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Any variation in temperature alters the dimensions of a concrete structure and provokes thermal
stress. Moreover, the propagation of micro-cracking decreases the strength of concrete that is
exposed to sub-zero temperatures (freezing), to heat phenomena (heating), or to cyclical thermal
variations, especially when prepared using Recycled Concrete Aggregate (RCA). A reference self-
compacting concrete (SCC) mix made with 100% coarse and fine natural aggregate and three SCC
mixes containing 100% coarse and/or fine RCA in replacement of natural aggregate were tested
in this study of the thermal performance of SCC and the related effects of RCA. The mixtures were
subjected to five thermal tests designed with positive and negative, and both constant and
cyclical, extreme-ambient temperature variations, reaching temperatures of — 15 °C and 70 °C.
Stiffness, weight, compressive strength, thermal deformability, and internal damage of the SCC
mixtures were monitored throughout suitable testing. Internal damage, hygroscopicity, and loss
of strength increased at temperatures below 0 °C, especially in the mixtures containing 100%
coarse RCA, although the SCC manufactured with simultaneous additions of fine and coarse RCA
fractions showed the worst performance. Overall, RCA performed better under positive temper-
ature variations. The test results lead to the recommendation of a linear thermal expansion co-
efficient of 1.2:107° °C™! in calculations for SCC containing RCA under those extreme
environmental conditions.

1. Introduction

Concrete consists of binder, aggregates, setting catalyzers (water, reagents) and, optionally, admixtures and/or additions [1,2]. It
has two separate states, as its viscous consistency in the fresh state is quite unlike its robust solidity in the hardened state [3,4]. Despite
its sound appearance, temperature variations within a certain range of environmental conditions will affect its strength and defor-
mational behavior [5] in three different ways. Firstly, its strength will depend on the curing temperature [6]. High temperatures favor
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water evaporation and poor cement hydration, which will reduce final concrete strength, even though it accelerates the setting process
[7]. Secondly, temperature variations produce internal damage within the concrete [5], by causing micro-cracks and slight chemical
alterations in the capillary network and the Interfacial Transition Zones (ITZ) [8]. If negative (below 0 °C) temperatures are cyclically
applied, this micro-cracking will quickly propagate, due to the volumetric change of capillary water within the concrete when it freezes
[9]. Finally, any temperature variation will alter the dimensions of concrete structures, since concrete will contract when the tem-
perature decreases and will expand when the temperature variation is positive [10]. This deformation causes macroscopic stresses and
cracks within all types of structures, from beams [11] to dams [12], that must be considered in their design [13].

The thermal response of concrete is occasionally affected by changes in its composition. On the one hand, it is slightly different for
each type of concrete [14], because of the different proportion of their components [15]. For example, Self-Compacting Concrete
(SCQ), characterized by its high flowability [16], appears to have a higher thermal deformability than a vibrated one [17]. Further-
more, the use of Natural Aggregates (NA) [18] or binders [19] of different nature, the addition of fibers [20], or even the use of
by-products to replace conventional materials [21] can modify the thermal conductivity of a concrete [22], its thermal deformability
[10], and its deterioration, due to the micro-cracking discussed in the previous paragraph [8]. As the effect of each by-product differs
[22], this paper is focused on analyzing the behavior of concrete produced with Recycled Concrete Aggregