterioration of all properties. The extent of this damage is related
to different factors, and among them, the material properties play a fundamental
role. Seeing the particular properties of concrete made with RCA (higher poros-
ity, water absorption, and different ITZs), the replacement of NA with RCA
may result in a specific thermomechanical behaviour. Works adressed the ther-
momechanical behaviour of concrete made with RCA, but further investigation
is needed.

Another fundamental aspect of concrete at elevated temperatures is fire
spalling. This phenomenon can be very harmful to the safety of concrete struc-
tures. Despite extensive research, uncertainties regarding the phenomenon re-
main, even for concrete made with NA. The spalling risk of concrete made of
RCA is almost unknown. The phenomenon was observed in some previous works,
but no systematic study addressed the spalling risk.

Finally, besides residual thermal and mechanical behaviour, post-heating
durability is also affected by fire and should be evaluated for a proper assessment.
Limited attention has been given to this topic, especially to concrete made with
RCA. It is fundamental to examine the changes in transfer properties and the
ingress of aggressive agents to understand the effect of heating on the durability
of these concretes with RCA.

1.2 Research aims and objectives
This PhD is part of the RECYFEU project, conducted by four different partners:

two universities (Université de Pau et des Pays de ’Adour and Université de
Bordeauz) and two industrial partners (Groupe Cassous and Groupe Garandeau).
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The project aims to (i) valorise the use of RCA in the Nouvelle Aquitaine Region
and (ii) evaluate the high-temperature behaviour of these sustainable concretes.

Based on the project aims and the knowledge gaps, the following objectives
were drawn:

» Develop mixes and characterise the behaviour of concrete made with RCA
with different coarse replacement rates and different target strengths.

o Characterise the thermomechanical behaviour of the proposed mixes, eval-
uating the residual mechanical, thermal and microstructural properties.

» FEvaluate the spalling sensitivity of concrete made with RCA.

o Evaluate through a performance-based approach the post-heating durabil-
ity of concrete (with and without coarse RCA).

1.3 Thesis layout and scientific contributions

The manuscript is divided into eight chapters (Fig. 1.9). As highlighted before,
this PhD is structured as a compilation of papers (coloured chapters in Fig. 1.9).
Hence, five of the eight initial chapters have a manuscript structure.

Chapter 1 (current chapter) introduces the fundamental concepts of the
present thesis, from the environmental impact to the fire behaviour of concrete
made with RCA. Besides this brief literature review, the project aim and objec-
tives are presented. Lastly, the structure of the thesis and the scientific contri-
butions are presented.

Chapter 2 presents Paper I (published). This chapter is a state-of-art
review of the high-temperature behaviour of concrete made with RCA. It first
addresses the mechanical and thermal properties, compiling and discussing the
influence of RCA on these parameters. It also deals with the spalling, medium
and full-scale tests on structures made from these concretes. Lastly, the post-
heating microstructure is also reviewed.

Chapter 3 is an overview of the methodology related to the mix design and
sample preparation. The materials and their properties are presented. The mix
properties, including the design method and mixing procedure, are presented.
The fresh and hardened properties of all the mixes are shown and analysed.
Finally, an overview of the test samples is given.

Chapter 4 refers to the manuscript of Paper II (to be submitted). This
chapter evaluates the thermomechanical properties of concrete made with RCA.
To this, residual mechanical and thermal properties were evaluated for different
mixes. Microstructural analyses were also made for some of the mixes.

Chapter 5 is a compilation of the manuscript of Paper III (published) and
Paper IV (submitted). This chapter evaluates the fire spalling risk of concrete
made with RCA. First, a fire spalling screening test was done in several concrete
mixes made with RCA and NA. Then, the effect of the water content profile
on the fire spalling risk was investigated. Post-heating parameters (depth and
volume) were evaluated using digital photogrammetry.
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Chapter 6 refers to the manuscript of Paper V (to be submitted). This
chapter evaluates the post-heating durability of three different mixes. Transport
properties and resistance to aggressive environmental analyses were done after
and before exposure to elevated temperatures. A performance-based approach
was used for the durability assessment of these mixes.

Chapter 7 is the closure of the PhD thesis. A coupled analysis of all the
evaluated parameters is done. In addition, it summarises the main conclusions
of the PhD and gives recommendations for future work.

CHAPTER 1
Introduction and objectives

!

CHAPTER 2
Literature review

!

CHAPTER 3
Materials, mix design and samples

{

CHAPTER 4
Residual thermomechanical properties

!

CHAPTER 5
Fire spalling behaviour

!

CHAPTER 6
Post-heating durability

!

CHAPTER 7
Conclusions

Figure 1.9: Thesis structure

The papers related to the chapters are listed below:

Paper I Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie,
C. Effect of elevated temperatures on concrete made with recycled concrete
aggregates - An overview. Journal of Building Engineering. (https://doi.
org/10.1016/j . jobe.2021.103235)

Paper II Fernandes, B.; Carré, H.; Gaborieau, C.; Mindeguia, J-C.; Perlot,
C.; Anguy, Y.; La Borderie, C. Residual thermomechanical properties of
concrete made with recycled concrete aggregates after exposure to high tem-
peratures. To be submitted.

Paper III Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Bor-
derie, C. Spalling behaviour of concrete made with recycled concrete ag-
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gregates. Construction and Building Materials. (https://doi.org/10.
1016/j.conbuildmat.2022. 128124)

Paper IV Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie,
C. Ezperimental investigation on the effect of water content profile on
fire spalling. Submitted to the 7th International Workshop on Concrete
Spalling due to Fire Exposure, Berlin, Germany.

Paper V Fernandes, B.; Khodeir, M.; Perlot, C.; Carré, H.; Mindeguia, J-C.;
La Borderie, C. Durability of concrete made with recycled concrete aggre-
gates after exposure to elevated temperatures. To be submitted.

Besides the Papers I-V, the author also wrote and contributed to other
conference papers during the PhD. A presents results related to Chapter 4 of
the thesis. Paper B presents the initial work conducted in Chapter 5 of the
PhD. Lastly, in Paper C, the author contributes with the same methodology
used in Chapter 5.

Paper A Fernandes, B.; Gaborieau, C.; Carré, H.; Mindeguia, J-C.; Perlot, C.;
Anguy, Y.; La Borderie, C.; Anguy, Y. Microstructure of concrete made
with recycled concrete aggregates after exposure to elevated temperatures.
In 15émes JEMP, Strasbourg, France.

Paper B Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie,
C. Fire spalling sensitivity of concrete made with recycled concrete aggre-
gates (RCA). In fib ICCS2021: 3rd International Conference on Concrete
Sustainability, Prague, Czech Republic.

Paper C Sultangaliyeva, F.; Fernandes, B.; Carré, H.; Pimienta, P.; La Bor-
derie, C.; Roussel, N. Ezperimental contribution to the optimization of the
choice of polypropylene fibers in concrete for its thermal stability. In 6th In-
ternational Workshop on Concrete Spalling due to Fire Exposure, Sheffield,
United Kingdom.
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Chapter 02

Effect of elevated temperatures on con-
crete with recycled concrete aggregates
- a review

This chapter is based on the paper Effect of elevated temperatures on concrete
made with recycled concrete aggregates - an overview, published in the Journal
of Building Engineering. It is a state-of-art review of the behaviour of concrete
made with RCA at high temperatures. Particular focus is given to mechanical
and thermal properties, which are compiled and discussed to identify critical
aspects and particularities of RCA on these properties. In addition, spalling, fire
behaviour and microstructure of heated concrete with RCA are also discussed.
This chapter gives an overview of the specific research topic, paving the way for
the experimental works conducted in the thesis.

Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie,
C. Effect of elevated temperatures on concrete made with recycled con-
crete aggregates - An  overview. Journal of Building Engineering.
(https://doi.org/10.1016/j.jobe.2021.103235)
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Chapter 2 Effect of elevated temperatures on concrete with RCA

2.1 Introduction

Since the last century, the construction industry is facing a huge problem concern-
ing the depletion of natural resources concomitantly to the massive production
of construction and demolition wastes (C&DW). Concrete is the most used con-
struction material in the world [1] and for this reason, it plays an important role
in the environmental impact of the construction industry. It is estimated that the
construction industry depletes 40 % of raw materials (stone, gravel and sand),
40 % of total energy and 16 % of water [2]. In terms of waste, C&DW represent
almost 35 % of all waste in Europe [3] and concrete corresponds to one-third of
this value [4]. The most common method of disposal of these materials is still
landfilling, which is avoided by public policies in Europe [5, 6].

Aiming to reach sustainable development, it is essential that the construction
sector, especially the concrete industry, reduces its environmental impact. One
of the possible approaches is the recycling and reusing of C&DW wastes in new
construction. During the last decades, the usage of recycled concrete aggregates
(RCA) as a replacement for natural aggregates (NA) for producing concrete has
shown a great potential to promote ecological efficiency. This solution can reduce
the amount of waste produced and sent to landfills, help to solve the depletion of
the natural resources, and reduce the impact of production and transportation
of aggregates [7, 8].

Employing RCA to produce Recycled Aggregates Concrete (RAC) has gained
popularity in research recently. A significant amount of this research focuses on
understanding how recycled aggregates influence the mechanical and durability
performances of concrete. The main difference between RCA to natural aggre-
gates is that RCA is composed of two different materials: natural aggregate and
attached (or adhered) mortar (AM). The concrete made with RCA is a com-
pound of natural aggregate (NA), old natural aggregate, new cement paste and
old cement paste. Consequently, three interfacial transition zones (ITZ) are ob-
served: between old aggregate and old cement paste, between new mortar paste
and the RCA, and between NA and new cement paste [9].

Recycled aggregates are generally more heterogeneous, porous and less dense
than NA. Consequently, RCA presents higher water absorption and lower
strength [10, 11]. Hence, these recycled concrete aggregates impact fresh and
hardened properties [8]. However, the problems mentioned above have not rep-
resented significant drawbacks in the use of RCA into new concretes. RAC may
have similar properties to conventional concrete and can reach the desired struc-
tural performance, even for high replacement rates [12].

Although significant work has been done in the past years, there are still open
issues that prevent the widespread use of RCA [13]. One of these is related to the
fire behaviour of concrete made with RCA. This paper aims to provide a compre-
hensive and updated report about high temperature behaviour of concrete made
with recycled concrete aggregates. Firstly, mechanical and thermal properties
at elevated temperatures are discussed. Then, spalling, medium and full-scale
experiments are presented. Additionaly, microstructure related properties are
addressed. Lastly, conclusions and research needs are presented.
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2.2 Behaviour of concrete made with natural
aggregate at elevated temperatures — a brief
review

Before presenting the studies on concrete made with RCA, this section summa-
rizes the main concepts about the high temperature behaviour of concretes made
with natural aggregates. When concrete is under heat, several physicochemical
changes occur, resulting in the changing of thermo-mechanical properties of the
material.

The first reactions that occur are related to the slow capillary water loss
associated with a water expansion, from 20°C to 80°C [14, 15]. From 80°C
to 100°C, ettringite dehydrates and decomposes [14]. At this stage, the water
physically bonded in aggregates and cement matrix evaporates, increasing cap-
illary porosity and microcracking [15]. From 100°C to 200°C, concrete starts
losing water and C-S-H (calcium silicate hydrate) of the cement paste starts to
dehydrate and decompose, forming aCyS [14]. Also, between 120 °C and 300 °C,
cement gel layers starts to moving closer, increasing van der Waals forces [16, 17].
This may lead to an increase in the strength up to 300°C. At this temperature,
hydration of unhydrated cement grains may also occur, which also may lead to a
constant or increase in strength [18]. At 350 °C, water loss becomes more intense
and C-S-H continues to decompose, increasing porosity and microcracks [14]. At
this point, above 300 °C, concrete starts to have some significant loss of strength
and stiffness [18].

After 400°C and up to 600 °C, CH (portlandite) decomposes, contributing to
microcracking in the cement paste [14, 15]. Also, siliceous aggregates containing
quartz transform at 573 °C [14, 19]. From 600 °C to 800 °C, a second phase of the
C-S-H decomposition undergoes [15, 19]. At this phase, most of the compressive
strength has been lost [18]. From 800°C to 1200, the dehydrated phases start
to melt, with an intense microcracking at 1200°C [14, 19]. Aggregates also start
to melt with temperatures higher than 1000 °C, dependending on mineralogical
composition [14, 19].

In addition to phase changes and reactions, heating leads to a thermal mis-
match between cement paste and aggregates, as the cement paste shrinks, while
most of the aggregates used in concrete expand [20, 21]. This differential strain
can lead to thermal-induced stresses that might originate microcracks in the I'TZ
and the cement paste, contributing to the degradation of mechanical properties
[22]. Since aggregates occupy 60 % to 80 % of the volume of the concrete, the
selection of the aggregate affects the thermal stability of concrete at high tem-
peratures [22, 23]. Razafinjato et al. [23] studied a wide range of petrographic
types of siliceous and calcareous aggregates. They concluded that the thermal
behaviour of the aggregates depends on their mineralogical and chemical compo-
sitions. The petrographic origin of these aggregates also influences the behaviour
of heated concrete [24].

Another relevant aspect of the behaviour of concrete at elevated tempera-
tures is spalling due to fire exposure. This phenomenon consists of a sudden
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detachment of concrete fragments from structures exposed to fire. Spalling can
seriously affect the structures’ performance, reducing thermal insulation, expos-
ing the steel rebars directly to fire and then reducing the load-bearing capacity
[25]. The phenomenon is not yet fully understood, however, previous studies re-
veal that material, geometry and environmental parameters (such as heating rate
and external loading) influence the phenomenon. Among material parameters,
transport properties (e.g., permeability, porosity, and water content) appear to
affect the mechanism behind spalling [26, 27].

Given the influence of material properties on the high temperature behaviour
of concrete, it seems that concrete made with recycled concrete aggregates may
behave differently than concrete made with natural aggregates in these extreme
conditions. Moreover, the higher porosity, higher water absorption, the different
interfacial transition zones and the thermal expansion behaviour of RCA may
lead to distinctive behaviour at high temperatures.

2.3 Mechanical properties of concrete made
with RCA at elevated temperatures

The mechanical properties are fundamental parameters for understanding and
predicting the behaviour of concrete structures at elevated temperatures. Stud-
ies concerning the behaviour of concrete made with RCA evaluated different
properties, such as compressive strength, elastic modulus, tensile strength, and
stress-strain relationship. Table 2.1 presents a chronological summary of the
works used in this review. A relevant aspect concerning the determination of
mechanical properties at high temperatures is the lack of standardized test pro-
ceedings, even for concrete made with NA. As pointed out by previous studies
[18, 28, 29|, the different parameters related to testing conditions, procedures,
and mix properties affect the results. The compiled results presented herein come
from a wide range of diffferent test parameters and mix properties. The following
sections aim to perform an in-depth discussion related to these parameters.
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Table 2.1: Summary of research on the mechanical properties at high temperatures of concrete made with RCA

Replacement Rate

High Temperature Parameters

Author Coarse Aggregate Fine Aggregate ] Rate/Curve Temp. Exposure Experiments
(%) (%) Test type (°C/min) (°C) time (h)
Zega & Di Maio [30] 75 - Residual ns. 500 °C 1, 4 CS. EM; UPV; DME
Zega & Di Maio [31] 75 - Residual n.s. 500 °C 1 CS; EM; UPV; DME
Vieira et al. [13] 20; 50; 100 - Residual ISO 834  400-800 °C 1 CS; STS; EM
Sarhat & Sherwood [32] 25: 50; 75; 100 - Residual n.s. 250-750 °C 1 CS; STS; EM
Xiao et al. [33] 30; 50; 705 100 - Residual ISO 834 200-800 °C 2 CS; FS
Chen et al. [34] 100 - Residual 25 200-600 °C 1 CS; EM; SS
Kou et al. [35] 50; 100 - Residual 5 300-800 °C 4 CS; STS
Gales et al. [36] 30; 100 - Hot 2 500-560 °C 2 CS; EM; SS; P
Laneyrie et al. [37] 100 - Residual 0.5 150-750 °C 2 CS; STS; DME
Liu et al. [38] 30; 50 - Residual 5 100-800 °C 4 CS; EM; SS
Yang et al. [39] 50; 100 - Residual n.s. 200-400 °C n.s. SHE
Meng et al. [40] 30; 70; 100 - Residual n.s. 200-500 °C 1 TR
Shaikh [41] 50; 100 - Hot/Residual 8 600-800 °C 1 CS; EM
Xuan et al. [42] 20; 40; 60; 80; 100 - Residual 10 200-600 °C 2 CS; EM; SS
Yang et al. [39] 30; 50; 70; 100 - Residual n.s. 300-500 °C 6 CS; EM; SS
Zhao et al. [43] 25; 50; 75; 100 - Residual 12 200-800 °C 3 CS: EM; SS
Bui et al. [44] 100 - Residual 5 500 °C 1 CS; EM. SS; UPV
Chen et al. [45] 30; 50; 70; 100 - Residual 10 200-800 °C 1 CS; EM; SS
Khaliq [46] 100 - Hot /Residual 5 100-800 °C 2.50 CS; EM; SS; STS
Xie et al. [47] 100 - Residual 5 200-800 °C 2 CS; EM; SS
Yang et al. [48] 25; 50; 75; 100 - Residual 10 200-800 °C 3 CS; STS
Abed et al. [49] 25; 50 - Residual ISO 834  100-800 °C 2 CS; FS
Pliya et al. [50] 15; 30 - Hot 1.5 500 °C 1 CS; DIC, SEM
Salahuddin et al. [51] 30; 60; 100 - Residual 3 200-600 °C 1 CS; UPV; ML
Wang et al. [52] 100 50; 100 Residiual 12 200-800 °C 3 CS; STS
Yang et al. [53] 50; 100 - Hot 7-9 300-800 °C 2 CS; EM; SS
Abed et al. [54] 25; 50 - Residual ISO 834  100-800 °C 2 CS; FS
Abed et al. [55] 25; 50 - Residual ISO 834  100-800 °C 2 CS; FS; UPV
Deng et al. [22] 50; 100 - Residual 10 200-400 °C 1 BI
Varona et al. [56] 25; 50; 100 Residual 7-7.5 350-850 °C 2 CS
Wang et al. [57] 100 - Residual 5 200-800 °C 2 TPB
Zhao et al. [58] 100 50; 100 Hot 12 200-800 °C 3 CS; EM; SS
Silva et al. [59] 50; 100 - Residual 2 150-650 °C 1 CS; EM; SS ; STS
Pliya et al. [60] 30 30 Hot/Residual 2 150-450 °C 2 CS; EM; DIC; SEM

n.s. = not specified

CS = Compressive Strength; EM=Elasticity Modulus; UPV = Ultrasonic Pulse Velocity; DME = Dynamic Modulus of Elasticity;
STS = Splitting Tensile Strength; FS=Flexural Strength; SS=Stress-Strain Curve; P=Poisson; SHE=Shear Strength; TR=Triaxial Loading Test;
BI = Biaxial Loading Test; TPB = Three-Point Bending
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2.3.1 Compressive strength

Fig.2.1 depicts the data collected regarding the compressive strength of RAC
at elevated temperatures in terms of relative compressive strength as a func-
tion of temperature. The relative compressive strength consists of the ratio
between strength at elevated temperatures and strength at ambient temperature
(feu'/feu). The results depicted in Fig. 2.1 present no differences regarding
mixture proportions nor test conditions. The only differences are related to the
testing modality, i.e., hot or residual tests. Further in this section a discussion
regarding both types of tests is provided.

Despite the great variability in the results, two different stages can be identi-
fied, especially in the residual data. In the first stage, from room temperature up
to 300 °C, the compressive strength deviates approximately 20 % from its initial
value, with individual data presenting either decrease or increase of strength.
The second stage ranges from 300°C to 800°C, when the compressive strength
starts do decrease prominently. This general trend is very similar to conventional
concrete behaviour [18, 29]. The second stage ranges from 300 °C to 800 °C, when
the compressive strength decreases prominently. Such a decreasing trend is also
observed in the conventional concrete, as pointed out by [18, 29]. The hot dataset
presents a more linear decrease trend. However, due to the reduced number of
hot tests, one cannot assert whether its variability is lower than the variability
obtained from the residual tests.

1.2 i
L O Residual (Exp. Values)

Residual (Range of data)
Hot (Exp. Values)
Hot (Range of data)
— — EC2 (Calcareous)
——EC2 (Siliceous)
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02|

0‘.||I.u|I|||I|..I|||I.||]|||I|.|I|||I||.
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Temperature (°C)

Figure 2.1: Relative compressive strength of concrete made with RCA at elevated
temperatures (residual experimental data from [13, 30-35, 37, 38, 41, 43-48, 51,
52, 56, 58, 59|, hot data from [36, 41, 46, 50, 53] and concrete made with NA
data from Kodur [28])

Fig. 2.1 also depicts a comparison between the compiled data and the curves
for siliceous and calcareous concrete provided by Eurocode 2 [61]. The curves
provided in the Eurocode are the ones used to determine the fire resistance of
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structures. The high scattering in the experimental results does not allow to
draw easily a general conclusion. However, it is noticeable that a significant
amount of experimental values are lower than the code previsions. Hence, using
the Eurocode 2 [61] for evaluating the fire resistance of structures with RAC may
be unreliable. For this reason, particular attention should be paid when using
these previsions and complementary curves, adapted for RCA, could be added
to Eurocode 2.

The variability in the results is not an exclusivity of concrete with RCA.
Different studies [18, 28, 62] point out similar dispersions related to the ordinary
and high strength concrete properties at high temperature. This variation in the
results can be attributed to different factors, suchs as testing conditions (e.g.,
heating rate, hot or residual, sizes, curing, cooling) and material parameters
(e.g., moisture, composition, age) [28, 29].

The first material parameter that raises questions is the presence of RCA
itself. It is relevant to know how the presence of recycled aggregates affect the
mechanical properties when compared to ordinary concrete made with NA. To
depict this difference, the compressive dataset was also compared to results of
concrete made with NA. The comparison was made with a set of experimental
results (green cloud in Fig.2.1), extracted from the review paper of Kodur [28].
For higher temperatures (from 700 °C), concretes with NA tend to present higher
values. Although no clear conclusion can be drawn from Fig.2.1, one notices a
significant variability in the RAC data, particularly under 500°C. Such disper-
sion in data suggests that the design process should be stricter for concrete made
with RCA.

From comparing the works available in the literature, it is verified that dif-
ferent authors obtained contradictory results and drew distinctive conclusions.
A first group of works [34, 36, 41, 59] stated that concrete made with RCA
presented lower relative compressive strength than concrete made with NA after
exposure to high temperatures. The authors also reported that the compressive
strength reduces as the RCA content increases. Chen et al. [34] attributed the
weak behaviour (top right of Fig.2.2) to the high porosity of RCA. Gales et al.
[36] observed similar behaviour in hot tests and asserted that worse performances
were associated with three factors: (i) weak I'TZ between the old cement paste
on the RCA and the new cement paste; (ii) weaker strength at elevated tempera-
tures of the RCA; (iii) possible microcracking in the RCA. Likewise, Shaikh [41]
stated that the compressive strength reduction is due to weaker RCA and the
greater size of the ITZ’s in RCA. Silva et al. [59], on the other hand, attributed
this behaviour to the higher total amount of mortar in these mixtures.

A second group of authors [13, 37, 43, 48, 60] reported that the concrete
made with RCA presented similar performance of conventional concrete. Fig.2.2
(bottom left) depicts the results obtained by Zhao et al. [43]. These works
[13, 37, 43, 48, 60] did not provide a clear relationship between the compressive
strength degradation and the replacement rate. Also, the authors provided no
explanations regarding this behaviour.

Finally, a last group of works observed an increase of the relative residual me-
chanical properties of concrete made with RCA [30-33, 35, 46, 49, 52, 54, 56, 58|.
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One of the evolution is presented in Fig.2.2 (top left). The main reason for this
improvement, according to different authors [30-32, 35], is better compatibility of
the coefficient of thermal expansion between recycled aggregates and the cement
paste, which reduces micro and macrocracking in the interface and the cement
paste. The compressive strength also increased with the increase of fine RCA
(0/5 fraction) quantities, as observed by [52, 58]. The authors also attributed
the gains in the behaviour to a better match between thermal expansions.
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Figure 2.2: Relative compressive strength of concrete made with RCA for dif-
ferent replacement rates

It is also relevant to disclose that the composition of the recycled aggregates
may also affect the compressive strength. Laneyrie et al. [37] studied two differ-
ent recycled concrete aggregates: one produced in a laboratory with controlled
properties and one obtained from an industrial source. The concrete made with
RCA from industry presented a more significant decrease in strength. The au-
thors [37] stated that this behaviour was related to the presence of flammable
non-cementitious impurities (e.g., bituminous, plastic, wood). As the material
burns, additional cracks and pores are created in the matrix.

The water/cement ratio may also influence the compressive strength at high
temperatures of concrete. Such influence was first studied by Zega and Di Maio
[30, 31]. Both works pointed out that for concrete made with RCA with a
low w/c ratio, the reduction of relative residual compressive strength was less
significant. The authors [30, 31] attributed this to the fact that the interface
between old mortar and new mortar was better in the case of low w/c; hence,
thermal expansion between the materials (new paste and RCA) is closer.
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Laneyrie et al. [37] also studied the effects of varying the w/c ratio (0.3
and 0.6) in compressive strength for two different concretes made with RCA
(industrial and laboratory-produced aggregates) subjected to high temperatures.
Relative residual values were similar for both cases, yet the authors did not
comment on this similarity. Likewise, Yang et al. [48] observed that different
w/c ratios make insignificant differences in the compressive strength. Lastly,
Silva et al. [59] studied concretes with the same RCA content and different
strengths (C25 and C65). They observed similar behaviour for both concretes,
with an increase of compressive strength at 150 °C, followed by a decrease up to
650 °C. The main difference was a more relevant increase of compressive strength
for C25 concrete when compared to C65. The authors did not provide reasons
for this behaviour.

Some studies also addressed the effect of mineral additions as partial replace-
ment of cement. For concrete made with NA, previous studies reported that fly
ash and slag can improve its resistance at high temperature, while silica fume
seems to worsen the performance [18].

Kou et al. [35] evaluated the addition of fly ash and ground granulated blast
furnace slag. They reported an improvement in the compressive strength of
concrete made with RCA and mineral additions, up to 300°C. After 500°C,
however, the concrete suffered significant deterioration. Bui et al. [44] evaluated
four different mineral additions: fly ash, waste paper sludge ash, silica fume and
metakaolin. The results revealed that mineral additions improved the relative
residual compressive strength of heated RAC. The use of waste fly ash, cellular
concrete powder and perlite powder as replacement for cement in self-compacting
concrete with RCA was studies by Abed et al. [49, 54]. The authors state that
adoption of 15% of any of the waste materials with 25 % of RCA replacement
improve concrete performance. Lastly, some studies [34, 41] verified the effects
of adding fibres to the concrete with RCA, whereas Xie et al. [47] added fly
ash and fibres. Authors reported that fibres improved the residual mechanical
properties of heated RCA.

Concerning the testing parameters, two of them stand out: heating rate and
type of test. Regarding the heating rate, strong thermal gradients may take
place in concrete samples due to their low thermal diffusivity [63]. This kind
of thermal gradients induces a structural behaviour in the sample and should
be avoided when determining material properties. Moreover, it is important to
guarantee a homogeneous temperature distribution inside the specimen. In that
context, RILEM recommendation [64] limits the heating rate up to 4 °C/min,
depending on the specimen size. Regardless of the type of mechanical test,
hot or residual tests can be carried out. For hot tests, concrete specimens are
loaded at elevated temperatures. On the other hand, in residual tests, loads are
applied after cooling the samples. The first type of test helps to understand the
behaviour of concrete structures during a fire and the second one is more related
to the post-fire assessment and repair of concrete structures [65].

Fig.2.3 presents the influence of the heating rate and the type of mechanical
tests in the relative compressive strength of RAC. Fig.2.3a depicts the relative
compressive strengths obtained from low heating rates (up to 5°C/min), whereas
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Fig.2.3b portrays the compressive strengths obtained from high heating heating
rates - including ISO 834-1 [66] fire curve. Addtionally, the dataset depicted
in Fig.2.3a was obtained from [34-38, 44, 46, 47, 50, 51], whereas the dataset
depicted in Fig.2.3b was obtained from [13, 30-33, 41, 43, 45, 48, 52, 53, 56, 58|.
It is clear that the data distribution varies between both datasets, especially for
residual values. Lastly, the dataset obtained from low heating rates presents a
two-phase behaviour, with some works showing a slightly increase of strength for
temperatures up to 300 °C.
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Figure 2.3: Relative compressive strength of concrete made with RCA at high
temperatures

The influences of the type of mechanical test (i.e., hot or residual tests) are
also studied by a few authors [41, 43, 46, 53, 60], whose results are plotted in
Fig.2.4. The small amount of works, however, does not allow one to draw specific
conclusions. Some authors [41, 43, 46, 53, 60] studied specifically the influence
of the type of testing, and some of their results are plotted in Fig.2.4. A clear
difference in trends is observed, which allows one to assert that the obtained re-
sults are contradictory. Shaikh [41] observed that relative compressive strengths
from residual tests are higher than hot ones, regardless of the temperature (top
left on Fig.2.4). The author [41] stated that this behaviour is associated with
the rehydration of hydration products after cooling, which may reduce porosity.

Khaliq [46], on the other hand, observed a different behaviour. In his study,
residual tests values are higher for temperature up to 200°C. From 200°C up
to 800 °C, the results obtained from residual tests become lower than the results
obtained from the hot test (top right on Fig.2.4). Zhao et al. [43], and Yang et al.
[53] reported similar results to Khaliq [46]. Namely, for high temperatures, the
relative values obtained from the hot tests outperform the ones obtained from
the residual test. Contrarily, for low temperatures, the results obtained from
the residual test outperform the ones obtained from hot tests. It is worthwhile
mentioning that the results from Zhao et al. [43], and Yang et al. [53] are pre-
sented together on the bottom left of Fig.2.4 as they come from the same research
project, having the same test mix and testing conditions. The lower values of hot
samples for the lowest temperatures, as observed in Kahliq [46], might be related
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to a higher internal vapour pressure due to free water evaporation, as stated by
Ma et al. [18] for concrete with NA. On the other hand, for high temperatures,
lower values of residual tests may be explained by additional mechanical damage
due to cooling of concrete [18].

Pliya et al. [60] studied the effect of residual/hot testing and also the effect
of different pre-loading (40 % and 70 %) during hot tests. Same rate of 2°C/min
was used in all the tests. Authors stated that hot values, regardless of the pre-
load, were always higher than residual ones. They attributed this behaviour
to additional thermal stresses due to the cooling phase. The influence of the
cooling method was also studied in the works of Yang et al. [48] and Wang et al.
[52]. Both studies evaluated the differences between natural and water cooling by
spraying cold water for 30 minutes. They concluded that water cooling resulted
in a more significant decrease of compressive strength, especially for temperatures
below 600°C. Yang et al. [48] and Wang et al. [52] stated that lower values of
normalized compressive strength might be related to the severe thermal shock
induced by water cooling.
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Figure 2.4: Hot and residual relative compressive strength of concrete made
with RCA (percentage refers to the evaluated replacement rate)

2.3.2 Elastic modulus

Fig. 2.5a depicts the variation of the relative static elastic modulus as a function
of the temperature. The relative static elastic modulus consists of the ratio
between the elastic modulus at elevated temperatures and the elastic modulus
at ambient temperature (E,”/E,). No distinction of mixtures was made and
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results were presented in two groups: residual tests [13, 30-32, 34, 38, 43, 45—
47, 59] and hot tests [36, 41, 46, 50, 53]. Similarly to the compressive strength
case, the results present a significant scattering of data, especially for residual
tests. In general, the elastic modulus decreases almost linearly between room
temperatures - and this behaviour is more prominent with hot tests.

The linear decrease of elastic modulus is very similar to those observed in
concrete made with NA [18, 28], as observed in Fig.2.5b. This figure depicts
the experimental results obtained by [28] from hot and residual tests for con-
crete made with NA in the green shaded area. The grey shaded area represents
the both hot and residual tests for concrete made with RCA. Remarkably, the
RCA dataset is almost entirely inside the range of concrete with NA. For these
reasons, it is possible to assert that the behaviour of both types of concrete is
similar. However, the behaviour is not identical as differences can be found be-
tween 23 °C and 500°C, as RAC presents higher relative static elastic modulus.
Additionally, [13, 44, 53, 59] highlighted that the decrease of elastic modulus was
more significant than in compressive strength. Vieira et al. [13] attributed that
to the high level of cracking observed in the heated samples.
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Figure 2.5: Relative modulus of elasticity of concrete made with RCA at elevated
temperatures

In general, the factors that influence elastic modulus are very similar to those
affecting compressive strength. Some works [13, 32, 43, 53] stated that the re-
placement rate makes little difference in the residual elastic modulus . Like the
case of compressive strength, however, contradictory conclusions are observed in
the literature. Shaikh et al. [41] observed a worse performance of RAC when
compared to concrete with NA. They associated these results to the pre-existing
microcracks in the RCA. Allegedly, These microcracks induced damages during
heating, which reduced the load capacity and increased deformation, resulting
in lower elastic modulus. Bui et al. [44] also observed worse behaviour for RAC.
They attributed this to the old mortar in the RCA, which had higher deforma-
bility than the NA. Lastly, Khaliq [46] reported better elastic modulus retention
in high strength RAC samples. The author [46] attributed this behaviour to the
lesser deterioration in the microstructure of RA-HSC due to the higher perme-
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ability given by the RCA.

The use of fine RCA (0/5 fraction) also showed some increase in the elas-
tic modulus, as observed by Zhao et. al [58]. According to their work, mixes
with 50% of fine RCA might improve the residual stiffness after exposure to
high temperatures. Similar phenomenon was also observed by Pliya et al. [60]
which verified that RAC with 30% of fine RCA presented less damage. Au-
thors attributed these results to the higher porosity of RAC, which might ease
the thermal and hydrous transfer and consequently reduce the damage of this
material.

2.3.3 Tensile strength

The tensile strength of concrete is significantly lower than compressive strength.
For this reason this property is often neglected. At high temperatures, however,
such property becomes relevant as the cracking and spalling phenomenons are
related to tensile stresses [28]. In the literature, the tensile properties of concrete
are usually determined by splitting test. Direct tension tests on concrete made
with RCA at elevated temperatures are not reported in the literature. Fig.2.6a
depicts the temperature dependence of the relative splitting tensile strength [13,
32, 35, 37, 46, 48, 52, 59]. The relative splitting tensile strength consists of the
ratio between the splitting tensile strength at elevated temperatures and the value
at ambient temperature (f;” /f;). No distinctions regarding mix proportions and
testing procedures were made. The only study giving hot values is highlighted
[46]. As the case of the other mechanical properties, wide variability of results is
observed.

Fig.2.6b depicts a comparison with experimental results of concrete made
with NA (extracted from Kodur [28]) and Eurocode 2 [61] provisions. Remark-
ably, the Eurocode 2 [61] provisions are more conservative than the experimental
measurements. The analyses regarding the splitting tensile strength must be cau-
tious, as the amount of available data is scarce. Additionally, similarly to the
elastic modulus, the deterioration of the tensile strength property is more sig-
nificant than the decrease in the compressive strength. The main reason for
this behaviour is the higher sensitivity of tensile strength to thermal micro and
macro-cracks [13, 37, 48, 52]. Comparing the experimental dataset (green and
grey clouds in Fig.2.6b) of concrete made with RCA and NA, a higher variation
of RAC results is verified. In general, relative splitting tensile strengths for con-
crete made with RCA exceeded the results obtained for conventional concrete.
Lastly, although the experimental results presented its maximum at 300 °C, Kou
et al. [35] did not provide any specific explanation addressing this behaviour.

However, the general higher tensile strength values for RAC were not always
the case in the literature. Similarly to the previous commented concrete prop-
erties, contradictory results are reported in the literature. Whereas some works
[13, 48, 52] pointed out that the replacement rate did not significantly affect split-
ting tensile behaviour, other authors [37, 46, 59] related slightly worse behaviour
when compared to concrete made with NA. Laneyrie et al. [37] attribute the
deterioration in behaviour to the higher number of interfaces, which might in-

35



Chapter 2 Effect of elevated temperatures on concrete with RCA

crease the development of cracks. According to Silva et al. [59], this behaviour is
due to the higher amount of mortar in the concrete made with RCA. Contrarily,
Sarhat and Sherwood [32] obtained different results. They observed an increase
in the relative splitting tensile strength as the replacement rate increased. They
attributed this behaviour to the low performance of the reference concrete with
NA obtained from river gravel. Kou et al. [35] also observed some increase in
the residual splitting tensile strength. They attributed this to the lower quantity
of cracks around RCA (experimentally observed).
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Figure 2.6: Relative splitting tensile strength of concrete made with RCA at
elevated temperatures

Once again, Laneyrie et al. [37] highlighted the influence regarding the quality
of the aggregates. Since they used industrial RCA in their concrete, their results
presented weak tensile strengths due to the melting and burning of impurities,
which left additional voids and cracks. Laneyrie et al. [37] also assessed the
strength of concrete and pointed out that high strength concretes (i.e., with low
w/c ratio) exhibited lower deterioration of the properties due to a better match
between interfaces. Yang et al. [48], however, evaluated different w/c ratios
and concluded that it made no difference in the relative residual splitting tensile
strength.

2.3.4 Stress-strain relationship in compression

The stress-strain relationship expresses the mechanical response of concrete un-
der an increasing compression load. The resulting curves are commonly used
as an input to mathematical models to determine the fire resistance of concrete
structures [28, 62]. Usually, stress-strain curves allow to determine compressive
strength, elasticity modulus and peak strain. Many studies [34, 36, 38, 39, 4247,
53, 58, 59] evaluated the stress-strain relationship of concrete made with RCA at
elevated temperatures. In general, the shape and the differences caused by the
temperature are very similar for both the RAC and concretes made with NA [18,
28]. As the temperature increase, stress-strain curves flatten, the peak stresses
reduce, the slopes decrease and the strains at peak stresses increase. Fig.2.7

36



Chapter 2 Effect of elevated temperatures on concrete with RCA

depicts this behaviour by presenting stress-strain curves obtained by Yang et al.
[53].
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Figure 2.7: Stress-strain curves of concrete after heating: (a) concrete made
with NA (b) concrete made with a 100 % replacement rate (adapted from Yang
et al. [53])

Gales et al. [36] were the first ones to present hot stress-strain curves for
concrete made with RCA. Strain properties were measured with digital image
correlation (DIC), but only the ascending branch was recorded. The tempera-
ture dependency of the ascending branch was similar to ordinary concrete. In
this study, concrete made with a higher replacement rate presented a lower slope
and higher peak strain at elevated temperatures. Khaliq [46] also compared hot
and residual stress-strain responses. To measure strains, LVDTs were attached
to compression platens. The author concluded that high strength concrete made
with RCA was more ductile than concrete made with NA, notably above 400 °C.
Additionaly, Khaliq [46] comments that this behaviour is due to the high tem-
perature dilatation and microstructure damage when compared with NA-HSC.
Regarding the effect of the type of test, residual test samples presented a more
ductile behaviour when compared with hot tests.

Zhao et al. [43] compared normalized (relative) curves and found out that
concrete made with RCA registered lower energy absorption capacities when
compared with concrete made with NA. Yang et al. [39] tested different re-
placement rates and did not observe significant differences for the stress-strain
curves. Zhao et al. [58] evaluated the influence of fine RCA (0.15-4.75) in the
stress-strain response of concrete and stated that the inclusion of fine RCA had
an insignificant impact on the behaviour. Lastly, the addition of steel fibres in
concrete made with RCA improves the high temperature mechanical behaviour,
increasing the energy absorption capacity, as observed by Chen et al. [34], and
the stiffness, as reported by Xie et al. [47].

2.3.5 Other mechanical properties

Different mechanical properties were studied in several works. For instance, Gales
et al. [36] determined the Poisson’s coefficient at hot state employing digital
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image correlation (DIC) measurements of transverse and longitudinal strains.
According to their research, For ambient temperature, the property is not affected
by the presence of RCA. At 500 °C, however, the Poisson’s ratio depends on the
recycled aggregate content. Compared with ambient temperature, the Poisson’s
ratio increased for NA and for the mix with 30 % of replacement. For concrete
with 100 % of RCA, the Poisson’s ratio decreased with temperature. The authors
suggested that the Poisson’s ratio was dependent on the type of aggregate and
the behaviour of the different ITZ inside the concrete.

Pliya et al. [60] also used DIC to measure thermal strains of concrete spec-
imens under transient temperature tests. Different replacement rates (0% and
30% of both fine and coarse RCA) were exposed to high temperatures under
different sustained pre-loading (40 % and 70%). The authors [60] stated that
the deformation depended on the pre-loading. Besides, it was observed that
with 70 % of pre-loading, the transient thermal strains neutralize the effect of
free thermal expansion, reversing the total strains from expansion to contrac-
tion. They also verified that thermal strains of concrete with NA were higher
than concrete with RCA.

The deformation properties of heated RAC were also evaluated by Zhao et al.
[67]. The authors assessed the free thermal strain for different replacement rates.
In general, as the temperature increases, the thermal expansion increases. An
abrupt increase at 500°C was verified, related to the quartz transformation of
siliceous aggregates. Zhao et al. [67] also observed that beyond 500 °C, thermal
expansion significantly increases for concrete made with 50 % of RCA. They
attribute this behaviour to the microcracking caused by the non-uniform thermal
stresses between the two coarse aggregates (NA and RCA), as it did not for
concretes with replacement rates of 0% and 100 %.

Flexural behaviour of concrete made with RCA was first studied by Xiao et
al. [33]. The authors observed that residual flexural strength gradually decreases
with the increase of temperature and the effect of the replacement rate is not
very significant. The property was also evaluated by Abed et al. [49, 54]. They
verified the effect of replacement rate, cement-replacement materials and time in
self-compacting concrete with RCA. The authors verified that residual flexural
strength increased with the increase of RCA content, due to strong I'TZ between
aggregates and mortar and also due to the better thermal compatibility. The use
of waste material (fly ash and perlite powder) as a replacement to cement also
presented a little improvement, depending on the replacement rate.

Meng et al. [40] studied the triaxial compressive properties of concrete made
with RCA at high temperatures. The triaxial stress state is usually occurs in
concretes during accidental loads (shock, fire, earthquake), in reinforced concrete
with spiral hoops or concrete inside steel stubes. When triaxial stress are applied,
the residual compressive strength of the material increases due to the limitation
of cracks and deformations by the confining stress. The authors [40] stated that,
up to 400°C, the triaxial strength of RAC specimens was not influenced by
temperature. From this temperature on, the triaxial strength starts to decline.
It is worthwhile mentioning that the deterioration of the triaxial strength is less
severe than uniaxial compressive strength. Deng et al. [22] studied the biaxial
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behaviour. They evaluated different stress ratios, different replacement rates, and
different temperatures. The main conclusions were that the biaxial compressive
strength decreased as the replacement rate increased. They asserted that this
behaviour is associated with initial cracking presented in the RCA.

Shear behaviour of RAC at elevated temperature was evaluated by Yang et
al. [68]. Authors evaluated residual shear properties after exposure to tempera-
tures up to 400°C. Their results revealed that shear modulus and peak secant
shear modulus quickly decrease when exposed to high temperatures. Yang et
al. [68] also pointed out that the replacement rate had minimal effect on the
shear strength, although peak strain slightly increased. Fracture properties of
concrete made with RCA; silica fume and fibres were evaluated by Wang et al.
[57]. Three-point bending tests were performed on notched beams after heat-
ing. Wang et al. [57] concluded that concrete made with only RCA presented
worse fracture properties. The addition of silical fume and steel fibres, however,
improved this behaviour.

Lastly, some studies [30, 31, 44, 51] made some qualitative evaluations of me-
chanical properties of concrete made with RCA, such as ultrasonic pulse velocity
(UPV). Zega and Di Maio [30, 31] reported that concrete made with RCA pre-
sented a lower reduction of UPV values at high temperatures than concrete made
with NA. They attributed this behaviour to the better bond in the aggregate-
mortar interface. Bui et al. [44] evaluated the effect of adding mineral admix-
tures and found that it did not affect UPV values. Authors [44] also reported
that increase of the cement content improved UPV values of RAC at 500°C.
Abed et al. [55] evaluated the UPV of self-compacting concrete made with RCA
with different replacement rates and cement replacement materials. The authors
state that the incorporation of both waste materials improved the residual UPV,
due to denser ITZ and better bond between mortar-mortar. Correlations with
density, flexural strength and compressive strength were also given.

2.4 Thermal properties

Thermal properties govern the temperature diffusion inside the concrete; hence,
these properties dictate the behaviour of concrete during heating (e.g., during a
fire). Usually, thermal properties are defined in terms of thermal conductivity,
specific heat and density. Thermal conductivity is the property related to heat
conduction and is highly affected by moisture, porosity, and permeability. At
room temperature, for concrete made with NA, thermal conductivity ranges
between 1.4 and 3.6 W/mK. For concrete made with RCA, two works [37, 67]
addressed this behaviour. They observed that thermal conductivity decreases as
temperature increases. This decrease is higher up to 400°C due to the intense
loss of free and pore water in concrete in that range of temperature [67].
Laneyrie et al. [37] evaluated thermal conductivity using the hot disc method
and revealed that, up to 900°C, concrete made with RCA presented less ther-
mal conductivity than concrete made with NA. They also reported that ordinary
strength mixes made with RCA had 10 % lower thermal conductivity when com-
pared with the high strength mixes. Zhao et al. [67] used a hot wire method to
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evaluate thermal conductivity. Fig.2.8a depicts a comparison between the results
from Zhao et al. [67], Laneyrie et al. [37], Eurocode 2 [61] and ASCE models .
The results obtained by Zhao et al. [67] are similar to the ones from Laneyrie
et al. [37] but are slightly higher than ones obtained from the models values
. The authors [67] also showed that increasing RCA content reduces thermal
conductivity.
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Figure 2.8: Thermal properties of concrete made with RCA [67]: comparison of
experimental results [37, 67] and code models

Aiming to measure the specific heat of concrete made with RCA, Laneyrie et
al. [37] employed hot disc method, whereas Zhao et al. [67] opted for the differen-
tial scanning calorimeter. The specific heat depends mainly on the physical and
chemical transformations that occur in the concrete when heated. Beside, spe-
cific heat is highly affected by moisture content and w/b ratio [28, 62]. Laneyrie
et al. [37] showed that specific heat of RAC slightly increased as temperature in-
creased. Zhao et al. [67], however, obtained less clear results, revealing relevant
discrepancies between different studies, as depicted in Fig.2.8b. Disparities were
also observed while evaluating the influence of the replacement rate. Zhao et al.
[67] concluded that coarse RCA did not significantly influence the specific heat
of concrete at elevated temperatures. Additionally, the specific heat of RAC is,
in general, higher than the specific heat obtained from EC2 and ASCE models.

Density evolution as function of the temperature was studied by Bui et al.
[44], who recorded values at fresh state, 20°C, 100°C and 500°C. At high
temperatures, concrete made with RCA presented greater loss of density than
concrete made with NA, due to the higher porosity of RCA. Density evolution
is mainly driven by the mass loss due to water departure from the material, and
mass loss of concrete made with RCA was also evaluated in literature [37, 4547,
51]. In general, as RCA presents higher water content, concrete made with RCA
will also present more significant mass losses than concrete with NA; hence a

!Corrigendum: Care should be taken when comparing experimental results with Eurocode 2
models. The lattter was obtained through inverse calibration and not using any experimental
set-up to determine thermal properties of materials. Indeed, the final objective of the EC2
models is to predict the temperatures inside concrete members
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more significant decrease of density as temperature increases.

2.5 Medium, full-scale and fire spalling tests

Usually, medium and full-scale fire tests consist of evaluating the behaviour of
different concrete members subjected to a standard heating curve (e.g., ISO 834-1
[66]). Often called fire resistance tests, these tests aim to check the load bear-
ing capacity, integrity and thermal insulation of concrete members during rapid
heating. In addition to fire resistance tests, experiments concerning spalling,
bond between RAC and steel rebars, and impact behaviour were observed in the
literature.

Dong et al. [69] performed fire tests on columns made from RAC (100 %
replacement) and concrete made with NA. The columns were subjected to ISO
834-1 [66] fire curve with a constant axial load. All tested columns failed due
to large axial deformations. Dong et al. [69] reported that for the same com-
pressive strength (C30), the fire resistance performance of concrete made with
RCA (100 % replacement) was higher (118 min) than columns made of concrete
made with NA (78 min) 2. They attributed this to the higher moisture content of
concrete made with RCA, which may dissipate heat through water evaporation
(lower temperatures in cross-section were measured in concrete with RCA).

Within the French project "Recybeton', Robert et al. [70] carried out fire
resistance tests on two RAC reinforced beams. One beam was made with 30 %
of coarse aggregates and the other with 30 % of coarse and 30 % fine replacement.
Beams were tested under ISO 834-1 [66] standard fire curve for 60 minutes. A
comparison between the experimental bending moments and the bending mo-
ments assessed according to Eurocode 2 part 1-2 [61] revealed that experimental
bending moments were higher than code previsions.

Robert et al. [70] also tested slabs to verify spalling and thermal diffusion
within the thickness of slabs. Similarly to the prior experiments, two reference
slabs and two slabs of concrete made with RCA (one with 30 % of coarse aggre-
gates and the other with 30 % of coarse and 30 % fine replacement) were tested.
All slabs were subjected to the ISO 834-1 [66] fire curve. As depicted in Fig.2.9,
superficial and localized spalling was observed only in the slabs containing RCA.
The authors [70] state that the spalling extent was not detrimental to the sta-
bility of the slabs. Additionally, Robert et al. [70] attributed the phenomenon
to the high water content of RAC slabs.

Chen et al. [71] evaluated the mechanical behaviour of reinforced concrete
and steel-reinforced concrete (i.e., composite) short columns and beams after
exposure to elevated temperature. All the studied elements consisted of RAC
with different replacement rates. The samples were initially heated inside an
electrical furnace, then cooled and subjected to axial and three-point bending

2Corrigendum: Care should be taken when analyzing these results. Although the compared
concretes have similar strengths, they have significant differences in cement and filler content.
Indeed, the NA concrete used in the column that fails at 78 min had a low amount of cement
- under the standards commonly used in Europe. Hence, any comparison of the fire resistance
of these two concretes should also consider these parameters.
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tests. The authors [71] verified a significant reduction in the bearing capacity of
RAC short columns. They also reported that the shear properties deteriorated
more significantly than flexural properties in their experiments. Additionally,
Chen et al. [71] observed spalling in all samples heated up to 800°C.

Pliya et al. [50] tested spalling sensitivity of high strength concrete made
with NA and RCA (0%, 15% and 30 % replacement rate). To evaluate spalling,
authors placed cylinder samples in a furnace and submitted them to a heating
rate of 10 °C/min. The authors [50] reported progressive and explosive spalling,
characterized by the sudden disintegration of all samples (i.e., either with or
without RCA). It is worth noting that this heating rate is lower than the one
expected during a real fire. Pliya et al. [60] reported a similar phenomenon in
another study, in which they applied 70 % pre-loading when the surface temper-
ature reached 150 °C.

Figure 2.9: Slabs after ISO 834-1 [66] fire test: D1 and D2 are concrete with
RCA; D3 and D4 are concrete with NA (adapted from Robert et al.[70])

Another aspect evaluated at elevated temperatures was the bond behaviour
between concrete made with RCA and steel rebars. Yang et al. [68] evaluated
post-heating bond for different replacement rates (0% to 100 %) up to 500 °C.
Results revealed that increasing RCA replacement increases the relative bond
strength after temperature. The authors [68] stated that this increase can be
associated with the similar elasticity modulus between RCA and cement paste,
the better matching of thermal expansion and the higher moisture content.

The high temperature behaviour of recycled aggregate concrete-filled steel
tubes (RACFST) was also studied [72-75]. This use is associated with the fact
that RAC presents lower mechanical properties. Hence, confining them with
steel tubes might overcome this drawback. Most of the authors [72, 73, 76]
observed that RAC specimens presented inferior mechanical properties, such
as compressive strength, composite (concrete and steel) elastic modulus, and
larger deformations. In general, increasing the replacement rate leads to the
degradation of concrete properties. They attribute this behaviour to the lower
fire resistance of RAC when compared to NAC [76].
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2.6 Microstructure of heated concrete made
with RCA

In addition to mechanical and thermal properties, microstructure properties were
also evaluated after heating. The experiments helped to understand the be-
haviour of concrete during heating and characterize the residual performance of
concrete after cooling. The RAC microstructure was studied either by employing
optical microscopy [42] or by applying scanning electron microscopy (SEM) [36,
46, 47, 50, 59].

SEM analysis by Gales et al. [36] focused on the ITZ of concretes made with
different replacement rates after exposure to high temperature (500°C/ with a
heating rate of 2°C/min) and mechanical load. The concrete made with 100 %
replacement rate presented several microcracks at the interface between RCA
and new mortar, which Gales et al. [36] attributed to thermal stresses. To
support this affirmation, they studied the microstructure of samples submitted
to mechanical load only (i.e., the samples were not heated) and noticed no cracks
in the I'TZ. Similarly, the heated specimens of concrete with NA did not showed
cracks in the interface, indicating that RAC presented interfaces more prone to
cracking. Additionally, Pliya et al. [50] evaluated ITZ of high-strength concrete
(HSC) made with RCA with replacements rates of 15 % and 30 %. In both cases,
microcracks were observed at the interface and in the new cement paste.

SEM observations made by Xie et al. [47] showed that at 200°C, the mi-
crostructure of concrete made with RCA is almost unchanged. At 400°C, how-
ever, hydration products tend to loosen and at 600 °C, C-S-H morphology starts
to transform and CH starts to dehydrate. Finally, at 800°C, cracks and voids
are observed. Similar observations were done by Khaliq [46], who verified a loss
of filling compounds due to dehydration.

Silva et al. [59] used SEM images to support their assumption that the
decrease of physical properties of concrete (water absorption, mass loss, and
density) after exposure to elevated temperature was related to the increase of
the total mortar amount (new and attached mortar). Aiming to prove their
point, Silva et al. [59] utilized the post-heating SEM observations depicted in
Fig.2.10. As Fig.2.10 portrays, the higher porosity of RCA and the different
interfaces led to bigger crack openings during the heating process.

Xuan et al. [42] used optical microscopy to evaluate mesocracks at the inter-
faces and in the mortar of concretes made with NA, RCA, and with carbonated
RCA, after a thermal exposure of 600°C. The idea behind using carbonated
RCA relies on the reaction between CO, and the hydration products of cement
in concrete. Such reactions produces CaCOs3, which might precipitate in pores
and densify the microstructure [77]. The authors [42] observed that by using
RCA and carbonated RCA, the mesocracks at the interface aggregate-mortar
dissapeared, whereas the width of mesocracks in the mortar after heating de-
creased. They asserted that the thermal damage of concrete with NA is higher
than concrete with RCA after heating up to 600 °C.

The porosity of concrete made with RCA was evaluated by means of water
porosimetry [37] and mercury intrusion porosimetry (MIP) [35, 42]. Laneyrie et
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Figure 2.10: SEM images of concrete made with RCA after exposure to 650 °C:
C25 (left) and C65 (right) (adapted from Silva et al.[59])

al. [37] pointed out that water porosity did not change significantly up to 300°C.
From this temperature on, a slight increase was observed. MIP results from Kou
et al. [35] revealed that, at room temperature, concrete made with RCA was
more porous than concrete made with NA. After heating up to 500°C and 800,
however, conventional concrete presented increases in porosity and average pore
diameter. According to Kou et al. [35], the initial porosity of RAC prevented the
build-up of vapour pressure, reduce internal cracks, and improves the thermal
compatibility between new mortar and old mortar (attached mortar).On the
other hand, Xuan et al. [42] found out that RAC at 600°C presented more
porosity than concrete made with NA and carbonated RCA. They attributed this
behaviour to the decomposition of hydration products from the cement mortar
in RAC.

Capillary absorption, directly related to porosity, was also studied in previous
research. Kou et al. [35] investigated capillary water absorption and found results
that agree with MIP, i.e., a relative residual water absorption coefficient that was
higher for RAC up to 500°C. At 800 °C this behaviour shifted, as concrete made
with NA presented a higher water absorption.

2.7 Summary and Conclusions

Based on this literature study, some highlights on the behaviour of concrete made
with RCA at elevated temperatures can be drawn:

o All the mechanical properties deteriorate as temperature increases, simi-
larly to concrete with NA. Relative residual compressive strength presented
different phases - up to 300 °C, some properties remain quite constant and
from this level up to 800°C, all properties start to decrease significantly.
For elastic modulus and splitting tensile strength decrease almost linearly
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as temperature increases. For stress-strain curves, in general, increasing
the temperature causes the curves to flatten.

e The influence of the RCA and the replacement rate on mechanical prop-
erties is not well defined. Some works reported a possible increase of the
relative residual properties as replacement rate increases. Other results
pointed out that the replacement rate makes no significant difference or is
even slightly worse. The inferior mechanical behaviour of concrete made
with RCA relies upon the peculiar porous microstructure of the RCA and
the weaker interfacial transition zones. In contrast, the studies which ob-
served superior behaviour attributed this to the better match of thermal
expansion between RCA and cement paste.

o Test conditions, such as heating rate and test modality (residual/hot),
influence the measurements of mechanical properties. Additionally, the
results found in the literature were also contradictory, as some authors
pointed out that residual tests resulted in higher values, whereas others
indicated the opposite. Standardized specifications and test protocols are
needed to develop reliable outcomes.

o As temperature increases, the thermal conductivity decreases and specific
heat presents miscellaneous results. In general, the use of RCA has no
significant influence on thermal properties.

o Full-scale tests were performed on slabs, and localized spalling was ob-
served. The authors reported no significant influence on the structural
behaviour was noticed. Additionally, full-scale tests were also performed
on columns of concrete made with RCA. The results revealed better fire
resistance ratings than concrete made with NA 3. Beams of concrete made
with RCA were also tested, and experimental bending moments before
collapse were higher than code previsions.

o Microstructural observations pointed out that concrete made with RCA
presented ITZs more brittle than concrete made with NA. SEM observa-
tions of concrete made with RCA also revealed dehydration of concrete
hydrates. Additionally, some works reported that even if RAC presents
high porosity, the increase of relative residual porosity is lower compar-
ing with concrete made with NA. Similar behaviour was observed for the
relative residual water absorption.

2.8 Research needs

Based on this literature review, the following research needs and recommenda-
tions are proposed:

3Corrigendum: As commented, care should be taken when analyzing the fire resistance
results. The work [69] from which these conclusions were drawn compared concretes with
similar strengths but significant differences in cement content.
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e Only a limited amount of works measured the mechanical properties at the
hot state. Understanding the material behaviour at the hot state is crucial
for predicting its performance during an actual fire.

o Deformation properties are another fundamental aspect to understand the
concrete behaviour at high temperatures. Moreover, understanding the
total strain of concrete made with RCA during heating is crucial to de-
velop realistic computations. The deformation properties comprise the free
thermal strain, the elastic strain, and the transient thermal strain.

o The spalling behaviour of concrete made with RCA should be studied more
deeply, as it is fundamental for understanding the fire behaviour of concrete
structures. Although some works reported spalling in concrete made with
RCA (either normal or high-strength), it is yet to be found whether this
behaviour is related to the aggregates or other parameters, e.g., the dense
microstructure of HSC or water content. The effect of different replacement
rates on spalling extent should also be studied.

o More full-scale fire tests are needed. Previous works related a similar
behaviour between RAC and concrete made with NA, however, further
research with different structural members and testing parameters are
needed.

e No numerical modelling of concrete made with RCA at high tempera-
tures was found in the literature. Mesoscale models, including the different
phases of concrete made with RCA, should be used for thermo-mechanical
simulations.

o Further microstructural observations are needed for an in-depth under-
standing of the post-fire behaviour of RAC. X-ray diffraction (XRD), dif-
ferential thermal analysis (DTA), X-ray computed tomography would im-
prove the knowledge regarding the behaviour and the differences between
concrete made with RCA and NA at high temperatures.
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Chapter 03

Materials, mix design and samples
overview

This section presents the materials and methods related to the mix design of
concrete made with RCA. This chapter specifies the general behaviour of concrete
made with RCA, detailing the materials, mixture procedures, fresh properties,
and hardened properties at 28 days. This chapter also gives an overview of all
tests and samples produced during the project. Given the thesis structure, the
remaining specific experimental procedures (residual properties and fire tests)
will be described in their respective chapters (Chapters 04 to 07).

52



Chapter 3 Materials, mix design and samples overview

3.1 Materials

The materials used in this project are cement, filler, fine aggregates (sand), coarse
aggregates (natural aggregates and recycled concrete aggregates), superplasti-
cizer and water. All of them were supplied by the partner companies of the
project. The following sections present all materials’ descriptions and proper-
ties.

3.1.1 Cement

The cement used in this research was a CEM II/A-L 42.5R, produced by the
Eqiom company at La Rochelle (France). It has a specific strength of 54 MPa
at 28 days, a density of 3010kg/m? and a specific surface of 4700 cm?/g. The
cement is composed of clinker (91 %), limestone (8 %) and secondary constituents
(1%). Table 3.1 presents its chemical composition.

Table 3.1: Cement chemical composition

Property/Element Weight (%)

I[gnition loss 4.2
Insoluble residue 0.6

SiOq 18.4
A1203 4.5
F6203 3.5

CaO 62.9
MgO 2

SO3 2.6

K>O 0.8

NayO 0.22

S 0.01

CL 0.02

CaO free 1.3

NayO eq. active 0.75

3.1.2 Filler

A limestone filler (Omya Betocarb HP-SC) was used. This filler presents a
density of 2700kg/m? and a specific surface of 4330cm?/g. Its fine content
(less than 63 pm) is 79 %.

3.1.3 Swuperplasticizer

A polycarboxylate-based superplasticizer (SIKA ViscoCrete Tempo-483) was
used in the mixes. It has a density of 1065kg/m? and a dry content of 30 %.
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3.1.4 Aggregates

This study used alluvial sand obtained from Passirac (France) as fine aggregates.
The sand fraction is 0/4 mm and presents a fineness modulus of 3.10. Natural
aggregates were made from diorite (Genouillac, France) and divided into two
fractions, 4/10 and 10/20. Both sand and coarse aggregates were extracted
and produced by the Groupe Garandeau. Recycled concrete aggregates were
crushed and screened near Bordeaux (France) by the recycling company Guyenne
Environnement (Groupe Cassous). They were divided into the same fractions as
NA. Grading curves of fine and coarse aggregates are presented in Fig. 3.1.
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Figure 3.1: Grading curves of sand, natural and recycled coarse aggregates

Physical properties of aggregates(NA, RCA and sand) were measured by the
supplier and partner company (Groupe Garandeau). Density, water absorption
and LA coefficient were measured according to EN 1097-2:2010 [1] and EN 1097-
6:2013 [2]. Table 3.2 presents all obtained results. As expected, RCA presented
higher water absorption and a lower LA coefficient, mainly due to adhered mor-
tar.

Table 3.2: Aggregate properties

Property Sand Natural aggregate Recycled aggregate
Grading Size 0/4 4/10 10/20 4/10 10/20
Density (kg/m?) 2650 2820 2840 2570 2590
Water absorption (%) 0.35 0.92 0.81 5.60 4.52
LA coefficient (%) - 16 16 30 36

Since RCA were obtained from a recycling plant, they presented some impu-
rities related to demolition wastes, such as wood, plastic, brick and bituminous
materials. A manual sorting was done to quantify these impurities, following EN
933-11:2009 [3]. Before manual sorting, a quartering process was done, following
the NF EN 932-1 [4] and the NF EN 932-2 [5]. Then the manual sorting was
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conducted, separating the aggregates into the different sub-classes proposed by
EN 933-11:2009 [3]. Table 3.3 presents the results from this classification. Con-
sidering the NF EN 206/CN:2014 [6] classification, the aggregates used in this
project were Type 3 due to the high quantity of bituminous grains

Table 3.3: RCA constituents

i *
Aggregate Fraction Constituents (% of mass)

Re Ru Rb Ra Rg X
RCA 4/10 73.3 240 05 21 - 0.1
RCA 10/20 76.8 18.6 0.5 3.8 0.1 0.2

*Rc is concrete grains; Ru is natural stones; Rb is ceramic elements;
Ra is bituminous grains; Rg is glass and X is other materials (wood,
plastics, steel, papers and others)

3.2 Mix design

The design of mixtures was planned based on the partner company’s current ap-
proaches and standard requisitions. The mixes were divided into three categories:
reference, direct replacement (DR) and strength-based replacement (SBR).

The first one refers to concrete made with NA. It was designed to meet NF EN
206/CN:2014 [6] durability requirements for the XD3 exposure class. It refers to
corrosion induced by chlorides with cyclic wetting and drying. This class is one of
the most used in the company and also refers to car parking slabs. Hence, follow-
ing NF EN 206/CN:2014 [6] specifications, the reference concrete was designed
considering a maximum water/cement (w/c) ratio of 0.5, a compressive strength
class of C35/45 and a minimum cement content of 350 kg/m?. For slump, the
partner company specifies a minimum of 150 mm.

In direct replacement (DR) mixes, NA were replaced by RCA in volume,
without any changes in other constituents. Replacement rates for this mix were
chosen based on RECYBETON [7] French project recommendations, which, for
XD3 exposure classe, allows maximum replacement rates of 20 % and 40 %. Ad-
ditional replacement rates of 10% and 100 % were also studied for DR mixes.
For strength-based replacement (SBR) mixes, cement paste was adjusted besides
aggregate replacement to obtain the same performance (compressive strength at
28 days) as the reference concrete (made with NA). For these mixes, replacement
rates of 40 % and 100 % were studied.

The mix design of SBR mixes was done using BetonLab Software [8]. This
software runs simulations based on the Compressible Packing Model (CPM), de-
veloped by De Larrard [9]. This method describes the packing density obtained
by a particular granular mixture, considering all the interactions between grains
[10, 11]. To this, BetonLab requires the introduction of different materials prop-
erties, ranging from granulometry to different semi-empirical coefficients. Espe-
cially, the aggregates coefficients p and q describe their contribution to concrete
compressive strength and are fundamental among the parameters.
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In this project, p and q parameters were determined based on compressive
strength results of reference and DR mixes. Usual p and q values were chosen and
then manually adjusted to obtain approximately the same compressive strength
observed in the trial mixes. It is noteworthy that among the factors, p is the
one that affects more the compressive strength. After calibration of p and q
values, SBR mixes were designed. First, the w/c ratio was adjusted for each
replacement rate to achieve the same compressive strength of the reference mix.
Then, cement content and water were adjusted to achieve target consistency
(defined as between 180mm and 190 mm). This adjustment in cement paste
was made while keeping the w/c constant. Trial mixes were done to verify and
adjust the superplasticizer content. Fig 3.2 presents the performance results
of the calibration, with the points indicating the average experimental values
and the lines representing the BetonLab predictions after adjustments. Further
details of properties will be given in Section 3.4.
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Figure 3.2: Results from calibration with BetonLab [§]

Table 3.4 presents the mixture proportions for all studied mixes. It is note-
worthy that each experimental campaign used different replacement rates, i.e.,
not all of them were used for all experiments. In any case, further details are
given in in Section 3.5 and each chapter/paper.

Table 3.4: Mix proportions (in kg/m?, SP in % of cement mass)

. Mix
Material - — 34— REA70DR RCA20DR RCAA0DR RCA100DR RCA-40.SBR RCA-100.SBR
Coment 350 350 350 350 350 368 120
Filler 60 60 60 60 60 60 60
Sand 8043 8043 804.3 804.3 804.3 787.1 799.8
NA4/10 3317 2085 265.3 199.0 - 207.2 )
NA 10/20 711.1 640.0 568.9 426.7 - 447.5 -
RCA 4/10 - 30.2 60.5 120.9 302.3 114.7 2915
RCA 10/20 - 64.9 129.7 959.4 648.5 248.1 630.3
Water 175 175 175 175 175 172 168
sp 0.9 0.9 0.9 0.9 0.9 0.9 0.9
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3.3 Mixing procedure

When using RCA, one of the main concerns comes from their high water ab-
sorption (close to 5% [12]). Indeed this property may affect the workability
of concrete, even when moisture adjustments are made to the mixes [13]. Pre-
vious works proposed different methodologies [11, 14] to prevent the decrease
in fresh properties. Saturation, pre-wetting (or pre-humidification), mixing and
compensation methods were proposed, but there is no standardized approach.
Aiming for a method that can be reproduced in the concrete plant of the partner
company, it was chosen to work with wet-aggregates in all mixes. To this, all
aggregates (sand, NA and RCA) were first pre-wetted for a specific time (wetting
time) using a perforated soaker hose. This perforated hose was placed on each
big bag containing the aggregates. After the wetting time, the aggregates were
covered with a plastic sheet (resting time). Before casting, the moisture content
of aggregates was measured to adjust the water quantity of concrete mixes.

The pre-conditioning approach was tested with different wetting and resting
times: 1 hour of wetting (1h), 3 hours of wetting (3h), 1 hour of wetting and 2
hours of resting (1h+2h), and 1 hour of wetting and 3 hours of resting (1h+3h).
Fig. 3.3a presents the results for all used aggregates. The water content was
measured with the frying pan method (the same used in the company). Results
indicate that all the procedures induced water content higher than absorption for
all aggregates. Finally, it was chosen to work with 1 hour of wetting and 3 hours
of resting since it produced values closer to the saturation state. The results of
water content measured with the pan were also compared with the oven-dried
method (Fig. 3.3b), specified in NF EN 1097-5 [15]. Results show that water
content is similar when measured by both ways.
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Figure 3.3: Effect of pre-conditioning methods of aggregates on their water con-
tent

Preliminary castings were done using the wetting procedure, measuring the
water content and correcting the mixing water. However, during these initial
studies, a significant variation was observed in workability and compressive
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strength, even for the same mixes. Fig 3.4 presents the results obtained with
concrete made with NA and RCA (RCA-100-DR) casted at different days. As
seen in the figure, concrete mixes showed relevant variations in properties, de-
spite the fact that the same wetting, measuring and corrections were made. At
the same time, the relation between slump and compressive strength is obvious
in these trials.
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Figure 3.4: Effect of pre-conditioning methods of aggregates on their water con-
tent

Two hypotheses for this variation were investigated. The first one was the
method (frying pan) used to measure the water content of the aggregates before
the casting. To verify the method’s precision, the water content values obtained
with frying pan were compared with the water content measured with the drying
oven at 80°C. Table 3.5 presents the differences between measurement. Even
though oven-dried aggregates present higher water content, the difference is in-
significant. The other hypothesis was the water content difference within the
height of the container used to store the aggregates. To verify this, the water
content of the sand was measured at different depths (0, 10 and 20 cm depth).
Table 3.6 presents the different water content at each depth. Results show some
variation, but again, at a lower scale.

Water Content (%)

Material Pan  Oven-Dried Material Water(g )0 ntent
0
RCA 4/10 ) )2 Sand at the top 4.5
RCA 10/20 6.5 7
Sand at 10 cm 4.4
NA 4/10 2.5 2.6 Sand at 20 192
Sand 3.8 4.2 and a cm -

Table 3.5: Measurement method Table 3.6: Height difference

Given the source of slump and strength variation was not clear, a different
approach for the mixing procedure was studied. Given the relation between
slump and strength, it was chosen with the slump as an indicator of performance.
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However, it was necessary first to determine the reference performance in terms of
slump and strength. And to this, NA RCA mixes with dried aggregates followed
by a highly controlled water content were cast.

For concrete made with NA, the reference was cast with all aggregates fully
dried (at 80°C). The water corresponding to the aggregates’ absorption was
added together with mixing water. For concrete made with 100 % of RCA, the
cast was done following Recybeton recommendations [16]. RCAs were initially
dried and then pre-humidified. The pre-humidification of RCA consisted in,
before casting, aggregates were placed inside a sealed container, and the quantity
of water corresponding to water absorption plus 1 % was added to the aggregates.
The container was rolled to homogenization and rested horizontally for 2 hours.
After this, the concrete was cast. Fig. 3.5 presents the results from these two
reference mixes (black line). It’s noteworthy that all mixes were cast with the
same amount of superplasticizer.

With the performance reference established, mixes with the wet aggregates
were cast to verify the protocol. First, the aggregates were wetted using the
abovementioned approach (perforated soaker hose). Then, before casting, the
water content of these wet aggregates was measured and adjusted in the mixing
water. Then, the slump was verified to check if the performance was the same as
the reference mix. After, more water was usually be added to this mix to correct
to have the desired slump. Fig. 3.5 also presents the results from trial mixes
cast with this approach - (wet aggregates, in blue). The results indicate that
the proposed approach gives values close to the reference mixes, both in terms of
slump and compressive strength. Hence the method was chosen for the following
studies. More details about the mechanical properties and the consistency of the
method are given in Section 3.4.

= .
25 T T T T 60 T T T T

DO
o
T
L

__________ R NS NE WS S /C? [
. a;‘ ................................................... & ok ]
E 5} L A S ]
) g\ [ = =< :":":'-:-:.-:..: ...................... ¥
2 g T 1
= 10+ 1 o~ [ ]
7! = Mixes with dry aggregates 3 20| = Mixes with dry aggregates ]
<[ |- - Fit (dry) < [ |- Fit (dry) ]
°T| % Mixes with wet aggregates ] "10|| % Mixes with wet aggregates 1
weeFit (wet) L e Fit (wet) ]
0 IS S SN SN T S ST SN S N SN SN SN SN ST S SN SN S S S 1 0 IR ST SN S N SN TR SN SN N ST ST SN SN SN SR SN S S [T SO S S
0 20 40 60 80 100 0 20 40 60 80 100
Replacement Rate (%) Replacement Rate (%)
(a) Slump (b) Compressive Strength

Figure 3.5: Results from mixes with dry and wet aggregates

Finally, the mixing procedure was the same for all mixes. First, aggregates
and cement were mixed for 2 minutes. Then, water and superplasticizer were
added and mixed for 2 minutes. Then, a first slump (following NF EN 12350-2
[17]) measurement was done. Then the water was corrected if the slump was
far to the slump of reference mixes (between 180 mm and 190 mm). Table 3.7
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presents the mixing water needed in each one of the castings made during the
PhD lifespan. The variation was expected since it was not possible to fully take
into account the effect of water absorption in the aggregates. But, as seen in the
following section, the results shows that the method presents consistent results
(hardened and mechanical properties) in each one of the castings. Fig. 3.6
presents the slump test performed in some of the studied mixes (after the water
adjustement).

Table 3.7: Mixing water for the different castings

Cast NA RCA-10-DR RCA-20-DR RCA-40-DR RCA-100-DR RCA-40-SBR RCA-100-SBR
Theoretical 175.0 175.0 175.0 175.0 175.0 172.0 168.0
Cast #1  192.5 188.1 179.4 188.1 175.0 197.8 193.2
Cast #2 1794 - 183.8 192.5 - 184.8
Cast #3 1794 - - - 179.4 - 193.2
Cast #4 1925 - - - 196.9 -

(b) RCA-100-DR (c) RCA-100-SBR

Figure 3.6: Slump tests

3.4 Fresh and hardened properties

For each campaign, different fresh and hardened properties were measured. This
section presents the results of the main properties related to mixture design,
to evaluate the studied concretes and verify the repeatability of the proposed
approaches. For fresh properties, the leading parameter was slump, measured
following NF EN 12350-2 [17]. For hardened properties, compressive strength
(NF EN 12390-3 [18]), elastic modulus (NF EN 12390-13 [19]), and splitting
tensile strength (NF EN 12390-6 [20]) were measured. To this, cylindrical spec-
imens (11cm x 22cm and 16 cm x 32cm) were casted to determine mechanical
properties at 28 days. Fig. 3.7 presents the fresh and hardened properties for all
studied mixes, in relation to the replacement rate and the replacement method
(DR or SBR). A different number of samples per mix are presented. For NA and
RCA-100-DR, ten samples were presented; for RCA-100-SBR, eight samples; for
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RCA-40-DR, five samples; and for remaining mixes (RCA-10-DR, RCA-20-DR
and RCA-40-SBR), two samples were tested.

Fig. 3.7a presents the slump for all the studied mixes. Since it was a tar-
get value in our mixing method, the slump was kept inside the proposed range
(180 mm and 190 mm) for most castings. Fig. 3.7b presents the compressive
strength at 28 days for all castings. For DR samples, the compressive strength
reduces as the replacement rate increases, as seen in previous works [21]. For
the 100 % of replacement (RCA-100-DR), the reduction was about 23 % of initial
compressive strength. For SBR, results show that the design method achieves
the proposed objectives: the compressive strength is constant independent of the
replacement rate.
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Figure 3.7: Fresh and hardened properties of all studied mixes

For the elastic modulus (Fig. 3.7c), the behaviour is similar for DR mixes,
with a decrease of about 17% comparing to reference. For SBR, the elastic
modulus is not constant with the replacement rate, and a similar reduction to
DR mixes is observed (11 %). This reduction relies on the fact that SBR mixes
contain more cement paste, which generally has a lower elastic modulus when
compared to concrete made with NA [22]. For tensile strength (Fig. 3.7d), 20 %
DR mixes presented a slight decrease of around 10 % comparing to reference.
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This behaviour is also coherent with previous works [23], which show that ten-
sile strength is decreased with replacement rate increase. For SBR, the tensile
strength is not influenced by the replacement rate.

The results above show that the mixture design approaches presented simi-
lar results to previous works and are coherent with thesis objectives. Another
point that can be evaluated is the repeatability of the mixture procedures. The
fresh and hardened results were obtained from the same materials but fabricated
at four different dates of the PhD lifespan. To evaluate the casting repeatabil-
ity, Fig. 3.8 presents the results obtained for three mixes of the project (NA,
RCA-100-DR and RCA-100-SBR) at four dates of fabrication. Results show the
consistency of the method herein applied. With few exceptions, the variation be-
tween samples is slight, and they kept similar values during all the experimental
phases.
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Figure 3.8: Fresh and hardened properties of three mixes of the project in relation
of casting date
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3.5 Overview of tests and samples

As aforementioned, this thesis is divided into chapters structured as published
or submitted papers. Hence, details about each experimental program will be
given in each chapter. However, to obtain a global image of the testing program,
this subsection presents an overview of all test samples (Tab. 3.8), including
the experiments, evaluated mixes, testing variables, specimens size and heating
parameters. The aforementioned experiments (fresh and hardened properties)
are not specified in this table since they are presented again in each chapter.
Lastly, the table also specifies the corresponding chapter/paper for each type of
experiment.
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Table 3.8: Experimental Program Overview

High Temperature Parameters

Chapter Experiments Speciment Type Testing Variables Mixes Test Tvpe Rate/Curve Temp. Exposure
sAYP (°C/min) (°C) Time (h)
Compressive Strength
Elastic Modulus .
Splitting Tensile Strength Cylinders (#11x22 em) 1
Thermal Gradient NA, RCA-40-DR,
Thermal Conductivity Replacement Rate RCA-100-DR and RCA-100-SBR y
4 Specific Heat Disks (¢11x5 cm) and Temperature Residual RT;, 200, 400 and 600 2
Mass Loss 9
Density 1/4 of Disks (p11x5 cm)
.SEI\/I/.EDS Prisms (4.5x3x2 cm) NA and RCA-100-SBR
Optical Microscopy
Replacement Rate NA, RCA-10-DR, RCA-20-DR,
5 Fire Spalling Prisms (20x20x10 cm) :E L Lond Lovel RCA-40-DR, RCA-100-DR, Fire ISO 834-1 . 0.5
) RCA-40-SBR and RCA-100-SBR
Fire Spalling Prisms (20x20x10 cm) Replacement Rate Fire ISO 834-1 - 0.5
| P - _
° Water Content Small Cylinders (911x22 ¢cm) and Water Content NA and RCA-100-DR - - - -
Water Porosity 1/4 of Disks (¢11x5 cm)
_ Permeability Disks (911x5 cm) Replacement Rate NA, RCA-100-DR , RT, 200, 400 and 600
6 Capillary Water Absorption Prisms (7x7x14 cm) Residual 2 2
. . and Temperature and RCA-100-SBR
Carbonation Disks (¢11x6.5 cm)
Chloride Disks (¢11x5 cm) RT and 200

¢ wydeyn

MOIATOAO sofdures pue USISOp XIUI ‘S[RLIOJeT\
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Chapter 04

Residual thermomechanical properties
of concrete made with recycled concrete
aggregates after exposure to high tem-
peratures

This chapter is based on the paper Residual thermomechanical properties
of concrete made with recycled concrete aggregates after exposure to high
temperatures, a manuscript ready for submission. The literature review showed
the importance of the mechanical and thermal properties of concrete made with
RCA in assessing RAC fire behaviour. Hence, the first experimental campaign
was designed to evaluate these properties. Four mixes were evaluated to study
the replacement rate (0,40 and 100 %) and method (DR and SBR). Studied
temperature levels were 200, 400 and 600 °C. After heating and cooling, concrete
was evaluated in terms of mass loss, density, thermal and mechanical properties.
In addition, microstructural analyses were made in two of the mixes. Lastly,
an integrated comparative analysis of the residual thermomechanical behaviour
was made.

Fernandes, B.; Carré, H.; Gaborieau, C.; Mindeguia, J-C.; Perlot, C.; Anguy, Y.;

La Borderie, C. Residual thermomechanical properties of concrete made with re-
cycled concrete aggregates after exposure to high temperatures. To be submitted.
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Chapter 4 Thermomechanical properties of concrete made with RCA

4.1 Introduction

Concrete is the most widely used material in the construction industry [1]. Its
popularity is related to its outstanding properties, versatility, cost-effectiveness,
disponibility and ease of use [2, 3]. However, the massive use of concrete also
represents a great aggressiveness to the environment: concrete represents a sig-
nificant percentage of the global COs emission [1]. In addition, concrete con-
sumes substantial amounts of raw materials, water and energy [1, 4]. Lastly,
construction demolition a high amount of waste, and the most common method
of disposal is still landfilling [5-7].

Considering the amount of impact generated by the concrete industry, search-
ing for solutions with less environmental impact is necessary. One of the ap-
proaches is using recycled concrete aggregates (RCA) as a replacement for nat-
ural aggregates. This approach can potentially reduce waste landfilling and the
depletion of raw materials [2, 8, 9]. Several researchers have investigated the
production of recycled aggregate concrete (RAC) in the last decades. In general,
past works show that concrete made with RCA can present comparable proper-
ties to concrete made with NA, depending on aggregates’ quality and replacement
ratio of aggregates. [10, 11].

Even though its use is possible, the properties of concretes made with RCA
differ from NA concrete due to the specific characteristics of the RCA itself.
The main difference is associated with the fact that an RCA is composed of two
materials: an old natural aggregate and attached (or adhered) mortar (AM).
Due to AM, RCA usually presents higher porosity, higher water absorption and
lower strength than NA [3, 8]. In addition, concrete made with RCA will also
has particular characteristics, such as three different interfacial transition zones
(ITZ) [8, 12]. All these aspects should be considered when using and assessing
the performance of concrete made with RCA.

One of the most significant points when addressing the performance of con-
crete is the high-temperature behaviour. For concrete made with NA, the be-
haviour is quite well known. Exposure to high temperatures promotes physico-
chemical changes, the disintegration of hydration products, cracking, the release
of vapour pressure, thermal mismatch and, in some cases, spalling [13-15]. All
these phenomena will modify physical, mechanical, thermal, and transfer prop-
erties and they are directly linked with the concrete composition and properties
[15, 16]. Tt is noteworthy that, since aggregates occupy a high volume of the
concrete, their physical, mineralogical and, chemical composition play a key role
in the behaviour of heated concrete [17-19]. In the case of concrete made with
RCA, besides these properties, the higher porosity, high water absorption, and
the new different I'TZ may affect several crucial material parameters in the case
of high-temperature exposure.

In the last years, different studies have been made to identify the behaviour
of concrete made with RCA in these extreme conditions. Fernandes et al. [20)]
compiled different studies concerning the effect of elevated temperatures on con-
crete made with RCA. The authors highlight that the decrease of RCA concrete
mechanical properties with temperature is similar to concrete made with NA.
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They note that the compressive strength evolution with temperature presents
two distinct phases.From room to 300°C, the strength varies up to 20 % of its
initial value, with individual results presenting both increase and decrease. Then,
from this level and up to 800 °C, the relative strength significantly reduces until
complete loss of strength. For elastic modulus and splitting tensile strength, the
reduction is practically linear as temperature increases. Lastly, the authors point
out that a minimal amount of past works evaluated the thermal properties of
concrete made with RCA [13, 21]. It was verified that the thermal conductivity
of concrete made with RCA decreases with temperature. No clear tendency was
observed for the specific heat evolution with temperature.

Even though the compiled works present some general trends, it is not easy to
establish the influence of the RCA and, more especially, the effect of replacement
rate on thermal and mechanical properties. For example, different studies showed
different trends concerning relative compressive strength (after exposure divided
by room temperature). One group of authors observed an increase in strength as
replacement rate increased, and it was attributed to the better compatibility of
thermal expansion between RCA and the cement paste [22-27]. On the opposite,
other authors observed weaker strength with increase in RCA [28-31]. This
behaviour was attributed to different aspects, such as the higher porosity of
RCA, the possible weaker and thicker I'TZ, and possible microcracking.

Although relevant work has been done in previous years, the studies above
demonstrate that the understanding of the effect of elevated temperature on con-
crete made with RCA is still far from being complete. To contribute to these
knowledge gaps, this paper experimentally evaluates the thermo-mechanical
residual properties of concretes made with RCA. Specimens with different coarse
aggregates replacement rates (0, 40 and 100 %) were fabricated. For 100 % of sub-
stitution, a specific mix with comparable properties (28d compressive strength
and slump) as concrete with NA was also studied. All the mixtures were then
heated to three different temperatures (200, 400 and 600°C). After cooling,
a comprehensive program on residual thermomechanical properties was under-
taken. Samples were evaluated for mass loss, density, thermal and mechanical
properties, and scanning electro microscopy.

4.2 Experimental program

4.2.1 Materials and concrete mixes

Four different concrete mixes were studied. All of them had the same composi-
tion, except for coarse aggregates. The binder was z CEM II/A-L 42.5R cement,
produced by Eqiom (La Rochelle, France). Filler was a limestone one (Betocarb
HP-SC) made by Omya. A polycarboxylate-based superplasticizer (SIKA Vis-
coCrete Tempo-483) was used to improve workability. Lastly, alluvial sand was
used in all mixes. Two types of coarse aggregates were used: natural aggregates
(NA) and recycled concrete aggregates (RCA). Natural aggregates were diorite,
coming from a quarry located in Genouillac (France). Recycled concrete aggre-
gates were crushed and screened near Bordeaux (France) by a recycling company.
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It is noteworthy that RCA presented some impurities (between 2.7 and 4.6 %)
related to demolition wastes, such as wood, plastic, brick and bituminous mate-
rials. Table 4.1 present some of these materials properties.

Table 4.1: Raw materials properties

NA NA RCA RCA

Property Cement Filler Sand 410 10/20 4/10 10/20

Density (kg/m?) 3010 2700 2650 2820 2840 2570 2590
Specific surface (cm?/g) 4700 4330 - - - - -

Water absorption (%) - - 035 092 081 56  4.52
LA coefficient (%) - - - 16 16 30 36
Fineness modulus - - 3.1 - - - -

The four studied concrete types were: concrete with NA (used as a reference
for the analysis), direct replacement (DR) mixes (RCA-40-DR and RCA-100-DR)
and strength-based replacement (SBR) mixes (RCA-100-SBR). The concrete
with NA was designed to achieve durability requirements (NF EN 206/CN:2014
[32]) according to the XD3 exposure class: water/cement (w/c) ratio of 0.5,
C35/45 compressive strength class and cement content equal or higher than
350kg/m?3. For DR mixes, NA were replaced by RCA (40 and 100% of re-
placement in volume), without any changes in other constituents. In the SBR
mix (made with 100 % coarse aggregates replacement), cement and water con-
tent were adjusted to achieve the same strength and workability as the reference
mix. The SBR mix was pre-designed with BetonLab [33] software. Based on
compressive strength results of reference and DR mixes, aggregates properties
were calibrated. Then, the w/c ratio was adjusted to have the same compressive
strength as the reference. Finally, water and cement contents were modified to
achieve the same slump as the reference concrete. Table 4.2 presents the mixture
proportions for the four studied concretes.

Table 4.2: Mix proportions (in kg/m?, SP in % of cement mass)

Material Mix
NA RCA-40-DR RCA-100-DR RCA-100-SBR
Cement 350 350 350 420
Filler 60 60 60 60
Sand 804.3 804.3 804.3 799.8
NA 4/10  331.7 199.0 - -
NA 10/20 711.1 426.7 - -
RCA 4/10 - 120.9 302.3 291.5
RCA 10/20 - 259.4 648.5 630.3
Water 175 175 175 168
SP 0.9 0.9 0.9 0.9

Before casting, and due to water absorption issues, all aggregates (sand, NA
and RCA) were pre-wetted for one hour using a soaker hose and then covered
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with a plastic sheet for three hours. Working with wet aggregates instead of
fully-saturated aggregates (common with RCA) was adopted to have a method
that could be easily reproduced in an industrial concrete plant. Before casting,
the aggregates’ moisture content was measured to adjust the water content added
to the mix.

Variations in fresh and hardened properties were observed in trial samples.
To study this problem, reference mixes with dry aggregates were cast to deter-
mine the relationship between the slump and the compressive strength. These
values were used as a reference for the final mixes. Then, in the final mixes,
aggregates were pre-wetted, and water content was adjusted to achieve the same
slump as the reference. In the end, the mixing procedure was the same for all
mixes: first, aggregates and cement were mixed for 2 minutes. Then, water and
superplasticizer were added. After two minutes of mixing, the first slump (fol-
lowing NF EN 12350-2 [34]) measurement was done. Extra water was added if
the slump was not close to reference mixes (between 180 mm and 190 mm). If
the slump reached the target consistency, the concrete specimens were produced.
Different cylindrical specimens of 11 x 22cm and prisms of 15 x 15 15 cm were
cast. Samples for mechanical characterisation at 28 days were kept submerged in
water at 20°C. The other experimental samples were kept submerged for seven
days and then placed into sealed plastic containers until test age (minimum of
90 days).

Different fresh and hardened properties were measured for concrete character-
isation at room temperature. First, slump (NF EN 12350-2 [34]), fresh density
(NF EN 12350-6 [35]) and air content (NF EN 12350-7 [36]) were measured.
Then compressive strength (NF EN 12390-3 [37]) and water content (wc) were
also measured. Table 4.3 presents the fresh and hardened properties for all stud-
ied mixes (average values and standard deviation in parenthesis).

Table 4.3: Fresh and hardened properties of studied mixes

Mix Slump Air Content  Fresh Density wC feos
(mm) (%) (kg/m?) (%) (MPa)
NA 184 42 (£0.0) 2339.6 (£ 0.9) 4.8 (+0.4) 435 (£ 0.3)
RCA-40-DR 188 4.1 (+£0.2) 2291.5 (£ 21.5) 58 (x£0.5) 36.7 (£ 0.8)
RCA-100-DR 180 39(£0.3) 22254 (£4.1) 7.0(£04) 33.7(£0.3)
RCA-100-SBR 177 4.6 (£0.3) 2211.2 (£ 6.5) 6.9 (+£0.2) 42 (4+0.8)

Fig. 4.1 presents the compressive strength at 28 days in function of the coarse
aggregates replacement rates. For DR samples, the compressive strength reduces
as the replacement rate increases, as seen in previous works [38]. The reduction
was about 22.5 % of the initial compressive strength when replacing all the coarse
aggregates. For SBR, results show that the design method achieved the proposed
objectives, i.e., the compressive strength of the concrete made with 100 % of RCA
shows approximately the same compressive strength as the reference concrete.
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Figure 4.1: Effect of replacement rate on compressive strength

4.2.2 Heating procedure

Samples were heated in an electric furnace. This furnace has internal dimensions
of 55 x 50 x 31 cm and a power of 4000 W. The electric resistance is at the walls of
the furnace, and a fan is located at the top to homogenize temperature. The time-
temperature parameters are controlled by an automated regulator connected to
a thermocouple located inside the furnace.

The heating rate varies depending on the sample size (the samples’ dimensions
are specified in the sections describing the testing procedures). Low heating rates
were chosen to guarantee homogenous temperature and avoid strong thermal
gradients inside concrete cylinders. For smaller disks samples (11 x 5cm) a
heating rate of 2°C/min was applied. For cylindrical samples (11 x 22cm), a
rate of 1 °C/min was adopted. This reduction was made after some trial tests, in
which explosions were registered in cylinders heated at 2 °C/min. It is noteworthy
that even though samples were more than 90 days older, they were kept inside
sealed containers. Hence a high water content is expected inside the specimens,
making them sensible to spalling during heating.
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Figure 4.2: Time-temperature curves

Samples were subjected to three different temperatures: 200°C, 400°C and
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600°C. The target temperature was maintained for 180 min, then naturally
cooled to room temperature inside the furnace. Fig. 4.2 presents the time-
temperature curves for all tested temperatures. T1 and T2 refer to type-K
thermocouples installed at the surface of concrete samples. In addition, four
Z11 x 22cm cylinders were cast with internal thermocouples to measure the
temperature diffusion in each mix. These thermocouples were placed at different
depths: surface, 1/3 and 2/3 of the radius, and at the centre. After cooling, all
samples were stored inside sealed containers with silica gel until test day. This
conditioning was done to avoid any possible rehydration of heated concrete. The
maximum duration between cooling and test was 24 h.

4.2.3 Testing procedures

4.2.3.1 Mass loss

For steady state mass loss, three 11 x 5 cm disks were used for each mix. These
specimens were weighted before and after heating to determine the mass loss
induced by each temperature level.

4.2.3.2 Density

The hardened density (pg) was measured based on NF EN 12390-7:2019 [39]
and AFREM recommendations [40]. Three quarters of 11 x 5cm disks were
used for each mix and temperature. As determined by standard, samples at
room temperature should be oven-dried before testing; hence, the first registered
density refers to 80°C.

4.2.3.3 Thermal properties

The thermal properties (thermal conductivity and specific heat) were measured
using the Hot-Disk apparatus (TPS 1500). This apparatus is based on the Tran-
sient Plane Source (TPS) method, developed by Log and Gustafsson [41]. The
specimen for this test was composed of two identical concrete disks (211 x 5 cm),
and between them, a flat sensor was placed. The probe is made of a double spi-
ral nickel covered with two layers of Kapton. It has a radius of 9.868 mm and
a thickness of 10 pum. The flat sensor acts simultaneously as the heat source
and temperature sensor in this system. The apparatus has a built-in thermal
analyzer, which calculates the thermal properties for each measurement.

Three specimens (6 disks) were tested for each mixture and each temperature
level. The test was carried out at room temperature (23 °C, with water inside),
at 80°C (dried), and after each heating/cooling procedure (i.e., residual). In
addition, three measurements were taken for each sample/state, with a 30 min-
utes interval between them - to reestablish thermal equilibrium and avoid any
perturbations due to the previous measure.
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4.2.3.4 Mechanical properties

The residual mechanical properties were determined on cylindrical @11 x 22 cm
samples. The tests were done on a hydraulic press (3R Syntech 700). Samples
were first heated, following Section 4.2.2 procedures, and then subjected to resid-
ual mechanical properties. For compressive and elastic modulus tests, samples
were between 8 and 15 months old. For splitting tensile strength tests, they were
4 months old.

For uniaxial compressive tests, two samples per mix and temperature were
tested. The experimental procedure followed NF EN 12390-3 [37]. The cylinders
were also used for elastic modulus determination. An extensometer composed
of three LVDTs was attached to the sample for the displacement measurement,
following NF EN 12390-13 [42] procedures. The specimen was subjected to three
loading-unloading cycles, and the elastic modulus was determined from the last
ascending branch, following RILEM TC 200-HTC recommendations [43]. For
splitting tensile tests, three samples per mix and temperature were evaluated,
and the test followed NF EN 12390-6 [44].

4.2.3.5 Microstructural analysis

The microstructural analysis was done with scanning electron microscopy (SEM).
The aim was to evaluate the microstructure and the interfaces after exposure to
elevated temperatures. For all the tests, the two mixes with similar strengths
were evaluated: NA and RCA-100-SBR. A diamond saw was used to cut small
prisms of 4.5 x 3 x 2cm. These samples were dried at 80°C for 24 hours and
later they were polished. Samples were heated following Section 4.2.2 procedures
to the different target temperatures. The same sample and the same regions
were analysed to assess the crack evolution at the interface. After each of these
thermal cycles, the microstructural analyses was carried using an environmental

SEM (FEI Quanta FEG 250).

4.3 Results

4.3.1 Mass Loss

Fig. 4.3 presents the results of relative steady-state mass loss. As expected,
mass loss increases with the rise in the temperature. The first branch of the
curves, from room temperature to 200 °C, shows the higher mass loss rate. Up
to this temperature, most of the mass loss is related to concrete drying [14,
45]. After this first branch, the mass loss rate reduces, and the curves flatten.
Between 200 °C and 600 °C, most water is evaporated, and some of the hydration
products of concrete (C-S-H and portalndite) decompose [14, 45, 46].

For all studied temperatures, concrete made with RCA loses more mass than
concrete made with NA. Also, the loss is higher as the replacement increases.
This phenomenon is mainly related to the fact that concrete made with RCA
presents higher water content (see Table 4.3) due to the higher water absorption
of RCA aggregates. Similar behaviour was observed in previous works [13, 47—
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49]. Another influential factor was the presence of impurities, such as bituminous
particles, wood and plastics, that burn and decompose at these temperatures
level. Fig. 4.3 also shows that both mixes made with 100 % of RCA present a
slight difference. The SBR mix showed a slightly higher mass decrease, especially
after 200°C. This difference can be explained because SBR mixes contain more
cement paste, and this high paste volume induces the decomposition of more
hydrated products.
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Figure 4.3: Steady state mass loss

4.3.2 Density

Fig. 4.4 presents the evolution of the density measurements according to tem-
perature. First, at ambient temperature, the addition of recycled aggregates
decreased the hardened density. This reduction is simply due to the lower den-
sity of RCA aggregates. When comparing 100 % DR and SBR, change in density
is almost negligible, reinforcing the relative importance of aggregates in the over-
all density compared to the paste volume. After heating, density decreases for
all concretes. This reduction is related to the physicochemical changes inside
concrete when exposed to high temperatures.
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Figure 4.4: Density evolution with temperature
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4.3.3 Thermal properties

Fig. 4.5a presents the temperature evolution of the residual thermal conductiv-
ity. At room temperature, the increase of replacement rate increases the ther-
mal conductivity, the opposite as observed in previous works [21, 50]. Thermal
conductivity is highly dependent on mix properties, such as moisture, porosity,
type/volume of aggregates, and water/cement paste ratio [51, 52]. The increase
herein observed could be explained by the higher quantity of moisture present
in concrete made with RCA, which may overcome the porosity effect. However,
measurements made in dried samples (80 °C) showed that the difference between
RCA and NA keeps similar. When comparing 100-DR and 100-SBR mix, the
latter present slightly less thermal conductivity since it has more paste, and in
general, cement paste presents lower conductivity than aggregate [52]. In any
case, the values herein measured are close to typical values observed in concrete
made with NA (between 1.4 and 3.6 W/mK) [53] and concrete made with RCA
(between 1.5 and 2.1 W/mK) [13, 21, 50].

As temperature increases, the conductivity starts to decrease with a trend
similar for all mixes. Up to 200°C, changes are linked to evaporation of free
water at this range [21, 45, 54]. Further reductions are observed and related to
further water loss (absorbed and bonded) and the increasing damage (cracks,
porosity) [13, 21, 54]. After 600°C, the difference between mixes is low, and
residual thermal conductivity is close to 1 W/mK for all cases. These values are
close to those observed in previous works [21, 50]. It is noteworthy that the
results herein presented are evaluated after cooling; however, as seen in previous
works [52, 55], as concrete cools, the residual conductivity stays approximately
similar than the hot value.
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Figure 4.5: Evolution of thermal properties with temperature

The variation of specific heat with temperature is presented in Fig. 4.5b.
At room temperature, concrete with NA presents a higher specific heat. The
addition of recycled concrete aggregates slightly decreases the specific heat, as
observed in previous work [13, 21, 50]. However, the value is not directly in-
creasing with the replacement rate. Indeed, 100-DR and 40-DR present similar
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values, whilst 100-SBR presents the lowest specific heat at ambient temperature.
Specific heat is generally influenced by density, type of aggregates, moisture con-
tent, and w/b ratio [51, 56]. In any case, the values reported herein for NA and
RCA are in good agreement with the range observed at ambient temperature in
previous works (between 0.5kJ/kgK and 1.3kJ/kgK) [13, 21, 50].

Particular attention should be taken when observing the evolution of specific
heat with temperature. Since the values herein are residual values (i.e., after
cooling), the trend is not the usual as observed in previous works [13, 21, 50].
Typically, as temperature increases, specific heat will increase. However, this is a
reversible phenomenon, and it strongly depends on the atomic vibration of solids:
when temperature increases, vibration increases and higher values of specific
heat are obtained [50]. Hence, residual measurements may not be an accurate
representation of specific heat. However, the results herein are presented as an
indicator for thermal and physical changes. The residual specific heat decreases
for all mixes up to 400°C. Then, for NA and RCA-100-SBR, an increase was
observed, whilst a decrease was observed for RCA-100-DR and RCA-100-SBR.

4.3.4 Temperature diffusion

Temperature diffusion in @11 x 22cm concrete cylinders are presented in Fig.
4.6. First, the temperature registered in the centre of each specimen is presented
(Fig. 4.6a), confirming that the target temperature is reached at the core during
the plateau. Temperature slowdowns (orange lines) are observed at around 270
and 570 minutes (close to 200 °C and 550 °C at the sample surface, respectively).
The first slowdown is usually linked with endothermic water evaporation and the
initial decomposition of C-S-H. The second one is mainly related to portlandite
decomposition [13, 50, 57].

700

600

500

'S
=
S

Temperature (°C)
[\ w
g g

—
(=}
[=}

0
0 200

I e e T T . e e e B S

—NA

——RCA-100-DR

/ — — Program

7 RCA-40-DR |

——RCA-100-SBR| |

400 600 800
Time (minutes)

(a) core temperature

1 1
1000 1200 1400

Tsm‘face = Lcentre (OC)

150

100 -

50

—NA
RCA-40-DR

——RCA-100-DR

—RCA-100-SBR

1
il

[
|
|
|
|
I
|
!
1

s 1
200

1 1 1 1 L
400 600 800 1000 1200 1400
Time (minutes)

(b) difference between surface and centre

Figure 4.6: Temperature diffusion into cylinders heated up to 600°C

Fig. 4.6b presents the thermal difference between the surface and the centre
of the sample for each tested concrete. The temperature slowdowns observed in
the temperature rise at the centre of the sample results in two positive peaks in
Fig. 4.6b. Besides these peaks, the temperature gradient is limited to 50°C in
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the samples. These two peaks diagrams were closer to those observed in previous
works for NA and RCA [13, 50, 57]. The results herein presented agree with the
measured thermal properties. Higher gradients were observed in concrete made
with NA - mix with the lowest conductivity. Increasing RCA content slightly
increases conductivity, and thermal gradients decrease in RCA-40-DR and RCA-
100-DR. For RCA-100-SBR, the tendency is not the same since it presented
relevant thermal gradients, but it is noteworthy that this behaviour will also
depend on the other hot thermal properties (specific heat).

4.3.5 Mechanical properties

Fig. 4.7a presents compressive strength evolution with temperature in absolute
values for all tested concretes. At room temperature, similar behaviour is ob-
served compared to 28 days compressive strength - increasing the replacement
rate decreases the compressive strength. Concrete made with NA and SBR mix
presents closer values, as expected. However, the difference between NA and
SBR is slightly higher in this test series (5MPa) than those done at 28 days
(1.5 MPa). The results here indicate that RCA may have a non-negligible effect
on the late hardening process of concrete, i.e. after 28 days. However, for an
exact explanation, an in-depth study of the long-term performance of concrete
made with RCA should be made (out of focus on this paper).

The general behaviour with the increase of temperature is quite similar for
all studied mixes. First, from room temperature up to 200°C, a first decrease
is observed, mainly associated with the decomposition of hydration products,
water loss and microcracking [14, 45]. Then, from 200°C to 400°C, another
reduction is observed, but the variation is lower than before. For example, the
compressive strength of the SBR mix was almost constant. The last branch, from
400°C to 600°C, presents a significant decrease in strength. This decrease can
be explained by the ongoing decomposition of portlandite and the microcracking
induced by the thermal mismatch (i.e. the expansion of the aggregates while
cement paste shrinks) inside the material [14, 15, 45].

Fig. 4.7b shows the temperature evolution of the relative compressive
strength. The latter is defined as the ratio between compressive strength at
elevated temperatures and strength at room temperature (fu,’ /fe). The be-
haviour is similar for all mixes: the relative strength decreases around 20 % at
400°C, then significantly reduces until it reaches 40 % of the initial strength at
600 °C. This behaviour can be associated with the higher paste volume and the
lower w/c, which may improve the interfaces between RCA and paste, possi-
ble reducing the cracks due to thermal mismatch inside the material. Similar
behaviour was observed in previous works which evaluated the effect of differ-
ent w/c ratio [22, 23]. The concrete with NA and RCA-100-DR have similar
values, and the highest decrease was observed for RCA-40-DR (at each tested
temperature.

The relative curves were compared to previous experimental results [13, 25,
28, 31, 48, 49, 58-60] compiled by Fernandes et al. [20]. These compiled exper-
imental values refer to residual tests (after cooling), which are heated with low
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heating rates. It can be seen that the obtained values fall within the observed
range verified in previous works. The values were also compared to Eurocode 2
[61] prevision for siliceous and calcareous concrete. It is noticeable that results
are pretty close to the Eurocode curves up to 400 °C but are lower at 600 °C.
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Figure 4.7: Evolution of compressive strength with temperature

Fig. 4.8a presents the evolution of the elastic modulus (absolute values) with
temperature. At room temperature, the increase in replacement rate decreases
the stiffness. Unlike the compressive strength, the higher paste volume in the
RCA-100-SBR does not increase its elastic modulus when compared to the RCA-
100-DR. This behaviour is likely due to the generally lower elastic modulus of
cement paste (when compared to aggregates) [62]. With the increase of tem-
perature, the elastic modulus linearly decreases, independently of the mix. This
behaviour is similar to the classical observed behaviour of concrete made with
NA [51, 63].

Fig. 4.8b present the evolution of the relative elastic modulus (E.”/E.)
with temperature. All curves present almost the same linear shape, with low
variations between values. At 400°C, the modulus reaches is 50 % of the initial
value, and at 600°C, it reaches only 20% of the initial elastic modulus. As
observed in literature [31, 59, 64, 65|, the effect of high temperatures on relative
elastic modulus is higher than for compressive strength. The relative values were
also compared with previous works [31, 59, 64, 65|, compiled by Fernandes et al.
[20]. The experimental results refer to residual tests (after cooling). As in the
case of compressive strength, the curves herein obtained are within the reported
experimental range [20].

The evolution of the splitting tensile strength with temperature is presented
in Fig. 4.9. Fig. 4.9a shows the absolute strength values. The results at room
temperature show that the increase in replacement rate significantly decreases
the tensile strength. The SBR mix recovered some of the tensile strength but
not at the same level as concrete made with NA. The evolution of the tensile
strength with temperature is similar for all tested concretes.

However, a peculiar behaviour was observed between 200 °C and 400 °C. Con-
crete made with NA slightly decreased, but concrete made with RCA maintained
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Figure 4.8: Evolution of elastic modulus with temperature

(RCA-40-DR) or even recovered a small amount of strength (RCA-100-DR and
RCA-100-SBR). In previous works, similar behaviour was observed for concrete
made with NA, and it was attributed to the drying process of the concrete,
which may increase the tensile strength [66]. This was also verified in compres-
sive strength, where the heating led to a movement of cement gel layers that
increased van der Walls forces and finally increased strength [56, 67]. In the
present work, this increase only happened in concrete with RCA and may be as-
sociated with the higher initial water content. Another possibility also relies on
the less thermal mismatch with concrete made with RCA. Similar behaviour was
observed in Kou et al. [25], which observed, at 300 °C, that mixes with 100 % of
RCA exhibited an increase in their initial relative residual strength. After 400°C
and up to 600 °C, the splitting tensile strength decreases again.

Fig. 4.9b presents the evolution of the relative splitting tensile strength with
temperature.The trend is similar for all concretes made with RCA, i.e. a first
decrease, followed by a slight strength recovery, and then a decline up to 600 °C.
The final decrease is lower than for compressive strength and elastic modulus.
Relative values indicate better performance for RCA-100-DR. However, after
600 °C, all mixes present values lower than 50 % of the initial value. In the same
figure, previous works [13, 24-26, 31, 48, 64, 68] and Eurocode 2 [61] prevision
are shown. The presented results are coherent with prior studies. Eurocode 2 [61]
prevision for NA aggregates presents a two branches prevision, with a plateau
up to 100°C. Similar behaviour can be observed, but this initial plateau is much
higher in the present work: indeed, it can be seen that, up to 400°C, all mixes
maintain more than 80 % of their initial value.
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Figure 4.9: Evolution of splitting tensile strength with temperature

4.3.6 Microstructural analysis

Figs. 4.10 and 4.11 show SEM micrographs of the NA and RCA-100-SBR after
exposure to elevated temperatures. In both cases, cracking evolves as the tem-
perature increases, but the evolution has some particularities. Fig. 4.10 shows
an interfacial zone between coarse NA, fine NA and cement paste. The first
image (at 80°C) already shows some cracks in the paste and the grain interface.
At 200°C, these cracks in the paste develop and start to distribute also at the
Coarse NA. This phenomenon continues as the temperature increases, increas-
ing width and distribution. At 600 °C, the crack width further develops, and a
complete cracked microstructure is observed. Most of the paste compounds are
already dehydrated at this temperature level, and the thermal mismatch has also
started.

80°C —_— 1mm 200°C 1 mm 400°C 1mm 600°C

Figure 4.10: SEM micrographs of concrete made with NA (x150 magnification)

Fig. 4.11 shows the crack evolution in RCA-100-SBR. A zone with an RCA
and the new cement paste is shown. In the RCA, the old NA and old paste are
visible. At 80°C, some cracks are visible in the new paste and in the old paste.
Also, RCA showed different defects, such as voids. At 200°C, cracks develop
around sand grains, both in the new and old cement paste. These cracks are
essentially perpendicular to the new paste/old paste interface. This can indicate
a better match between paste. However, a further increase in the temperature
leads to a higher connection between cracks. At 600 °C, crack opening increases,
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with two big cracks at the new cement paste and the old cement paste. Compar-
atively, both at 400°C and at 600 °C, the crack quantity and distribution seem
slightly higher for concrete with RCA.

80°C — 1 mm 200°C I mm 400°C I mm 600°C 1 mm

Figure 4.11: SEM micrographs of concrete made with RCA (x150 magnification)

4.3.7 Comparative analysis and discussion

As seen in the previous subsections, and similarly to concretes made with NA, the
increase of temperature has a non-negligible influence on the residual thermome-
chanical properties of concrete made with RCA. To further depict this behaviour,
a comparative analysis was made to have a broad view of the effect of RCA (Fig.
4.12 to Fig. 4.14). In these graphs, each mix is evaluated using the different
relative values from compressive strength (f.,), elastic modulus (FE.), splitting
tensile strength (f;), density (pg4), mass loss (ML), and thermal conductivity ().
Residual specific heat was not used due to its low representativity to the actual
specific heat (measured at hot state). The relative value is the ratio between the
property at elevated temperature and the same property at room temperature.
Each axis had different maximum and minimum values (values between 0 and
1), but the same gap between them (0.6) was kept. This strategy was adopted to
improve visualisation and comparison between mixes - the main objective of this
comparative analysis. For the analysis, 400°C and 600 °C were selected, since
the effect on properties is higher at this level.

Fig. 4.12 shows the effect of the replacement rate on the residual properties.
The NA and the DR mixes (40 % and 100 %) are shown to see the effect of a simple
direct replacement of coarse aggregates without modifying the mix. Density
and mass loss values are close independently of temperature and replacement
rate. On the opposite, the replacement rate has more influence on thermal
properties, especially at 600°C. For mechanical properties, the effect depends
on the temperature and the replacement rate. At 400°C, RCA-40-DR reduced
all the properties, while RCA has different behaviour depending on the property.
It positively affects the tensile and compressive ratio whilst reducing elasticity.
This effect can be related to a lower thermal mismatch that reduces cracks in the
material [22-25]. At 600°C, the positive slightly better behaviour disappeared,
and RCA’s addition reduced all the relative mechanical properties. At the same
time that some variation was observed, it can be said that the directly RCA
addition did not change the general behaviour of concrete significantly after
exposure to high temperatures.
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Figure 4.12: Effect of direct replacement on the relative residual properties

The effect of recycled aggregates was also compared in the case of concretes
with equivalent compressive strength at 28 days, i.e. NA and RCA-100-SBR
(Fig. 4.13). Mass loss and density showed closer values between mixes: SBR
showed less density loss but higher mass loss. This slightly higher mass loss is
primarily due to high water content and water loss. The thermal conductivity
is lower for concrete made with RCA, highlighting the verified behaviour when
analysing replacement rate: the presence of RCA is a determinant in this prop-
erty. Lastly, for mechanical, values were close, especially for modulus reduction,
which was almost the same for both mixes and temperatures. Splitting and
compressive had opposite behaviour: NA presented more loss of compressive,
whilst it maintained more tensile strength. This trend was verified for both tem-
peratures. It is noteworthy that this behaviour is challenging to associate with
the cracks observed in SEM analysis. Both mixes presented relevant cracking,
with apparently higher density for RCA, whilst NA showed a thicker crack. This
analysis should be made at a larger scale for precise analysis.

Lastly, Fig. 4.14 shows the effect of the replacement method, i.e. the ad-
justing (SBR) or not (DR) of the concrete mix (cement paste volume and w/c
ratio) when substituting all the coarse aggregates. This adjustement was done
to reach, at room temperature, similar behaviour to a reference concrete. Den-
sity, mass loss and conductivity are not influenced by the replacement method.
Both phenomenon indicate that cement paste does not substantially change these
properties. In contrast, the higher quantity of paste slightly increases the resid-
ual compressive strength and elastic modulus. This increase was also observed
in previous works that evaluated different w/c ratios [22, 23]. The authors re-
lated this to a better interface between old mortar and new mortar. However,
the splitting tensile strength is better for concrete with less paste (DR), espe-
cially at 400°C. Considering that thermal mismatch is similar and that most
of the changes up to 400 °C are related to cement paste, the lowest value in the
SBR mix can be connected to the higher cracks inside the cement paste at this
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Figure 4.13: Effect of a total replacement rate of coarse aggregates in the case
of concretes designed to have similar performance at room temperature
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Figure 4.14: Effect of replacement method

4.4 Conclusions

This paper presented an experimental investigation into thermomechanical be-
haviour of concrete made with recycled concrete aggregates. Based on the results,
the following conclusions have been drawn:

e Mass loss measurements showed similar behaviour for all studied mixes.
RCA mixes presented more mass loss than concrete with NA, and this is
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mainly related to the higher quantity of water inside these mixes. The
higher water content is directly linked with the higher water absorption of
RCA. The aggregates also heavily influenced the density since mixes with
a higher quantity of RCA presented lower density. When temperature
increases, density is reduced similarly for all mixes.

o Thermal properties were evaluated in terms of conductivity and specific
heat. In the case of conductivity, RCA content increased the conductivity
of concrete. In addition, thermal gradients were also measured and showed
that NA had higher thermal gradients - which can be associated with the
measured thermal properties.

e The highest deteriorations were observed in mechanical properties. Com-
pressive strength presented values within the typical values. A better
retention on concrete made with 100 % of RCA was observed (DR and
SBR), and could be linked with improved interfaces between RCA and
new paste. Elastic modulus showed an almost linear decrease with tem-
perature and was similar for all studied mixes. Tensile strength showed
unique behaviour, with some increase in strength up to 400 °C. This could
be associated with the drying process in the concretes with higher water
content (RCA).

o Microstructural observations showed that cracks at RCA do not initiate
new paste/old paste at the interface, reinforcing the good match between
these phases. Crack development and crack density were similar for both
concrete after high temperatures. Concrete made with RCA seems to
present higher crack density, but crack width is higher for concrete made
with NA.

e The comparative analysis of residual properties showed that the replace-
ment affects some of the properties, especially in the case of mechanical
properties. The mixes with 100 % recycled concrete aggregates showed po-
tential to increase tensile strength and compressive strength retention but
reduced elasticity. The differences in residual properties diminish if the
mix is designed to achieve similar performance at 28 days.

o In general, this paper shows that, even though some differences were ob-
served, RCA can be employed as aggregates and presents similar properties
as NA, even in the case of exposure to elevated temperatures.
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Chapter 05

Spalling behaviour of concrete made
with recycled concrete aggregates

This chapter is based on the paper Spalling behaviour of concrete made
with recycled concrete aggregates, published in the Construction and Building
Materials, and on the paper Fxperimental investigation on the effect of water
content profile on fire spalling, submitted to the 7th International Workshop on
Concrete Spalling due to Fire Fxposure. Both literature review and the first
experimental campaign highlighted the influence of aggregate’s properties on
high temperature behaviour of concrete made with RCA. Even though some
similar behaviour between concrete made with NA and RCA was observed,
some particularities (porosity and water content, for example) are relevant,
especially in the case of spalling. The first part of this chapter presents a
comprehensive fire spalling screening test on several mixes of concrete made
with RCA (0%, 10 %, 20 %, 40 %, and 100 %). In the spalling tests, samples were
subjected to fire (ISO 834-1) and constant uniaxial loading (2.5 and 5 MPa). For
postfire assessment, digital photogrammetry was used. In the second part, the
mechanisms behind the spalling were further investigated, especially the water
content profile’s effect on concrete’s spalling behaviour (NA and RCA). To this,
spalling samples were dried for different drying periods (from 12h to 7d) to
obtain different water content profiles throughout the sample thickness. Small
concrete cylinders underwent the same drying procedure to determine water
content at different depths. After the different drying periods, fire spalling tests
were made in spalling samples, as also the postfire assessment.

Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie, C. Spalling
behaviour of concrete made with recycled concrete aggregates. Construction
and Building Materials. (https://doi.org/10.1016/j.conbuildmat.2022.
128124)

Fernandes, B.; Carré, H.; Mindeguia, J-C.; Perlot, C.; La Borderie, C. Ezxperi-
mental investigation on the effect of water content profile on fire spalling. Sub-
mitted to the 7th International Workshop on Concrete Spalling due to Fire Ex-
posure, Berlin, Germany.
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Chapter 5 Spalling behaviour of concrete made with RCA

5.1 Introduction

One of the main concerns when evaluating the fire behaviour of concrete struc-
tures is spalling. This phenomenon consists of violent or nonviolent detachment
of concrete fragments from the surface of a concrete member [1, 2]. Depending
on the severity of the damage, fire spalling can seriously affect the structural
performance because it reduces the cross section and may even expose steel re-
bars directly to the fire. This can lead to a reduction in fire resistance, thermal
insulation, and load-bearing capacity [3-5]. Despite extensive research in re-
cent years, uncertainties regarding the phenomenon remain, and current models
cannot predict spalling events [4, 6, 7.

Concrete behaviour under fire is a coupled thermo-hygro-chemo-mechanical
problem, and all these mechanisms can contribute to the spalling phenomenon
[2]. Spalling is usually explained by one of two theories, (i) pore pressure build-up
and (ii) thermal stresses, which may occur individually or jointly [2, 8]. The first,
pore pressure build-up, is a thermo-hygral process driven by water vaporisation
and transport. During heating, the vapour moves towards the exposed surface
and into the inner part of the concrete (nonheated). Owing to thermal gradients,
the vapour may condense in the inner core, creating a saturated layer a few
centimetres from the exposed side (the so-called 'moisture clog’). This zone
blocks further vapour movement, leading to an increase in pore pressure. When
stresses resulting from pore pressure exceed the tensile strength of concrete,
spalling may occur [2, 4, 9-11].

The second theory is a thermo-mechanical process driven by thermal-
gradient-induced thermal stresses and/or restrained thermal dilation [2]. When
these high stresses (compressive ones), localized in the first centimetres of the
concrete surface, exceed concrete strength, spalling may occur [4, 8, 11]. Usually,
spalling is also attributed to the coupled action of these mechanisms (thermo-
hygral and thermo-mechanical), i.e., a combination of pore pressure, compression
stresses (induced by thermal action and loading), and cracking [1]. In addition, a
thermo-chemical spalling mechanism was proposed, in which the phenomenon is
related to the decomposition of calcium hydroxide and the rehydration of calcium
oxide [2].

The complexity of the spalling problem is highlighted by the several param-
eters that may influence the occurrence of spalling. These parameters can be
classified into material (e.g., permeability, porosity, and water content), geom-
etry (e.g., shape and size of elements), and environmental (e.g., heating rate,
heating profile, and external mechanical load) factors [1]. In addition, spalling
can occur in different forms, such as aggregate, surface, explosive, and corner
spalling [1, 11].

Little is known about the susceptibility of concrete made with recycled con-
crete aggregates (RCA) to spalling, and the prediction of its sensitivity to spalling
is generally not trivial. On the one hand, because RCAs are more porous than
natural aggregates (NA), the use of this type of aggregate may contribute to
vapour migration, reducing the pore pressure and spalling risk [12]. On the
other hand, RCAs have higher water absorption, which may lead to concrete
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with higher water content, i.e., a key parameter for spalling risk [13, 14]. Finally,
more interfacial transition zones are observed in concrete made with RCA (old
paste/new paste, old aggregate /new paste), which may lead to distinct behaviour
under high temperatures.

Few studies have verified the occurrence of fire spalling in recycled concrete
aggregate (RAC) [15]. Robert et al. [16] studied the spalling behaviour of con-
crete slabs made with RCA. They tested two reference slabs and two slabs of
concrete made with RCA (one with 30 % coarse RCA and the other with 30 %
both fine and coarse RCA). All the elements were tested under the ISO 834-
1 [17] fire curve for 60 min. Superficial and localised spalling was observed in
all slabs containing RCA, whereas slabs with NA did not exhibit any spalling.
This phenomenon was attributed to the high moisture content of RAC slabs -
between 4.4 % and 5.5 % at the element surface, whereas reference slabs had a
moisture content of 4.0 %. However, the extent of damage in RAC slabs was not
detrimental to their stability. Chen et al. [18] evaluated the mechanical prop-
erties of reinforced concrete and steel-reinforced concrete (i.e., composite) short
columns and beams after exposure to elevated temperatures. Samples prepared
with different replacement rates were heated in an electric furnace. Spalling in
samples heated to 800°C was reported, but no further details or explanations
were provided

Spalling was also observed by Pliya et al. [12, 19]. In the first study [12], they
tested the spalling sensitivity of high-strength concrete made with NA and RCA
(0%, 15%, and 30 % replacement rates). Concrete cylinder samples were heated
in an electric furnace at a rate of 10°C/min. All mixes (with or without RCA)
showed progressive and explosive spalling, characterised by the sudden disinte-
gration of all samples. A similar phenomenon was observed in another study
[19], in which spalling was found in samples subjected to preloading and when
the surface temperature reached 150°C. For samples made with NA spalling
happened at 450 °C.

The aforementioned experimental studies demonstrated that spalling could
occur in concrete made with RCA. However, a systematic evaluation of the
spalling risk of concrete made with RCA has not been performed. This lack
of information prevents the robust design of concrete made with RCA regard-
ing its fire behaviour. In this chapter, the fire spalling sensitivity of concrete
made with RCA was investigated experimentally. This investigation was made
in two different campaigns. In the first one, a material screening test was made
to provide a qualitative and comparative evaluation of the spalling behaviour of
concrete made with RCA. In the second one, an investigation on the mechanisms
behind spalling was made, especially on the influence of different water content
profiles on spalling.

For the first campaign, fire tests on uniaxially loaded samples were performed.
Ordinary concrete mixes containing different replacement rates of coarse aggre-
gates (10 %, 20%, 40%, and 100%) were subjected to the ISO 834-1[17] fire
curve. In addition to the replacement rate, the effect of the external mechani-
cal load and replacement method were studied. Spalling events were registered
during the fire tests. For postfire spalling assessment, a method based on digital
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photogrammetry was used. Finally, the spalling behaviour of the specimens and
the influence of RCA were examined in light of common spalling theories.

For the second campaign, fire tests were carried out on concrete made with
natural aggregate (NA) and on samples made with 100 % of coarse RCA. Be-
fore fire tests, samples were dried at 80°C for different drying periods (from 12
hours to 7 days) to induce different water content profiles throughout the sample
thickness, especially along the first centimetres of the exposed surface. After the
drying period, concrete prisms were subjected to the uniaxial fire spalling test.
Small concrete cylinders underwent the same drying procedure to determine the
water content at different depths of the samples. Once again, spalling volume
and depths were evaluated through digital photogrammetry. Lastly, spalling was
examined in light of the different water content profiles.

5.2 Experimental program

5.2.1 Materials

Concrete mixes were prepared using cement CEM II/A-L 42.5R (Eqiom). This
cement has a density of 3010kg/m? and a specific surface area of 4700 cm?/g.
To achieve the desired workability, limestone filler (Omya Betocarb HP-SC) was
used. This filler has a density of 2700kg/m?® and a specific surface area of
4330cm?/g. A polycarboxylate-based superplasticiser (SIKA ViscoCrete Tempo-
483) was used in the mixes.

Alluvial sand with a fineness modulus of 3.10 was used. Two types of coarse
aggregates were used: NA and RCA. Natural aggregates were made from diorite
(Genouillac, France) and divided into two fractions: 4/10 and 10/20. The recy-
cled concrete aggregates were crushed and screened by a recycling company near
Bordeaux (France). They were divided into the same fractions as the NA. The
physical properties (density, water absorption, and LA coefficient), measured ac-
cording to EN 1097-2:2010 [20] and EN 1097-6:2013 [21], are presented in Table
5.1. As expected, RCA had higher water absorption and a lower LA coefficient
owing to the presence of the adhered mortar.

Table 5.1: Aggregate properties

Property Sand Natural aggregate Recycled aggregate
Grading size 0/4 4/10 10/20 4/10 10/20
Density (kg/m3) 2650 2820 2840 2570 2590
Water absorption (%) 0.35 0.92 0.81 5.60 4.52
LA coefficient (%) - 16 16 30 36

Because RCAs were obtained from a recycling plant, they also presented some
impurities related to demolition wastes, such as wood, plastic, brick, and bitu-
minous materials. To quantify these impurities, manual sorting was performed
following EN 933-11:2009 [22] guidelines. The results of this classification are
listed in Table 5.2.
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Table 5.2: RCA constituents

Constituents (% of mass)*

Aggregate Fraction

Re Ru Rb Ra Rg X
RCA 4/10 73.31 2397 053 214 - 0.05
RCA 10/20 76.77 18.59 0.50 3.87 0.07 0.19

*Re: concrete grains, Ru: natural stones, Rb: ceramic elements, Ra:
bituminous grains, Rg: glass, X: other materials (wood, plastic,steel,
paper, etc.)

5.2.2 Mixture design and casting

To investigate the fire spalling behaviour of concrete made with RCA, a compre-
hensive test program was undertaken on seven mixes divided into three cat-
egories: reference, direct replacement (DR), and strength-based replacement
(SBR). Table 5.3 presents the mixture proportions for all the mixes. The
reference samples are concrete made with NA, designed to meet the NF EN
206/CN:2014 [23] durability requirements for the XD3 exposure class. This class
determines a maximum water/cement (w/c) ratio of 0.5, a compressive strength
class of C35/45, and a minimum cement content of 350 kg/m?. In DR mixes, NA
was replaced by RCA in volume without any changes in the other constituents.
Replacement rates for this mix were chosen based on the RECYBETON [24]
French project recommendations, which, for XD3 exposure classes, allow maxi-
mum replacement rates of 20 % and 40 %. Additional replacement rates of 10 %
and 100 % were also studied for the DR mixes.

In SBR mixes, in addition to aggregate replacement, the cement and wa-
ter contents were adjusted to achieve the same strength as the reference mix.
To adjust mixes, BetonLab [25] software was used. Based on the compressive
strength results of the reference and DR mixes, the properties of the aggregates (p
and q coefficients, which describe the aggregate contribution to the compressive
strength) were calibrated. Then, new mixes were designed. The w/c ratio was
adjusted to achieve the same compressive strength as that of the reference mix.
The water and cement contents were adjusted to achieve the target consistency.
For the SBR mixes, replacement rates of 40 % and 100 % were studied.

Table 5.3: Mix proportions (in kg/m?, SP in percentage of cement mass)

Mix

Material - ——REAT0DR RCA-20.DR RCA0.DR RCA100.DR RCA-10.SBR RCA-100-SBR
Cement 350 350 350 350 350 368 420
Filler 60 60 60 60 60 60 60
Sand 8043 804.3 804.3 804.3 804.3 787.1 799.8
NA 4/10 3317 298.5 265.3 199.0 - 207.2 -
NA 10/20 711.1 640.0 568.9 426.7 - 4475 -
RCA 4/10 - 30.2 60.5 120.9 302.3 114.7 291.5
RCA 10/20 - 64.9 129.7 9259.4 648.5 248.1 630.3
Water 175 175 175 175 175 172 168
Sp 0.9 0.9 0.9 0.9 0.9 0.9 0.9

One concern when using RCA stems from its higher water absorption. This
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property can affect the workability of concrete, even when moisture adjustments
are made to the mixes [26]. To develop a method that can be easily reproduced in
a concrete plant, all the aggregates (sand, NA, and RCA) were prewetted for 1 h
using a soaker hose and then covered with a plastic sheet for 3h. Before casting,
the moisture content of the aggregates was measured and the water quantity of
the mix was corrected.

Preliminary studies showed some variations in workability and compressive
strength, even for the same mixes. Because the ratio between the slump and
compressive strength was constant in the preliminary mixes, mixes with dried
aggregates were cast to verify the reference slump and its corresponding compres-
sive strength. These values were used as a reference for the final mixes (slump
between 180 and 190 mm). In the final mixes, the aggregates were prewetted,
and the water content was adjusted to achieve the same slump as the reference.
The same mixing procedure was used for all the concrete mixes. The slump was
measured after mixing following NF EN 12350-2 [27].

For each mix, cylindrical specimens (11 x 22 c¢m and 16 x 32 cm) were cast to
determine the mechanical properties at 28 days and at the fire test age. These
samples kept submerged in water at 20°C until the testing day. For the fire
tests, prisms with dimensions of 20 x 20 x 10cm (height x length x width) were
cast. In addition, prisms of 15 x 15 x 10cm (height x length x width) were
cast for the water content study. Curing was slightly different for each one of
the campaigns. For the first one (screening), samples were first kept submerged
for seven days and then placed in sealed plastic bags until the test (between
88 and 125 days). For the second campaign (water content analysis), samples
were then kept submerged in water until the drying process (between 70 and
90 days). In both campaigns, the curing process induced a high water content
(when compared with air curing), thus inducing a high probability of spalling
for all the mixes. At the test age, the water content (wc), density (pd), and
water-accessible porosity () were measured following the NF EN 12390-7:2019
[28] and AFREM recommendations [29]. The slump, mechanical and physical
properties of all the studied mixes are listed in 5.4.

Table 5.4: Fresh, mechanical, and physical properties of studied mixes

Mix Campaign Slump  fes j fej E.;, WC pd n
(mm) (MPa) (days) (MPa) (GPa) (%) (g/cm3) (%)
NA 1 194 44.8 94 46.6 34.5 4.9 2.3 23.3

2 195 47 - - - - - -
RCA-10-DR 1 184 39.7 116 44.5 36.8 5.0 2.2 13.8
RCA-20-DR 1 174 374 88 50.8 34.9 5.1 2.2 16.0
RCA-40-DR 1 176 39.7 88 49.6 39 5.4 2.2 15.2
1 210 34.6 125 39.1 30.5 7.1 2.1 18.1

RCA-100-DR 9 178 379 i i i i i i
RCA-40-SBR 1 192 44.6 94 46.8 31.8 5.7 2.2 15.3
RCA-100-SBR 1 180 45.5 94 46 309 6.9 2.1 17.9

*j is fire test age
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5.2.3 Water content analysis

In the second campaign, a specific workflow was proposed to estimate the water
content profile in concrete made with NA and RCA-100-DR. From the saturated
prisms of 15 x 15 x 10 cm, small concrete cylinders of g1 x 10cm were cored
(Fig. 5.1a). Then, the curved face of the cylinders was wrapped with aluminium
tape and placed in the oven for drying (Fig. 5.1b). They were dried at 80°C
and 3% RH during different drying periods (Table 5.5). Six cylinders per drying
condition were evaluated. After this period, cylinders were removed from the
oven. Then, they were sliced into small pieces of approximately 1cm (Fig. 5.1c)
using dried sawing.

W/
@ @a%;

Q
i o
80°C
a. coring process b. drying of ¢. water content
cylinders determination

Figure 5.1: Water content analysis process

Table 5.5: Drying conditions

Drying duration (80°C and 3% RH)

Mix Sat. 12h 1d 2d 3d 4d 7d
NA X X X X X X X
RCA-100DR X - X X - - X

Each small piece was measured and then dried (80°C and 3 % RH) until mass
stabilisation (mass variation less than 0.05 %) to determine the water content in
each one of the slices. The position of each slice was calculated based on piece
thickness and the total height of the small cylinders. This method was done to
take into account the thickness of the saw cut. With these two measures, the
water content profile for each mix/condition was estimated. Since the drying
was symmetrical, half of the cylinder was mirrored to obtain a denser cloud of
data, and better estimate the profile. Then, a regression analysis was done for
each case to estimate the water profile curve.

Fig. 5.2 presents the water content profile for two different conditions. Fig.
5.2a shows the profile in the saturated RCA-100-DR sample. The scatter values
of each piece were plotted together with the average value from all the pieces.
The value is close to the water content measured in bigger samples (1/4 of 11 x
22 cm), indicating that this approach can reasonably estimate the water content
inside the concrete. Fig. 5.2b shows the water content profile in RCA-100-DR
after 1d of drying. In this case, for the regression, a second-degree polynomial
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was used for the fit. Some variations from the individual values were observed,
but they were expected given the small size of the cylindrical sample. In any
case, the method seems to be an appropriate estimation of the water content
profile. The same procedure was done for all the studied conditions.
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Figure 5.2: Water content profiles examples

5.2.4 Fire tests

5.2.4.1 Test setup

The spalling behaviour was evaluated by testing 72 concrete prisms subjected
to a standard fire and uniaxial mechanical loading. In the first campaign, 39
samples were evaluated. With the exception of the 10 % replacement rate, six
prisms were evaluated for each mix. From these six samples, two load levels were
evaluated: 2.5 and 5 MPa. In the second campaign, spalling was evaluated by
testing 33 concrete prisms subjected to a standard fire and uniaxial mechanical
loading (5MPa). Three prisms were evaluated for each mix and each drying
condition (Table 5.5).

The pre-conditioning before the test was also different for each campaign. For
the first one, two days before the spalling tests, the four lateral sides (20 x 10 cm)
of the prisms were sealed with aluminium foil tape, which was glued using re-
fractory glue resistant up to 1200 °C. In the second campaign, saturated samples
were removed from the water curing and also sealed with aluminium foil tape on
the four lateral sides (20 x 10 cm). Then, they were placed in the drying oven at
the same conditions (80°C and 3% RH) and exposure days as the small cylin-
ders (Table 5.5). After the referred drying period, samples were removed from
the oven and went to spalling tests. Before the tests, the samples were insulated
with 12 cm of rock wool from both sides in both campaigns. The combination of
aluminium foil and rock wool was used to provide quasi-unidirectional transport
of heat and moisture.

An intermediate-scale furnace powered by a linear propane gas burner was
used for heating. This furnace was used in similar experimental studies [30-32].
The gas pressure was controlled during the test according to the ISO 834-1:1999
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[17]/NF EN 1363-1:2020 [33] fire curve. The furnace has an opening of 20 x
20 cm. Three type K jacketed thermocouples were used to measure the heating
curve; they were placed in front of the furnace 1 cm from the heated face of the
sample. The thermocouples were placed at heights of 4, 10, and 16 cm from the
bottom of the furnace opening. The details of the furnace are shown in Fig.5.3.
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Figure 5.3: Furnace details
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Figure 5.4: Overview of test setup

A hydraulic press was used to apply the uniaxial loading. To ensure the load
distribution, the tested specimen was placed between two concrete blocks (top
and bottom supports). The sides of the tested specimen and support blocks were
insulated with rock wool, as well as the hydraulic jack. Some details of the test
setup and sample positions are shown in Fig.5.4. The load was applied first.
After stabilisation, the heating process was initiated. After 30 min, the heating
was turned off, and, after another 5min, the sample was discharged. During the
tests, the time of occurrence of each spalling event was recorded.

Fig. 5.5 presents the time-temperature curves from all tests (average of the
three thermocouples). The x marks indicate the time of the first spalling event for
each sample. Most of the curves, up to the first spalling event, closely followed
the ISO 834-1:1999 [17]/NF EN 1363-1:2020 [33] prescription. After the first
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spalling time, perturbations were observed at the recorded temperatures. The
main criterion adopted for test validation was whether the curve followed the
tolerances up to the first spalling event. For the first campaign (Fig. 5.5a) only
two fire tests did not consider the tolerance (RCA-10-DR and RCA-20-DR). For
the second campaign, only one mix (sample 2 from NA-1D) did not reach the
criteria. These three samples were excluded from further analysis.
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Figure 5.5: Developed fire curves

5.2.4.2 Postfire analysis

After heating, a postfire analysis was conducted on all samples. First, mass mea-
surements were performed before and after the fire tests. Digital photogramme-
try was then used to quantify the spalling (volume and depth). This method
makes it possible to construct 3D models from digital photographs. It has been
previously used for different in situ and laboratory measurements [34, 35]. This
method follows an approach that involves image acquisition and processing, 3D
reconstruction, mesh generation, and post-processing [35].

A digital single-lens mirrorless camera (Panasonic DMC-GX80) with a zoom
lens (G Vario 14-42 mm {/3.5-5.6 ASPH) was used. This camera has a sensor
of 17.3 x 13.3mm and resolution of 16 megapixels. For image acquisition, the
samples were placed in a rotating table with marks on the surface to orient the
3D reconstruction. The camera was fixed on a tripod, and photographs were
taken with ISO 400, an aperture of f/14, and a shutter speed of 1/3 seconds.
These settings were selected to have an appropriate exposure with a larger depth
of field such that all the exposed surfaces of the sample were in focus. Between
shots, the rotating table was turned 10° to overlap consecutive images, which is
a necessary procedure for 3D reconstruction. Thirty-six images were obtained
for each sample; an example of the image taken is shown in Fig.5.6a.

The image processing and 3D reconstruction were done with Meshroom [36]
software. The 3D model of each model was processed using CloudCompare
software [37]. Using this software, the 3D model was cleaned and scaled utilizing
the reference marks on the rotating table. Fig.5.6b presents an example of a
cleaned and scaled 3D model. A binary mesh of the 3D model was imported in
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a Cast3m [38] algorithm, which postprocessed the model to obtain the spalling
volume and depths. A depth colour map generated in Cast3m [38] is presented
in Fig.5.6c.
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16

(a) digital photograph (b) 3D model (c) depth colour map

Figure 5.6: Steps in the photogrammetry analysis

An accuracy assessment was performed to estimate the error in the pho-
togrammetry measurements. The experiment was conducted using small pieces
of (Lego® pieces). A Lego® piece was placed on the surface of a concrete sample,
and photogrammetry analysis was performed with this configuration. From this
analysis, the dimensions of the Lego® pieces were measured, and the values were
compared with the dimensions obtained using a calliper. The difference between
the dimensions measured by photogrammetry analysis and the caliper range from
1.06 % to 2.07 %, showing good agreement between the measurements in all ex-
periments. In addition, the results are within the range of different experimental
programs that used digital photogrammetry methods (0.11 to 8.63 %) [34, 35].

Table 5.6: Accuracy assessment of photogrammetry measurements

Lego® Dimension Calliper 3D Model Difference (%)

Height (mm) 17.68 17.87 1.06
Width (mm) 1578  15.55 1.50
Length (mm) 31.8 31.16 2.07

5.3 Results and discussion

5.3.1 First Campaign

This section presents the results obtained in the first campaign. This campaign
evaluated different parameters: applied load, replacement method (DR vs SBR)
and replacement rate. In the end, the spalling behaviour of the specimens and
the influence of RCA were examined in light of common spalling theories.

5.3.1.1 Spalling events during fire tests

The spalling event time was recorded during the fire tests. Fig. 5.7a shows the
time of the first spalling event for all the tests. Except for one test on RCA-10-
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DR and one on RCA-100-SBR, the first spalling event occurred between 5 and
10 min. In general, no specific relationship was observed between the time of the
first event and load or replacement rate. This range of time to the first spalling
falls within the range observed in previous tests [7, 39, 40]. Fig. 5.7b shows the
total number of spalling events for each test. No clear relationship was observed.
The data were highly scattered, highlighting the random nature of the spalling
phenomenon [41].
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Figure 5.7: Spalling events

5.3.1.2 Inspection of samples after fire tests

Based on visual inspection, NA mixes showed less spalling than RCA mixes,
regardless of RCA content, compressive strength, or applied load. As an example,
Fig. 5.8 shows four samples after the fire test, together with the depth colour
maps generated by the photogrammetry process. The NA mixes almost did
not spall, with only some localised spalling. With 20% RCA (RCA-20-DR),
the concrete already had a higher degree of spalling than NA. Finally, both
100 % replacement rate mixes (RCA-100-DR and RCA-100-SBR) had the highest
spalling degree, with no significant visual difference between them.

The samples with a high replacement rate presented some burned impurities,
mainly bituminous products. Fig. 5.9a shows that the area around the bitumi-
nous particle is black, denoting the burning and melting of this kind of particle.
Fig.5.9b presents a zoom-in of these particles, where it can be seen that the
aggregates remain, but the bituminous material disintegrated. The presence of
these impurities locally reduced the strength of concrete made with RCA at high
temperatures, as observed by Laneyrie et al. [42]. However, it was not possible
to establish a link between spalling and impurities in recycled aggregates.

5.3.1.3 Postfire assessment of spalling

The postfire assessment of spalling was performed using four different indicators:
total weight loss of the sample (percentage of the initial mass of the sample),
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RCA-20-DR 4

RCA-100-DR RCA-100-SBR

Figure 5.8: Four samples after fire test and spalling depths maps

(a) global view (b) burned impurity

Figure 5.9: RCA-40-DR sample after fire test

spalled volume (percentage of the initial volume of the sample), mean spalling
depth (mm) and maximum spalling depth (mm). The last three were obtained
using photogrammetry. Fig.5.10 shows some of the relationships between these
indicators. Because the spalled volume is the integral of the mean spalling depth,
the relationship these two indicators is not presented.

First, the relationship between the spalled volume and maximum spalling
depth is presented at the top left. This relationship relatively linear, with a
strong correlation between both indicators, even though they are not directly
linked. At the top right, weight loss and spalled volume show a strong correlation.
The linearity is expected because a higher spalled volume indicates higher mass
loss. Some differences may be associated with the fact that weight loss comprises
both the spalled volume and loss resulting from water evaporation. Finally, at
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the bottom left, the weight loss is compared with the maximum spalling depth.
The correlation is lower because a higher maximum spalling depth does not
always mean a higher weight loss. Considering all the relationships between the
indicators, further analysis will be performed by considering only the spalled

volume and maximum spalling depth.
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Figure 5.10: Relation between spalling indicators

The effect of uniaxial loading on the fire spalling behaviour is presented in
Fig.5.11, both in terms of the spalled volume (Fig.5.11a) and maximum spalling
depth (Fig.5.11b). The graphs show each of the mixes analysed with both applied
mechanical loads. Even though the variation in the individual tests was high,
both results indicate that the increase in the loading level led to an increase in
spalling, except for RCA-100-DR. Scattering was more significant for concrete
made with RCA than for concrete made with NA. However, no direct link to the
replacement rate was identified.

The effect of loading was particularly observed for the RCA-40-DR mix, which
presented more than twice the spalled volume with a load increase of 3.5 % for
2.5 MPa and 10.1 % for 5 MPa. By contrast, the lowest difference was observed for
concrete made with NA, with spalled volumes of 2.05% and 2.90 % for loadings
of 2.5 MPa and 5MPa, respectively. An increase in the spalled volume with
the load was not observed for the RCA-100-DR mix, presenting a higher spalled
volume of 2.5 MPa. This was one of the mixes that presented a higher dispersion
of results.
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Similar observations were made regarding the maximum spalling depth but
with an even less clear tendency between the load and spalling depth. For exam-
ple, NA, RCA-40-SBR, and RCA-100-SBR presented, had the same maximum
spalling depth (average value), regardless of the applied load. The largest dif-
ference was observed for RCA-40-DR, with a variation of 9 mm between the two
loads. In the case of the spalled volume, the RCA-100-DR mix also had a higher
maximum spalling depth with a loading of 2.5 MPa.

The key influence of the load on spalling was previously verified in different
experimental setups and concrete mixes [43, 44]. However, only a few studies
[30, 45, 46] have evaluated the effect of different load levels on concrete. All
of this previous studies were made in concrete made with NA. In general, their
conclusions agree with the general behaviour observed herein: spalling severity
may increase with external load.
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Figure 5.11: effect of compressive axial loading on spalling indicators

Figs. 5.12 and 5.13 show the effect of replacement rate and the replacement
method (DR/SBR) on the spalling behaviour. The replacement method affects
the cement paste volume and, consequently, the concrete compressive strength.
SBR mixes have denser and stronger pastes and a higher quantity of cement
paste. In these graphs, the spalling indicators (volume and depth) are plotted
against the replacement rate. In each graph, the individual experimental values
and average are plotted. The data are scattered, highlightingthe random nature
of spalling. However, some trends can be verified. As observed in the visual
inspection, concrete made with RCA exhibited a higher spalling degree than that
made with NA. The spalled volume showed a similar behaviour in most cases:
an increase up to a certain replacement rate, followed by a constant value.This
was more evident in the DR and SBR samples subjected to 5 MPa. In these
curves, the spalled volume increases as the replacement rate increases from 0%
to 40 %. Then, from 40 % to 100 % of the replacement rate, the spalling indicators
remain relatively constant, approximately 10 % of the volume loss for DR and
9% for SBR. This difference also highlights the fact that the type of replacement
method does not appear to influence the general spalling behaviour, especially
for a loading of 5 MPa.
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Figure 5.12: Effect of replacement on the spalled volume

The evolution of the maximum spalling depth with the replacement rate
exhibited the same general trend. However, differences were observed with the
DR mixes subjected to a loading of 5 MPa. For these mixes, a higher maximum
spalling depth (23.7mm) was observed at a replacement rate of 20 %. However,
for replacement rates from 40 % to 100 %, the values also remained comparatively
constant, from 21.2mm to 20.7 mm, respectively. This behaviour reinforces the
fact that the RCA replacement rate does not change the spalling degree after
a certain percentage (after 40 % in this study). Again, the type of replacement
method does not influence the maximum spalling depth.
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Figure 5.13: Effect of replacement on the maximum spalling depth

5.3.1.4 Discussion of the influence of RCA on fire spalling mecha-
nisms in concrete

The general trend observed in the spalled volume and maximum spalling depth
indicates that the replacement rate has a contradictory effect on the spalling
behaviour. First, up to a 40 % of replacement rate, the spalling degree increased
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with the presence of RCA. Further addition of RCA did not substantially change
the spalling severity. After a replacement level threshold, the presence of RCA
kept the spalling degree constant. However, the replacement rate influences
several physical properties of concrete that usually play a crucial role in spalling
sensitivity. Two of these, compressive strength and water content, are discussed
in this section.

Usually, high compressive strength leads to high compacity and low perme-
ability [2, 47]. These properties may induce the build-up of pore pressure, pos-
sibly increasing the spalling risk according to different studies [2, 48]. Fig.5.14
shows the spalling results against the compressive strength measured at the test
age for each of the studied mixes. Even if the results are slightly scattered, one
can observe that both the spalled volume and the maximum spalling depth tend
to decrease as the compressive strength increases. Hence, the trend of spalling
risk increasing as the compressive strength increases was not identified for the
studied mixes. One mix (RCA-100-DR), which presented a higher average spalled
volume (12.0 %) and depth (26.3 mm), had a lower compressive strength. This
behaviour indicates that, in this experimental evaluation, compressive strength
does not seem to be a factor affecting spalling depth.
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Figure 5.14: Effect of compressive strength on spalling indicators

The effect of water content on concrete spalling is also related to the build-up
of pore pressure [48] and, according to some researchers, can have play a major
role in the mechanical properties of concrete at high temperatures [49]. For both
cases, and as observed in numerous experimental studies [4, 48, 50], spalling risk
is concluded to be higher for high water content.

Fig.5.15 presents the spalling results against the water content (measured at
the test age) for each studied mix. In the present study, the highest average
spalled volume (12.0%) and depth (26.3 mm) were observed for the mix with
the higher water content (RCA-100-DR, wc=7.6 %), agreeing with the tendency
reported in the literature. The results also indicated that spalling is very sensitive
to water content. For example, between 5.2% (NA) and 6.1 % (RCA-40-SBR)
water content, the spalled volume increased more than three times (under a
mechanical load of 5 MPa). This type of sensitivity was also identified by Maier
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et al. [14], who verified a higher increase in damage within a small range of
initial water content. At the same time, the results presented herein show some
cases where the difference in water content was relatively high (6.1 % for RCA-
40-SBR and 7.3 % for RCA-100-SBR). However, the maximum spalling depths
were quite similar (21.6 mm and 24.4 mm, respectively). After 6.1 %, the spalling
parameters remained almost constant.
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Figure 5.15: Effect of water content on spalling indicators

In short, compressive strength did not seem to affect the risk of spalling, and
the water content appears to be a critical parameter. A higher RCA replace-
ment rate leads to higher water content and spalling risk. However, its effect is
insufficient to explain why the extent of spalling of the concrete made with RCA
did not evolve from a replacement rate threshold of 40 % in this study. This
particular behaviour of concrete made with RCA concerning the risk of spalling
should involve other phenomena.

Two hypotheses are highlighted. The first one is related to a lower ther-
mal mismatch between aggregate and paste. For concrete made with RCA, the
higher the replacement rate, the more the old-paste—new-paste interfaces become
the majority of the paste-aggregate interfaces. Consequently, increasing the re-
placement rate may decrease the thermal mismatch, leading to a lower cracking
density. This reduction may improve the local mechanical properties of the con-
crete (mainly in the vicinity of the heated surfaces) . For example, this can be
observed by comparing the mechanical properties of concretes where the thermal
mismatch is different (e.g., concrete made with different aggregates [51, 52]). Fi-
nally, this improvement can reduce the risk of spalling in contrast to the previous
effect.

The second theory is related to cracking. As verified experimentally in pre-
vious works [12], the use of saturated/wet RCA may lead to an excess of water
surrounding aggregates. This extra water may reduce the bond in interfaces, in-
ducing cracks and increasing permeability. In addition, the higher initial porosity
of RCA also may cause higher permeability in the concrete mixes. This increase
in permeability can favour the transport of fluids (liquid water and vapour) in
the sensitive spalling zone, decreasing the pore pressure and the risk of spalling.
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These effects, which may happen jointly, are some of the phenomena that
could explain the results of this study. First, up to a certain replacement rate
threshold (40 % in this study), the increase in spalling risk can be explained by
the increase in water content. Above this threshold, the highlighted phenomena
can counterbalance the effect of the water content and stabilise the spalling
characteristics. Further analysis of permeability and microscopic observations of
thermal cracking could help to clarify this point.

5.3.2 Second Campaign

This section presents the results obtained in the second campaign. The discussion
above highlighted the importance of the water content in the spalling risk. Hence,
this second campaign further investigates the effect of different water content
profiles on spalling.

5.3.2.1 Water content profiles

The water content profiles estimated from the measurements of the small pieces
are presented in Fig. 5.16. As expected, the values obtained in concrete made
with RCA are higher than those obtained with NA. This higher water content is
mainly related to RCA higher porosity and water absorption.

As expected, Fig. 5.16 shows the progressively drying of the sample. Values
were similar for both cases, but the drying in concrete made with RCA was
faster than in the case of NA. For example, after 2 days of drying, the NA
samples showed 1.6 % water content at 1cm, while concrete with RCA showed
around 1.9 % water content. After 7 days of drying, the water content at 1cm is
lower in both cases, close to 0.5 %, but still higher in concrete with NA (0.7 %).
Possible explanations are related to the higher porosity and the crack network
in RCA. Previous works monitoring moisture migration in concrete made with
NA showed that a more pervasive crack network induces a faster drying process
[53].

The differences in drying kinetics are also depicted in Fig. 5.16b, which shows
in grey the NA curves with the same drying periods as RCA. First, for 1 day
of drying, RCA had higher water content at any length. However, for 2 days
of drying, the water content curves cross at the initial centimetres (0.45cm).
Finally, for 7 days of drying, RCA had lower water content at any length.

A high gap between the saturated samples and the first drying period (12
hours for NA) was observed. One hypothesis for this was the water on the
surface of the small cylinders. When evaluating saturated samples, they were
directly removed from the water, cut and measured. During this operation,
and despite having wiped the samples, extra water can still be present on the
surfaces of the sample. To estimate the contribution of this superficial water,
saturated cylinders were directly removed from the water and dried in the oven
for 3 minutes to remove the surface water. Then, the usual process of water
content determination (cut, measure and drying) was made for all samples. Fig.
5.16 shows the water content after 3 minutes of drying (dashed lines). It can be
seen that the gap between saturated and the first drying period was lower, more
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coherent with the observed water content. This value of saturated water content
was adopted for further analysis.
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Figure 5.16: Water content profiles after different drying processes - curves are
a regression (second-degree polynomial) of measured points

5.3.2.2 Postfire assessment of spalling

From the photogrammetry, two indicators were chosen to evaluate spalling: the
mean spalling depth and the spalled volume. Fig. 5.17a shows the variation of
spalled volume with drying period for both mixes. First, at the saturated state,
both mixes showed a high spalling volume. It is noteworthy that the results are
closer to the ones obtained in previous works with similar conditions and the
same test setup [54].

However, drying changed the observed behaviour. First, NA samples pre-
sented higher spalled volume after 12 hours. It went from 2.4 % saturation to
4.7% after 12 hours of drying. Further drying led to reduced spalling after 1 and
2 days of drying. The latter already shown relevant variations in spalling risk,
given that, out of four samples tested at this drying condition, two did not spall,
one presented small located spalling (0.1 %), and one had high spalled volume
(6.8%). Starting from 3 days of drying, no spalling was registered for all sam-
ples. Fewer conditions were tested for RCA, but a similar trend was observed.
At saturation, average spalled volume was 11.4 %. An increase after the satura-
tion was not observed, but after 1 day of drying, a high spalled volume was still
registered (2.9 %). After 2 days no spalling was registered.

Similar observations can be drawn from the evaluation of mean spalling depth
(Fig. 5.17b). Again, similar values from previous works were obtained at a
saturated state [54]: 5.5 mm for concrete made with NA and 14.5 mm for concrete
made with RCA. Then, even after 1 day, drying reduces significantly the mean
spalling depth. It is noteworthy that for both cases, the average curves of spalling
indicators cross between 1 and 2 days of drying. It was seen that after 2 days
of drying, the curves of water content by length (Fig. 5.16b) cross at 0.45cm,
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indicating that NA has more water content at these first centimetres than RCA-
100-DR.
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Figure 5.17: Evolution of spalling indicators for studied mixes

To further evaluate the effect of the water content on the spalling behaviour,
the water content was calculated at different depths using the regression curves.
Fig. 5.18 shows mean spalling depth versus water content (W.) at 1, 1.5 and
2cm from the exposed surface for both mix types (NA and RCA). The trends
for all depths indicate the same: an increase of the mean spalling depth with
the rise in water content. These graphs also give an idea of the minimal water
content needed in the 2 first centimetres for possible trigger spalling. For NA,
spalling was observed when water content was higher than 1.3% and 2.1% at
1cm and 2 cm, respectively. For RCA, spalling was verified when water content
was higher than 1.9 % and 3.2 % for the same depths.
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Figure 5.18: Mean spalling depth versus water content at different depths

The results herein showed the influence of the water content profile in the
spalling risk evaluation. However, evaluating the water content or the amount of
water needed to trigger spalling is complex. When analysing the first centimetres,
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part of the water evaporates, and another moves towards the centre to form the
so-called 'moisture clog’ To further investigate the triggering water content,
three different graphs are presented in Fig. 5.19.

First, Fig. 5.19a plots the mean spalling depth versus the water content
calculated at this mean depth. For this first case, except for one spalled sample
(out of 14), water content at the mean spalling depth was higher than 1.5%
for NA, and more than 2% for RCA. Fig. 5.19b plots the mean spalling depth
versus the mean of water content between the surface and the mean spalling
depth. As expected, this average water content is lower. In this case, the critical
critical water content was around 1% for NA and more than 1.5 % for RCA. In
the last case, Fig. 5.19¢, the mean spalling depth is plotted against the mean
water content in all the first 5 centimetres (half cylinder). For this case, spalling
happened with a water content of 2.6 % for NA and 4.4 % for RCA-100-DR.
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Figure 5.19: Mean spalling depth versus water content

It is noteworthy that this analysis shows a difference between the "triggering’
water content. The first two approaches are more conservative. These water
contents agree with the ones obtained by Maier et al. [14]. They observed
that concrete spalling is likely to occur for more than 1% of water content, and
this is also valid for concrete with high permeability - as in the case here of
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concrete made with RCA. The last approach indicates a higher water content
for both mixes. It is noteworthy that the value is close to the Eurocode 2 [55]
recommendations, which states that explosive spalling is unlikely to happen if
the moisture content is lower than 3% by weight.

5.4 Conclusions

The spalling behaviour of concrete made with recycled concrete aggregates was
investigated experimentally. The experiments comprised two phases: the first
campaign, a material screening test, and the second campaign, in which the
effect of water content profile on spalling risk was investigated. Based on the
results, the following conclusions were drawn:

o Digital photogrammetry shows potential for postfire assessment. All
spalling measurements showed a good relationship and can serve as ap-
propriate indicators of the degree of damage when assessing the fire risk
susceptibility of concrete mixes.

o In general, concrete made with RCA exhibited a higher spalling degree
than concrete made with NA. An increase in the compressive axial load
led to a slight increase in the spalling degree. Concerning the replacement
rate, spalling indicators (volume and maximum depth) exhibited peculiar
behaviour. First, the spalling volume and depth increased from 0% to
40 %. From 40 % to 100 %, the spalling indicators remained constant. The
replacement method (direct replacement or strength-based replacement)
did not substantially change the general behaviour.

o The presence of RCA affects different properties that may influence spalling
risks, such as the water content and compressive strength. Compressive
strength did not affect the spalling risk of concrete made with RCA because
concrete mixes with relatively low strength presented a noticeably higher
spalling. The water content influenced the spalling damage because mixing
with high water content resulted in higher spalling depths and volumes.

o Different hypotheses were proposed about the effect of replacement rate on
spalling risk. The increase in spalling risk could be associated with higher
water content and lower thermal cracking. At the same time, the possible
reduction of spalling risk could be related to the cracking behaviour and
the improvement of the mechanical properties of the concrete owing to the
lower thermal mismatch.

o The water content measurement through a small cylinder showed potential
to correctly estimate the water content profile along the thickness of sam-
ples before the fire test. Concrete made with RCA presented higher water
content; however, the drying was faster in this mix. After 7 days of drying,
both mixes showed low water content in the first centimetres.
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o Drying significantly reduced the spalling risk of concrete. After only 3 days
of drying at 80°C, no spalling was registered for concrete made with NA.
For concrete made with RCA, no spalling was registered after 2 days of
drying.

o Mostly of the spalled samples showed a water content higher than 1.5 % at
the mean spalling depth for NA and higher than 2% for RCA. This values
were even lower in the case of average water content at the first centimetres
- between surface and spalling depth. This possible threshold is closer to
previous works. At the same time, when evaluating the mean water content
through all the depth, the critical value is close to 2.6 % for NA and 4.4 %
to RCA. These values are closer to what is currently specified in Eurocode
2 [55].

Finally, it is essential to emphasise that these conclusions are drawn based
for a specific type of aggregate (for both NA and RCA), from a specific region,
with specific properties and nature. Full-scale fire tests on structural elements
should be performed to analyse the spalling risk of concrete made with RCA and
to verify the influence of possible spalling damage on structural performance (fire
resistance).
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Chapter 06

Durability of concrete made with recy-
cled concrete aggregates after exposure
to elevated temperatures

This chapter is an extended version of the paper Durability of concrete
made with recycled concrete aggregates after exposure to elevated temperatures,
a manuscript ready for submission. The previous chapters showed that fire
damages concrete structures, independently of the concrete mix or type. It also
indicates that its fundamental to evaluate the behaviour in high-temperature
situations, from fire tests to residual tests. In the case of post-fire situations,
one of the properties that still lacks studies is durability. This evaluation is
fundamental for assessing the remaining service life. This chapter evaluates
the post-heating durability of concrete made with NA and with RCA (100-DR
and 100-SBR). Mixes were exposed to elevated temperatures (200°C, 400°C
and 600°C) and, after cooling, evaluated through water porosity, capillary
water absorption, permeability, chloride diffusion and accelerated carbonation
tests. In addition, performance-based approaches were applied to evaluate the
durability and post-heating durability of concrete made with RCA.

Fernandes, B.; Khodeir, M.; Perlot, C.; Carré, H.; Mindeguia, J-C.; La Borderie,

C. Durability of concrete made with recycled concrete aggregates after exposure
to elevated temperatures. To be submitted.
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6.1 Introduction

The use of recycled coarse aggregate (RCA) as a replacement for natural aggre-
gates has proven to be a possible solution to make sustainable concrete. This
solution showed potential to minimize the consumption of raw materials and
also reduce waste landfilling [1-3]. The production of recycled aggregate con-
crete (RAC) has been the aim of study for the last decades. In general, concrete
made with RCA shows comparable properties to ordinary concrete, depending
on RCA’s quality and replacement rate [4, 5].

Although its use has been proven to be feasible, RCA will severely affect the
properties of the concrete. First, related to the aggregate itself, RCA usually
presents higher porosity, higher water absorption and lower strength than NA
[2, 6], due to the attached (or adhered) mortar. Also, incorporating RCAs on
concrete will result in a peculiar microstructure, with three different transition
zones [2, 7). These changes affect the behaviour of this sustainable concretes.
Extensive research has been done in the last years to characterize the RAC
concrete behaviour. However, some topics still need to be addressed, primarily
related to exposure to extreme conditions, such as fire and post-fire durability.

Indeed, these properties have been studied before in literature [8, 9], but
limited attention was given to durability-loss due to exposure to elevated tem-
peratures. Kou et al. [10] evaluated water absorption and porosity of RAC
after exposure to elevated temperatures. The authors state that after exposure
to 500 °C, water absorption was higher for concrete made with RCA, and this
behaviour inverses after 800°C. Mercury Intrusion Porosimetry (MIP) results
demonstrated that the concrete with RCA presented a lesser increase in total
porosity and smaller average pore diameter. The authors state that this be-
haviour is associated with better thermal compatibility between new and old
paste.

Xuan et al. [11] also evaluated porosity through MIP and found RAC after
600 °C are more porous than concrete made with NA and carbonated RCA. They
attributed this behaviour to the decomposition of hydration products from the
cement mortar in RAC. Laneyrie et al. [12] evaluated the effect of high temper-
ature on the water accessible porosity. They pointed out that water porosity did
not change significantly up to 300°C. Finally, Ma et al. [13, 14] evaluated the
residual chloride permeability of RCA after exposure to high temperatures. They
state that substituting NA with RCA increased the chloride diffusion coefficient,
and this value increases as RCA content increases.

There is a lack of knowledge about the post-heating durability of concrete
made with RCA. Several crucial parameters, such as permeability and carbona-
tion ingress, were not evaluated after exposure to elevated temperatures. More-
over, even for ordinary concrete made with NA, the durability of fire-damaged
concrete is little know and often ignored in standards and guidelines [15]. It
is noteworthy that the post-heating durability should be assessed after extreme
events such as fire. Moreover, to be in use again, structures should meet the
requirements of serviceability, strength and stability during all the remaining
service life. The remaining durability properties should be assessed, and only
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after this evaluation, the strategies for repair, strengthening, and maintenance
can be made.

To contribute to these knowledge gaps, this paper experimentally evaluates
the residual durability of concrete made with RCA subjected to elevated tem-
perature. Concretes made with NA and with 100 % of RCA were produced. For
100 % of substitution, a specific mix with comparable strength as concrete with
NA was also designed. The mixes were heated to three different temperatures
(200°C, 400°C and 600°C). A comprehensive range of durability tests was done
before and after exposure to high temperatures: water porosity, capillary wa-
ter absorption, gas permeability, chloride diffusion and accelerated carbonation.
Lastly, the concrete durability was evaluated using performance-based approach.

6.2 Experimental program

6.2.1 Materials and concrete mixes

All materials were the same for the tested concretes except for coarse aggregate
in this study. The cement was CEM II/A-L 42.5R (produced by Eqiom). The
limestone filler was Betocarb HP-SC (produced by Omya). The superplasticizer
was SIKA ViscoCrete Tempo-483. Alluvial sand was the fine aggregate chosen
for the mixes. The two coarse aggregates were natural (NA) and recycled con-
crete aggregates (RCA). The NA was made from diorite, obtained from a quarry
located in Genouillac (France). The RCA were crushed and screened near Bor-
deaux (France) by a recycling company. Table 6.1 present materials properties.

Table 6.1: Materials properties

NA NA RCA RCA

Property Cement Filler Sand 410 10/20 4/10 10/20

Density (kg/m?) 3010 2700 2650 2820 2840 2570 2590
Specific surface (cm?/g) 4700 4330 - - - - -

Water absorption (%) - - 0.35 092 081 56  4.52
LA coefficient (%) - - - 16 16 30 36
Fineness modulus - - 3.1 - - - -

Three concrete mixes were studied: concrete with NA (reference), 100 % di-
rect replacement (DR) mix (RCA-100-DR) and 100 % strength-based replace-
ment (SBR) mix (RCA-100-SBR). The concrete with NA was initially designed
to meet durability requirements (NF EN 206/CN:2014 [16]) for the XD3 expo-
sure class: water/cement (w/c) ratio of 0.5, C35/45 compressive strength class
and cement content of 350 kg/m3. This was done considering the most used
concrete mix in the partner company. In RCA-100-DR, NA were replaced by
RCA in volume, without any changes in other constituents. In RCA-100-SBR,
cement and water content were also adjusted to achieve the same strength and
slump as the reference mix. The SBR mix was designed with BetonLab [17]
software. Based on compressive strength results of reference and DR mixes, ag-
gregates properties were calibrated. Then, the w/c ratio was adjusted to have the
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same compressive strength as the reference. Finally, water and cement content
were modified (maintaining the same w/c) to achieve the same slump. Table
6.2 present mixture proportions. Compressive strength results of NA and DR
mixes were used to calibrate the software’s aggregate properties. Then, the w/c
ratio and cement paste content were adjusted to achieve the same strength and
workability as reference concrete. Table 6.2 present mixture proportions.

Table 6.2: Mix proportions (in kg/m?, SP in % of cement mass)

Material Mix
NA RCA-100-DR RCA-100-SBR
Cement 350 350 420
Filler 60 60 60
Sand 804.3 804.3 799.8
NA 4/10  331.7 - -
NA 10/20 711.1 - -
RCA 4/10 - 302.3 291.5
RCA 10/20 - 648.5 630.3
Water 175 175 168
SP 0.9 0.9 0.9

Working with wet aggregates instead of fully-saturated aggregates (soaked)
was adopted thinking in a method that can be easily reproduced in the concrete
plant from the partner company of the project. The aggregates (sand, NA and
RCA) were pre-wetted for one hour using a soaker hose and then covered with
a plastic sheet for three hours. The aggregates (sand, NA and RCA) were pre-
wetted for one hour using a soaker hose and then covered with a plastic sheet for
three hours. Before casting, moisture content was measured, and the mix water
was adjusted to reach the same slump. Additional water corrections were done

due to variations in initial mixes. More details are given in previous works [18,
19].

The mixing procedure was the same for all mixes. First, aggregates, ce-
ment and filler were mixed for 2 minutes. Then, water and SP were added and
mixed for two minutes. The slump was measured following NF EN 12350-2 [20].
Concrete with NA presented slump of 205 mm, RCA-100-DR was 208 mm and
RCA-100-SBR was 174 mm. Cylindrical specimens of 11 cm x 22 cm and prisms
of 7ecm x 7Tem x 28 cm were cast. The samples for mechanical characterization
at 28 days were kept submerged in water at 20 °C. The remaining experimental
samples were kept submerged for seven days and then placed into sealed plastic
containers until test age: approximately 6 months for all tests, with the excep-
tion of carbonation samples, which aged 12 months. For concrete mechanical
characterization, compressive strength (NF EN 12390-3 [21]), splitting tensile
strength (NF EN 12390-6 [22]) and elastic modulus(NF EN 12390-13 [23]) were
determined (Table 6.3).
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Table 6.3: Mechanical properties of studied mixes (average values and standard
deviation)

Mix Jeas [fros Eeos
(MPa) (MPa) (GPa)
NA 122 (£06) 40 (£01) 329 (£ 05)

RCA-100-DR 326 (+0.3) 3.8 (£ 0.1) 27.1 (£ 0.2)
RCA-100-SBR  44.4 (+ 0.8) 4.0 (+ 0.1) 30.1 (£ 0.3)

6.2.2 Elevated temperature exposure

The heating process was done using an electric furnace of internal dimensions
of 55cm x 50cm x 31 cm. The time-temperature parameters are controlled by
an automated regulator connected to a thermocouple located inside the furnace.
The furnace has electric resistance located in the back and a fan at the top to
homogenize temperature properly. A low heating rate of 2 °C/min was chosen to
avoid significant thermal gradients inside the concrete sample. Three tempera-
tures were considered: 200 °C, 400 °C and 600 °C. The temperature was kept for
180 min at the target temperature, then naturally cooled to room temperature
inside the furnace. After cooling, samples were stored inside sealed containers
with silica gel until testing.

6.2.3 Determination of durability procedures

6.2.3.1 Water accessible porosity

The water porosity was measured based on AFREM recommendations [24].
Three 1/2 of 11em x 5em disks, removed from the middle of cylinders, were
used for each mix and temperature. For room temperature measurements, sam-
ples were oven-dried at 80 °C until constant mass (mass variation less than 0.05 %
in one day) before testing. Eq.6.1 presents the equation for water porosity (7, in
%) calculation.

n= (mss‘i_mdw> 100 (6.1)

Mssd — Mhyd

In these equations, mgsq (kg) is the saturated superficially dried mass, mgy,
(kg) is the dried mass, and myp,q (kg) is the hydrostatic mass.

6.2.3.2 Gas permeability

Axial gas permeability was measured using the RILEM-CEMBUREAU method
[25, 26], based on the Klinkenberg approach [27]. The test was carried out at
room temperature and after each heating/cooling procedure described above.
Three samples (g11 cm x 5cm) per mix and temperature were evaluated. These
disks were cut from @11cm x 22cm cylinders using a diamond saw. The ex-
tremities (2cm) of the g1l cm x 22cm cylinders were discarded to avoid any
possible edge effect on the permeability measurements. Before testing, samples
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were oven-dried at 80°C. Then, the curved face of the cylinders was wrapped
with aluminium tape to seal the sample, avoid any leakage and induce unidirec-
tional flow.

The sample was placed in the permeameter cell, encased by a polyurethane
ring and an inflated rubber tube. Once the sample was set, the rubber tube was
inflated to apply lateral pressure on the specimen. The lateral pressure applied
was 0.3 MPa, determined in trial tests with different confining pressures. These
trial tests were done to verify the minimum value without any gas leakage on
the setup. The reduction in lateral pressure was made based on Miah et al. [28],
which showed that confining pressure strongly affects permeability measurements
due to the closure of heat-induced microcracks. In any case, injected pressures
were limited to half of the confining pressure.

The test principle consists of applying a inert gas (nitrogen in this work) at
constant pressure and, after stabilization, measuring the flow rate at the inlet.
Three inlet gas pressure levels were used for each sample. For each pressure, the
apparent permeability (K,) was first determined according to Eq. 6.2 (based on
Darcy’s Law). The intrinsic permeability (K;,;), which is independent of inlet
pressure, was determined from the three apparent permeability measurements
using the Klinkenberg correction for gas slippage [27]. For this, experimental
data is fitted to the Eq. 6.3 to determine the intrinsic permeability of the ma-
terial. Also, apparent permeability at 0.2 MPa, used for the performance-based
approach (Section 6.4), was determined from the fitting.

2PathiL:u
K, = 6.2
A(PZQ - Patm2) ( )
Ko = Kint (1 + Pi) (6.3)

In these equations, K, (m?) is the apparent permeability, K;,; (m?) is the
intrinsic permeability, P; (Pa) is the inlet pressure , P, (Pa) is the atmospheric
pressure, @; (m?/s) is the gas flow, L (m) is the sample thickness, 1 (Pa/s) is
dynamic viscosity of the inlet gas at the temperature measured during the test, A
(m?) is the cross-section sample area, and 3 (Pa) is the klinkenberg’s coefficient.

6.2.3.3 Capillary water absorption

The capillary water absorption was measured based on AFREM recommenda-
tions [24]. From the 28cm x 7cm x 7cm prisms, two samples of 14cm x 7cm
x 7cm (height x length x width) were obtained and used for each mix and each
temperature level. The height of the specimen was chosen based on a previous
work [29] which showed a high capillary rise of samples heated up to 600 °C. For
room temperature measurements, samples were oven-dried at 80°C before test-
ing, until constant mass (mass variation less than 0.05 % in one day). The lateral
surface (7cm x 14 cm) were coated with epoxy resin to ensure one-dimensional
water transport. After resin drying, one of the uncoated sides (14 cm x 14 cm)
was placed inside a covered recipient with water. Small metallic supports were
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used to provide 3mm of immersed depth. The mass of each sample was mea-
sured at different time intervals (from 0.25 and up to 72 hours). Capillary water
absorption was calculated using Eq.6.4.

my — Mg
A
Where C, (kg/m?) is the capillary absorption, m; (kg) is mass at time t, mq
(kg) is initial mass and A (m?) is the cross-section sample area in contact with
water.

Chua = (6.4)

6.2.3.4 Chloride diffusion

The effective chloride diffusion coefficient was measured based on the accelerated
migration test in steady-state conditions proposed by LMDC [30]. In this test,
an electrical field is applied to a saturated concrete specimen placed between
two compartments, upstream (a solution rich in chlorides) and downstream (so-
lution without chlorides). The chloride diffusion coefficient is determined from
the chloride ion flux between compartments [30-32]. For this, concrete disks of
Z11cm x 5em were sawn from @11 cm x 22 cm cylinders. Two samples per mix
and temperature were evaluated. Measurements were limited to 200°C, since
the crack state of samples after 400°C did not allowedproper determination of
the chloride coefficient with the proposed method.

After vacuum saturation with a support solution (demineralised water, 1g/1
of NaOH, and 4.65g/1 of KOH ), samples were placed in the migration cell. A
constant potential of 30 V was applied between the electrodes to provide an elec-
tric field (E = 600 V/m) between downstream and upstream compartments. The
upstream compartment contained a solution of NaCl (12g/1), NaOH (1g/l),
KOH (4.65g/1) and demineralised water, while the downstream compartment
was filled with the the support solution. The concentration of chloride ions in
the upstream was determined by Ag/NOj3 titration. This measurement was done
before the start of the test and at regular intervals: two times per day for five
days. For the calculation, first, the ionic flux of chlorides (J, in mol/m?s) was
determined (Eq.6.5) using the slope of the curve of the variation between the
cumulative quantity of chlorides leaving the upstream versus time. Then, the
effective chloride diffusion coefficient (D.ys, in m?/s) was calculated, following
Eq.6.6.

Cupg — Cupr V.
J = Zups  Tups T 6.5
; 5 (6.5)
RTJ
Defs = (6.6)
CpyFE

Where Cyp1 and C,py (mol/m?) are the concentration of chlorides at up-
stream in the start and at the moment of the test, ¢ (s) is test duration, V' (m?)
is the volume of the upstream solution, S (m?) is surface area of test specimen
exposed to chloride, R (8.314 J/molK) is the perfect gas constant, 7' (K) is tem-
perature during chloride test, C,, (mol/m?) is chloride concentration of upstream
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solution, F' (96 487 C/mol) is Faraday constant and E (V/m) is the electric field
applied.

6.2.3.5 Accelerated carbonation

The carbonation was evaluated by accelerated testing. The test protocol was
based on French Standard XP P18-458 [33], with some differences described
below. Concrete disks of gllcm x 6.5cm were sawn from gllcem x 22cm
cylinders using a diamond saw. The pre-conditioning involved different steps.
First samples were dried in a ventilated oven at 45 °C for 14 days. Then, samples
were placed in a climatic chamber at 20°C and 65 % HR for 14 days. For heated
samples, the pre-conditioning involved an additional step. Since they were fully
dried after heating, samples were immersed in water for 48 hours. This process
was done to re-saturate the sample and recover the necessary humidity (usually
between 50 % and 80 % [34]) for the carbonation phenomenon. Then, samples
underwent the same procedure described before (drying for 14 days followed
by 14 days inside the climatic chamber). Just before the test, the curved face
of each cylinder was wrapped with aluminium tape to ensure a unidirectional
carbonation flow.

The samples were then placed inside the carbonation chamber with 3+0.5 %
of C'Os, relative humidity of 654+5% and temperature of 20+3°C. It is note-
worthy that the CO, content used was much lower than the 50 % specified in
the XP P18-458 [33] standard. The value was chosen based on previous studies,
which showed that 3% is suitable and representative of long-term carbonation
in natural conditions [35, 36]. After 0, 2, 7, 14, 21 and 28 days of exposure,
one disk per mix and temperature was removed and split into two parts through
splitting tests. Phenolphthalein was sprayed in the fractures surfaces, and car-
bonation depth was measured using a calliper. Five depth measurements were
taken from each side (top/bottom) of each part, and, in total, 20 values were
taken per mix/condition. In addition to carbonation depth, the carbonation rate

was calculated using Eq.6.7, based on square root theory and in accord with the
second law of Fick [37].

X, = koot (6.7)

Where X, (mm) is the carbonation depth, k.. (mm/year'/?) is accelerated
carbonation rate and ¢ (year) is time.

6.3 Results

6.3.1 Water accessible porosity

The evolution of water porosity with temperature is presented in absolute (Fig.
6.1a) and relative values (Fig. 6.1b). First, at room temperature, concrete
with NA showed a porosity of 11.4 %, and the direct substitution of coarse NA
by RCA resulted in a porosity increase to 16.2%. The results and as well the
increase in water porosity are coherent with previous works [38]. For the SBR
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mix, the porosity remains close to the DR mix, 15.7%. This behaviour shows
that water porosity, in the case of concrete made with RCA, is mainly driven by
RCA porosity.
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Figure 6.1: Evolution of water porosity with temperature

The evolution of water accessible porosity with temperature was similar for
all tested concrete (Fig. 6.1a). First, up to 200°C, the porosity almost did
not change for studied mixes. Similar behaviour has been registered in previous
works that studied NA, and RCA concretes [12, 39]. From 200 °C to 400°C, the
porosity starts to increase significantly, and it is mainly related to intense water
loss and decomposition of C-S-H [40]. In the last branch, from 400 °C to 600 °C,
water porosity increases again at a higher rate and is mainly associated with
portlandite decomposition.

In general, concrete with NA presents the lowest water porosity values for all
tested temperatures. The difference between NA and RCA is close to 3% and
4% at all temperatures. Both RCA mixes (DR and SBR) show similar values,
execpt for 400°C, when difference reaches 1.8 %. This behaviour highlights again
that aggregate plays a crucial role in the water accessible porosity. Reducing w/c
and increasing the cement paste did not change the water porosity significantly.
In terms of relative porosity evolution, concrete with NA presented higher values
than the mixes with RCA. This higher rate is probably related to the higher
thermal mismatch in the NA mix that promotes microcracks. The evolution
observed in concrete made with RCA is lower probably due to the better match
between new cement paste and old cement paste.

6.3.2 Gas permeability

Gas permeability results are presented in Fig. 6.2a and 6.2b. For room temper-
ature (first points on Fig. 6.2a), the direct addition of coarse RCA appears to
increase the gas permeability, as observed in previous works [38, 41]. However,
contrary to the phenomenon observed in the water porosity, the strength-based
replacement mix shows intrinsic permeability closer to concrete with NA. This
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result shows that the cement matrix plays a key role in permeability. It is note-
worthy also that the changes in permeability were observed within the same
exponent (around 1071%); hence, care should be taken when interpreting the re-
sults. In any case, similar findings were observed in previous studies [38, 42] that
verified that the difference between k;,; in concrete with NA and RCA is lower
when the matrix quality is improved.
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Figure 6.2: Evolution of permeability with temperature

Fig. 6.2a presents the evolution of permeability (absolute values in log scale)
with all tested temperatures. Concrete with NA presented lower permeability for
any given temperature, again highlighting the primary effect of initial aggregate
properties. Both DR and SBR shows differential behaviour depending on the
temperature level. At 200°C, SBR and DR permeability were almost the same.
This behaviour can be associated with the cracking and porosity due to water
evaporation in cement paste. However, at 400°C, the DR mix is almost four
times more permeable than SBR, even though dispersion is high. Given that
RCA porosity is the same, a probable reason is related to the cracking at cement
paste and interfaces. The stronger cement paste in the SBR mix possibly re-
duces general cracking in the paste and reduces thermal mismatch between RCA
and paste. At 600°C, values approach again, with both mixes having similar
behaviour.

Fig. 6.2b presents the evolution of permeability relative values (in log scale)
with temperature. The same variation observed in absolute is also shown in
relative values: concrete with NA presents a steady growth in permeability, while
DR and SBR mix varies depending on temperature. The graph reveals the
significant increase in DR permeability between 200 °C and 400 °C, highlighting
the probable damage of cement paste and interface at this temperature level.
Finally, from 400°C to 600°C, the growth is higher in the SBR mix, probably
related to the degradation in portlandite and sand quartz transformation at this
temperature level [40].
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6.3.3 Capillary water absorption

The effect of RCA on the capillary water absorption is presented in Fig. 6.3a.
This figure illustrates the evolution of water absorption with the square root of
time (each curve is the average of two samples) for samples at room temperature.
The RCA-100-DR presents higher absorption than the other two mixes at any
given time. This behaviour is the same as reported in previous works and directly
linked to the higher absorption and porosity of RCA [41, 43]. In the SBR mix,
the changes in w/c and cement paste decreases the capillary water absorption
curves: they get closer to what is observed in concrete made with NA. This
improvement isrelated to the improvement in the cement matrix of RCA-100-
SBR, which presents higher compacity than RCA-100-DR.

—
ot
w
ot

—--80 °C
-4-200 °C ]

w
(==}
T

Rl
e
e

-4-400 °C N

—_

(=)
T

N,

L --A-600 °C ‘
20

J—
ot
T

o
T

—_
o
T

——NA

Capillary Water Absorption (kg/m?)

-4-100-DR
~.=-100-SBR

ot

(==}

8

Time'/? (hours'/?)

10

Capillary Water Absorption (kg/m?)

4

6 8

Time'/? (hours'/?)

10

(a) room temperature (b) elevated temperatures (RCA-100-DR)

Figure 6.3: Evolution of capillary water absorption with time

The evolution of capillary water absorption with the square root of time
varies significantly depending on the temperature level (example is given at Fig.
6.3b). Up to 200°C, the behaviour is quite linear, as seen in typical absorption
curves. However, from 400 °C to 600 °C, the curves present a different evolution,
with two distinct phases: a first one, with a higher absorption rate, followed by a
flattened phase. The behaviour is similar to what was observed in previous works
[44, 45], which evaluated the effect of damage on absorption. The cracks act as
a preferential flow and provide access to air-filled pores, usually filled only later
in un-damaged concrete. In the second phase, with the lower rate, the air-filled
voids had already been filled, explaining the behaviour in this second period.
Given this behaviour, to analyze the results with temperature, it was chosen to
evaluate the water absorbed at 72 hours as the primary indicator.

Fig. 6.4a presents the evolution of 72-hour capillary water absorption versus
temperature. From room to 200 °C, the absorption was almost constant for all
mixes, showing that the crack state is not relevant to induce higher absorption
at this temperature. From 200°C to 600°C, a linear increase is observed, and
it is due to crack development and dehydration. In general, concrete with RCA
presented higher absorption than concrete made with NA. The same behaviour
was verified in Kou et al. [10]. This behaviour is mainly attributed to RCA’s

127



Chapter 6 Post-heating durability of concrete made with RCA

higher porosity and mortar content, which drive the capillary water rise in these
concretes. The SBR mix presented lower values than DR, showing that paste
improvement reduced the capillary pores. If the RCA-100-DR presented higher
absolute values, this mix presented a lower evolution (Fig. 6.4) in terms of rela-
tive values. NA and RCA-100-SBR showed close growth. The highest evolution
of concrete made NA could be related to the worst thermal mismatch in this
type of concrete. However, this is not the case of RCA-100-SBR, which presents
an equal mismatch as RCA-100-DR. In this case, the evolution can be related to
the higher deterioration of hydration products of cement paste as temperature
increases.
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Figure 6.4: Evolution of capillary water absorption with temperature

6.3.4 Chloride diffusion

Fig. 6.5 presents the evolution of chloride diffusion coefficient (in log scale) with
temperature. At room temperature, the direct addition of RCA increases almost
by seven the chloride diffusion coefficient. The lower resistance of RAC to chlo-
ride penetration has been verified in previous works [38, 43, 46]. It is noteworthy
that RCA-100-DR presented a relevant variation in measurements (relevant er-
ror bar), but the mix presented higher diffusion than NA in all samples. The
increase in chloride diffusion for SBR was lower than in the DR mix, but the
average value did not return to the reference concrete level. Indeed, the chloride
evolution behaves similarly to water porosity behaviour: the reduction of w/c
and increase in cement paste did not overcome the higher RCA porosity. The
influence of RCA porosity on chloride behaviour is also reported in some previous
work [46, 47].

For high temperature evolution, as explained in the methodology, the coeffi-
cient was not possible to measure after 200 °C, due to the crack state of samples.
In any case, it is seen that concrete with NA presents the lowest chloride diffu-
sion for the two tested temperatures. However, the difference between concrete
with NA and RCA mixes is lower than at 200°C. From room temperature to
200°C, both NA and RCA-100-SBR increased significantly, probably due to the
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development of microcracks in the material. It is noteworthy that the evolu-
tion in RCA-100-DR is much lower than in the other mixes. This is coherent
with permeability and porosity evolution, which was lower for RCA-100-DR. The
worst behaviour in concrete made with RCA for chloride was also reported in
Ma et al. [13]. They verified that increase in RCA content increased the chloride
permeability.
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Figure 6.5: Evolution of chloride diffusion coefficient with temperatures

6.3.5 Accelerated carbonation

Table 6.4 presents an overview of all the results from accelerated carbonation
tests. The carbonation rate was calculated using Fick Law’s and each graph of
carbonation depth versus test duration. The high r? of the regression curves
shows that this model is appropriate even for the case of high-temperature ex-
posure.

Table 6.4: Carbonation results after exposure to elevated temperature (average
values and standard deviation)

. Temperature
Mix Parameters 23°C 200°C 100°C 600°C
Depth at 28 days (mm) 6.42 (1.02) 8.04 (L.0S) 9.84 (0.89) 12.20 (L.21)
NA Carbonation rate (mm/year'/?) 1.14 1.49 1.79 2.51
r? 0.93 0.97 0.97 0.97
Depth at 28 days (mm) 10.37 (1.85) 11.49 (0.85) 11.62 (0.81) 20.49 (1.66)
RCA-100-DR  Carbonation rate (mm/year'/?) 1.93 2.15 2.29 3.72
r? 0.99 0.98 0.97 0.98
Depth at 28 days (mm) 6.24 (0.93)  6.76 (0.81)  8.90 (0.87) 13.87 (2.16)
RCA-100-SBR  Carbonation rate (mm/year'/?) 1.14 1.32 1.77 2.69
r? 0.96 0.97 0.95 0.97

For room temperature, the carbonation depth at 28 days of RCA-100-DR
was 1.6 times greater than reference mix. This is coherent with previous works
[48], which verified that relative carbonation depth increases with RCA due to
higher porosity and absorption of RCA aggregates. Silva et al. [48], with a sta-
tistical approach in a literature compilation, showed that RCA usually presents
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a carbonation depth 2.5 times higher than ordinary concrete. The adjustment
of cement paste in the SBR mix improved the carbonation resistance of RAC
mixes, and the depth was even slightly lower than concrete with NA. This be-
haviour is also verified in previous works, which adjusted the w/c ratio to obtain
the same target strength [48, 49]. The same behaviour was identified using the
accelerated carbonation rate. The evolution was equal for NA and RCA-100-
SBR, highlighting that improving cement paste can result in similar carbonation
performance.

To compare the effect of temperature in each mix, carbonation rate versus
temperature was plotted in Fig. 6.6. Fig. 6.6a presents the evolution of carbona-
tion rate with temperature in absolute values. The behaviour seen in room tem-
perature keeps similar for all tested temperatures. The direct addition of RCA
increased the carbonation rate, while the SBR mix showed similar performance
to concrete made with NA. After exposure to 600°C, the rate in RCA-100-DR
was almost 1.5 more elevated than in concrete made with NA. The difference in
carbonation depth after 28 days was more than 8 cm higher, as seen in Table 6.4.
The same table and figure show that concrete made with NA and RCA-100-SBR
presented minor differences in rate and carbonation depth. This indicates that
the paste enhancement for SBR was also helpful for carbonation performance.

For absolute values, the evolution of carbonation rate with temperature is
quite similar in all studied mixes. From 23 °C to 400 °C, the evolution rate was
relatively low, especially for RCA-100-DR. In this case, the carbonation rate
varied from only 0.36 mm /year'/2. At this temperature, the changes are related
to the increase of porosity and permeability due to water loss and first C-S-
H dehydration. From 400°C to 600°C, the increase in carbonation rate was
substantial. At 600°C, concrete suffers from deterioration due to portlandite
dehydration and thermal mismatch. When analyzing the relative values (Fig.
6.6b), a similar behaviour to the other indicators is observed. Concrete with NA
and RCA-100-SBR presents higher evolution. And, even though the increase
from 400°C to 600°C is relevant, the growth in RCA-100-DR is lower than the
other two.
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Figure 6.6: Evolution of carbonation rate with temperature
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6.4 Towards a performance-based approach

Different analyses were proposed to evaluate the durability performance of con-
crete made with RCA. They were divided into two sections concerning temper-
ature exposure: at room temperature and after elevated temperatures. In the
first case, the objective was to evaluate the effect of replacement rate on con-
crete durability. The second case refers to the effect of temperature on concrete
durability.

Two different performance-based approaches were proposed at room temper-
ature to evaluate the durability of concrete made with RCA. The first is the
equivalent performance concept, based on NF EN 206-1/CN:2014 [16] prescrip-
tion. In this method, the new concrete should have an equal or better per-
formance than the concrete designed according to the durability requirements
from NF EN 206-1/CN:2014 [16]. In this project, both RCA-100-DR and RCA-
100-SBR are compared to the concrete made with NA. An index of equivalent
performance (EPF) was calculated for each property. These indexes are the ratio
between the property of concrete made with NA (Xy4) and concrete made with
RCA (Xgca). If the ratio is lower than 1, the concrete has deteriorated. If it
is higher or equal to 1, concrete has improved or kept the performance of the
reference. For permeability and chloride diffusion, the index calculated using the
log values, and the final value was inversed to compatibilize with the proposed
scale. Egs. 6.8 and 6.9 shows the index calculation. All values were plotted in a
spider-plot type of graph (Fig. 6.7a). Similar approaches were made in previous
studies [50-53].

X
EP",; = ;V(; (6.8)
1
R
EP" = oy (6.9)
log X'na

In these equations, E P, is the equivalent performance index for replacement
rate. The index ¢ varies from 1 to 5, where 1 is water porosity, 2 is intrinsic
permeability, 3 is chloride diffusion coefficient, 4 is accelerated carbonation rate,
and 5 is capillary water absorption at 72-hours.

The second approach for room temperature evaluation was the analysis based
on the potential durability established by the AFGC guide for durability [54].
Selected (water porosity, permeability and chloride) were used to classify the
concrete according to five classes: very low (VL), low (L), medium (M), high (H)
and very high (VH). Table 6.5 presents the limits associated with each one of
the evaluated properties. To a comparative analysis, the values were normalized
from 0 to 1, using Eq. 6.10. The 0 was defined as the very low limit (X,;).
It was chosen a value lower than the threshold presented in the table (18 for
water porosity; 30 for chloride and 3000 for permeability). The 1 was the very
high limit (X,) indicated in the table (in the case of water porosity, 9 was the
adopted as threshold value). It is noteworthy that gas permeability and chloride
diffusion were calculated also using base-ten logarithms. Using Eq. 6.10 and
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Table 6.5, the scale presented in Fig. 6.7b was proposed. In this figure, all the
potential durability zones are indicated. Eq. 6.10 was also used to calculate the
potential durability indicator for each of the studied mixes.

Xi - le

DI, = il
th - le

(6.10)
In these equations, DIT; is the potential durability indicators for each mix.
The index ¢ varies from 1 to 3, where 1 is water porosity, 2 is gas permeability at
P, = 0.2MPa, and 3 is chloride diffusion coefficient. The X; correspond to the
property to be normalized, X,; is very low limit and X, is very high limit.

porosity porosity

' DIF,

absorption permeability

EP; EP,
EP, EP, DI®, DI®,
carbonation chloride chloride permeability
(a) Equivalent Performance (b) Potential Durability

Figure 6.7: Scale used in performance approaches

Table 6.5: Durability indicators (adapted from [54])

Classes and limit values

Property Very Low Low Medium High Very High
Wate; (P%OS“‘Y ~16 4t016  12to14  9tol2 9 to 6
EHCC%ijcﬁ(ar,i?frsfﬁf?icnt >8 2 to 8 1to02 0.1to1 <0.1
Gas permezbﬂit(ﬁoaﬁgz): 02MPa) 1000 300 to 10000 100 t0 300 10 to 100 <10
Compressive g:ength class (indicative) - C25 to C40 €30 to C60 C5H5 to C80 >C80

For concrete after exposure to elevated temperatures, similar approaches were
applied, but they were adapted considering the objective of the analysis. For the
first approach, an equivalent concept was also proposed. But this time, the
equivalence of each heated concrete was compared with its respective value at
room temperature. In a post-fire scenario, the interest is in how much from the
initial durability remains. Hence, an index of equivalent performance at high
temperature (EPT) was calculated for each property. In this case, these indexes
are the ratio between the property of concrete at room temperature and concrete
at high temperature. The same principle of deterioration and improvement is
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applied. Since the chloride diffusion coefficient was determined only up to 200 °C,
the analysis was done only in the four remaining parameters.

The potential durability approach following AFGC criteria was also applied
for high-temperature evaluation. The method, including limits and normaliza-
tion procedure, was the same as that used at room temperature. Since the
chloride diffusion coefficient was determined only up to 200 °C, the analysis was
done this time considering room temperature and 200 °C.

6.4.1 Room temperature

Fig. 6.8 presents the equivalent performance for the three studied mixes. When
analyzing the DR mix, it can be seen that the substitution of NA with RCA wors-
ened all durability indicators. An improvement in the durability was achieved
when optimizing the w/c and the cement paste content to obtain the same
strength as reference concrete. Even though the water porosity remains high,
due to the high porosity of the RCA, the RCA-100-SBR showed reduced dete-
rioration in some indicators. This is especially highlighted for the accelerated
carbonation rate. These results also highlight that water accessible porosity may
not be the most appropriate indicator to evaluate durability.

porosity
' ——NA
—4& -RCA-100-DR
90 ~-®- RCA-100-SBR
absorption permeability
EP, 2
EP4 EP,

carbonation chloride

Figure 6.8: Equivalent performance for mixes at room temperature

Fig. 6.9 presents the potential durability evaluation for the three studied
mixes. Concrete with NA had different potential according to the different pa-
rameters. Water porosity and chloride indicates that the mix has high (H) dura-
bility, while permeability indicates that concrete has medium (M) durability.
As the case of the equivalent comparison, the DR mix worsened all the perfor-
mances. Water porosity and permeability were classified as very low (VL), and
chloride showed medium potential durability. For the SBR mix, even though it
has improved from the DR mix, this mix did not recover the same potential as
the concrete made with NA. Gas permeability and chloride diffusion presented
the same potential (medium). Still, water porosity was classified as low (L). It’s
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noteworthy that, in this document, carbonation was not defined as a parameter
for potential durability indicator. Hence, if only this approach were used, the
improvement in carbonation resistance would not be verified. This highlights the
necessity of precaution when evaluating durability through a similar approach.

porosity

])IR1

—*— NA
—a— RCA-100-DR
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Vi
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chloride permeability

Figure 6.9: Potential durability for mixes at room temperature

6.4.2 Elevated temperatures exposure

Fig. 6.10 presents the equivalent performance analysis for exposure to elevated
temperatures. A different mix is evaluated in each plot, and a curve for each
temperature level is presented. For all mixes, it is seen that up to 200°C, the
performance is close to the room temperature. This shows that the concrete
can retain some initial durability if heated only up to this temperature level.
After 400 °C, the deterioration gets high, and the increase is more prominent in
concrete with NA and RCA-100-SBR. This indicates that these mixes undergo
higher damage up to this temperature, mainly associated with cracks due to
water loss and paste hydrates deterioration. The lower evolution of RCA-100-
DR can also be associated with the fact that the initial durability of this concrete
is lower. Hence, the transformations at this level do not deteriorate indicators
as much as the other mixes.

Fig. 6.11 presents the potential durability evaluation for the mixes after
exposure to 200°C. A similar trend observed in equivalent durability is also
verified here: the RCA-100-DR degrades less than the other mixes. However,
concrete with NA presents a better performance, even after exposure to high
temperatures. The porosity keeps in the high zone potential, but permeability
and chloride degrade one class: permeability enter to low durability zone, and
chloride enters the medium durability zone. This behaviour reinforces that this
concrete can retain some of its durability properties and may still be functional
after exposure to this level. For RCA-100-DR, the values kept almost the same
after exposure to 200°C. However, it’s noteworthy that the durability of this
mix is already low at room temperature. Lastly, for RCA-100-SBR, porosity
and chloride kept similar, with both staying in the same potential after exposure
to 200°C (low and medium, respectively). However, the permeability moved
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from medium to low potential, indicating a reduction in the performance of this
concrete. In general, this methodology seems a good approach for evaluating
post-fire durability.

porosity porosity
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Figure 6.10: Equivalent performance for mixes at after exposure to high temper-
ature
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Figure 6.11: Potential durability for mixes after exposure to elevated tempera-
tures

6.5 Conclusions

This paper presented an experimental investigation into the post-heating dura-
bility of concrete made with recycled concrete aggregates. Based on the results,
the following conclusions have been drawn:

e The direct addition of RCA in DR mixes reduced the durability of ordi-
nary strength concrete. The reduction was prominent on all durability
indicators. The reduction of w/c and increase in cement paste in SBR mix
contributed to the recovery of some durability parameters. Even though
water porosity kept high for SBR mix, permeability and accelerated car-
bonation showed the same performance as reference concrete. The chloride
diffusion coefficient and capillary water absorption were better than DR
but not at the same level as concrete with NA. This behaviour highlights
that the same compressive strength is not enough to guarantee the exact
same durability, and these parameters should be evaluated.

o Exposure to high temperatures deteriorated the durability of all studied
mixes, and the extent is greater as temperature increases. In general, the
relative increase is lower for the DR mix and similar in the case of the
NA and SBR mix. Capillary water absorption and water porosity evolved
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similarly, with almost constant values up to 200 °C, followed by a significant
increase at 400°C and 600°C. Accelerate carbonation rate increased in a
low rate up to 400 °C, then a remarkable increase was observed after 600 °C.
Permeability showed a different behaviour depending on the temperature
level - with slight variations between all mixes. For chloride, NA presented
lower values than RCA mixes, but the increase was higher.

e The proposed performance-based approaches showed potential to evaluate
durability indicators. The equivalent performance concept showed poten-
tial, but some indicators (e.g. water porosity) should be considered with
precaution. The potential durability concept was an excellent method to
evaluate the durability, including the high-temperature scenario. However,
this method should be updated and extended for different indicators (ac-
celerated carbonation, for example).

o This paper shows that the addition of RCA reduces the ambient and post-
fire durability of concrete made with RCA. However, with proper mix op-
timization, the durability can be recovered to some extent.
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Chapter 07

Conclusion and Perspectives

The present chapter summarizes the main contributions of this thesis and gives
perspectives for future works.
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Chapter 7 Conclusions and perspectives

7.1 Conclusion

This research aimed to study the spalling risk and the high temperature be-
haviour of concrete made with recycled concrete aggregates (RCA). An exten-
sive experimental program was performed on several mixes with and without
coarse RCA. Based on the results, conclusions were drawn and divided into four
sections: design of concrete made with RCA, thermomechanical properties of
concrete made with RCA, fire spalling behaviour of concrete made with RCA,
and post-heating durability of concrete made with RCA.

7.1.1 Design of concrete made with RCA

The study on mix design and the properties of concrete made with RCA at room
temperature was presented in Chapter 03. Based on the results, the following
conclusions have been drawn:

o The direct substitution of coarse NA by RCA reduces all mechanical prop-
erties. For mixes with 100 % of RCA, compressive strength reduced around
23 %, elastic modulus around 17 % and splitting tensile strength around
10% (in relation to concrete made with NA).

o The application of a strength-based replacement approach led to a recovery
in concrete performance. In this project, water/cement and paste volume
were adjusted to achieve the same compressive strength (at 28 days) as
concrete made with NA. The strategy has proven successful for the two
studied mixes (40 % and 100 %), with the compressive strength keeping the
same level as the reference. The tensile strength also kept similar values
with SBR, but this is not translated to the elastic modulus. The SBR mix
presented a reduction of 11 % in the Elastic Modulus.

7.1.2 Residual thermomechanical properties of concrete
made with RCA

The thermomechanical properties of concrete made with RCA were studied in
Chapter 04 (Paper II). Residual thermal, mechanical and microstructural prop-
erties were evaluated. Based on the results, the following conclusions have been
drawn:

o Two different thermal properties were evaluated: thermal conductivity and
specific heat. The addition of RCA directly increased conductivity at the
room temperature (up to 20 % of the reference mix). Still, after exposure
to elevated temperatures, this difference diminishes (up to 4% at 400°C).
Specific heat had peculiar behaviour but indicated the thermal damage in
concrete after exposure to elevated temperatures. In addition, temperature
diffusion inside concrete was measured and concrete with RCA presented
lower thermal gradients than reference concrete.
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o Mechanical properties had significant degradations (for both NA and
RAC), but the reductions were within the traditional range observed in
concrete previous works.

o For the evolution of relative compressive strength with temperature, con-
crete made with 100% of RCA showed less relative deterioration. For
example, after 400°C, RCA-100-DR and RCA-100-SBR decreased 13 %
and 10 %, respectively, while NA reduced 15%. This better behaviour is
possibly linked to the interfaces between RCA and cement paste. Elas-
tic modulus showed similar behaviour independently of the RCA content,
with an almost linear decrease with temperature evolution. After 400 °C,
around 50 % of initial modulus was lost. Tensile strength showed a particu-
lar increase in strength when exposed to 400 °C. This behaviour is possibly
associated with the concretes’ drying process. The phenomenon was regis-
tered in concrete made with RCA, which had higher water content.

e Microstructural observations showed that the first cracks started perpen-
dicular to the interface new paste - old paste (RCA). This indicates a
better match between cement paste and aggregates in concrete made with
RCA when compared to concrete made with NA. Concrete made with RCA
seems to present a higher crack density, but crack width is higher for con-
crete made with NA.

7.1.3 Fire spalling of concrete made with RCA

The spalling of concrete made with RCA was investigated in Chapters 05 and 06
(Papers ITT and IV). A fire spalling screening test was used to evaluate the spalling
risk of concrete made with coarse RCA. Samples with different replacement rates
(0% to 100 %) and the replacement method (DR versus SBR) were exposed to
standard fire and load. Based on the results, the following conclusions have been
drawn:

o The digital photogrammetry was successfully used for the postfire assess-
ment of spalled concrete. The spalling properties (depth and volume) ob-
tained with this method can be used as indicators of the spalling risk of
different concrete mixes.

o In this work, concrete made with RCA showed more spalling damage than
concrete made with NA. The spalling indicators (volume and maximum
depth) exhibited a peculiar behaviour when the quantity of RCA increased.
For example, spalled volume went from 3 % to 10 %, when replacement rate
increases from 0% to 40 % of RCA. For further additions of RCA (100 %
of RCA), the spalled volume remained almost constant. The replacement
method (DR or SBR) did not substantially change the general behaviour.

o The presence of RCA affected the water content of concrete made with
RCA, which was one of the triggers of spalling. In general, mixes with high
water content showed a higher risk of spalling.
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e The influence was further studied by evaluating the spalling risk of different
water content profiles. The drying of the samples reduced the spalling risk
of concrete. After 3 days of drying at 80°C, no spalling was registered
for concrete made with NA, while after 2 days of drying, no spalling was
registered for concrete made with RCA.

o Spalled samples showed a water content higher than 1.5% for NA and
higher than 2 % for RCA. This possible threshold is closer to previous works
but lower than what is currently specified in Eurocode 2. At the same time,
when evaluating the mean water content through all the half depth (5 cm),
the critical value is close to 2.6 % for NA and 4.4% to RCA. These two
values are closer to the 3% what is currently specified in Eurocode 2.

7.1.4 Post-heating durability of concrete made with RCA

The post-heating properties of concrete made with RCA was studied in Chapter
07 (Paper V). Residual water porosity, capillary water absorption, permeability,
chloride diffusion and carbonation were evaluated. In addition, a performance-
based approach was performed for post-heating durability. Based on the results,
the following conclusions have been drawn:

o According to all durability indicators, the addition of RCA reduced the
durability of the mixes. The improvement in the mix (SBR) recovered
some of the performance, but it was not enough to reach the same level as
concrete made with NA. Exposure to high temperatures deteriorated the
durability of all studied mixes, and the extent is greater as temperature
increases. Absolute values were lower for RCA-100-DR, but the relative
values showed a smaller reduction than the others.

o In relation to transport properties, water porosity showed almost constant
values up to 200 °C, followed by a significant increase at 400 °C and 600 °C.
For the latter (600°C) concrete made with NA showed an increase of 57 %
of its value at room temperature, while DR and SBR mixes showed similar
damage (an increase around 36 %). Capillary water absorption showed
similar evolution as water porosity, but the two mixes made with RCA
showed distinct behaviour. After 600°C, the 72 hours capillary absorption
of DR was 1.9 times higher than the room temperature, while SBR was
2.4 times higher. For NA| the increase was around 2.7 times. Permeability
showed a peculiar behaviour depending on the temperature level - with
slight variations between all mixes.

« In relation to the penetration of aggressive agents, accelerate carbonation
rate increased in a low rate up to 400°C, then a remarkable increase was
observed after exposure to 600 °C. Concrete made with NA and 100 % SBR
showed an increase of 2.2 and 2.4 times their values at room temperature.
DR mix showed lesser rate, with and increase of 1.9 times the value at
room temperature. For chloride, NA presented lower values than RCA
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mixes, but the relative increase after exposure to elevated temperatures
was higher.

o The performance-based approaches showed potential to evaluate durability
of concrete made with RCA - both before and after exposure to elevated
temperatures. The potential durability concept was an excellent method
to evaluate the durability, including the high-temperature scenario. How-
ever, this method should be updated and extended for different indicators
(carbonation, for example).

7.1.5 Final remarks

This study provided a comprehensive overview of the behaviour of concrete made
with RCA after exposure to elevated temperatures. Even though it was seen that
results show that high temperature behaviour of concrete made with RCA has
some similarities to the behaviour of concrete made with NA, novel aspects were
highlighted.

The comprehensive evaluation of residual thermomechanical properties gave
new insights into the study of concrete made with RCA, especially related to
the assessment of mixes with 100 % of RCA and equivalent performance as con-
crete made with NA. Indeed, this study showed that the concrete behaviour
can be improved with mix optimisation, even for post-heating thermomechanical
properties.

Also, this study did a comprehensive fire spalling screening test on concrete
made with RCA. Moreover, it indicates that spalling of concrete made with RCA
should not be fully ignored. Even though a critical situation, prone to spalling,
was considered, the results showed a risk of spalling, especially if the concrete has
high water content. The study also indicated that this water content threshold
is close to 1.5 % at the mean spalling depth.

The comprehensive evaluation of the post-heating durability of concrete made
with RCA was also an innovative aspect. The behaviour was close to the residual
thermomechanical properties: temperature reduced all the studied properties,
from porosity to carbonation, but the mix optimisation slightly improved the
behaviour of concrete made with RCA. Performance-based approaches were also
applied for the first time in heated concrete.

This work gives novel insights and contributions to the behaviour of concrete
made with RCA after exposure to elevated temperatures. These contributions
will allow for the design and use of concrete structures made with RAC, increasing
performance and safety while reducing environmental impact.

7.2 Perspectives

Even though several aspects of the high temperature behaviour of RAC were
studied, some topics still need to be addressed. Hence, based on our research
results, the following research needs and recommendations are proposed:
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o Concerning thermomechanical properties, the measurement of mechanical
properties at a hot state (under thermal and mechanical stress) is needed
for an accurate estimative of the mechanical and thermal behaviour of
concrete made with RCA under fire.

o Deformation properties also should be studied, including the free thermal
strain, the elastic strain, and the transient thermal strain. Understanding
the total strain of concrete made with RCA during heating is crucial to
develop realistic computations.

o A full microstructural investigation of heat-damaged concrete made with
RCA is needed. X-ray diffraction (XRD), differential thermal analysis
(DTA), and X-ray computed tomography could improve the knowledge
regarding the behaviour and the differences between concrete made with
RCA and NA at high temperatures.

« Different post-heating durability parameters (e.g., freeze/thaw cycles, wa-
ter permeability, and resistance to chemical attacks) should be evaluated.
The applicability of different durability test methods to the case of heated
concretes should also be studied.

e Specific parameters for the performance-based approach should be defined.
A unified approach must be proposed. In addition, these parameters should
be extended for the case of post-heating/post-fire durability.

« Intermediate-scale screening tests (e.g. slabs and walls) are also a necessity
in the field. They represent a more precise scenario in terms of boundary
and loading conditions. In the same way, full-scale fire resistance tests are
also needed. The loadbearing capacity, integrity and insulation of struc-
tural concrete made with RCA should be verified.

o Lastly, numerical models, including the different phases of concrete made
with RCA, should be used for thermo-mechanical simulations. This will
help to understand and develop realistic simulations.
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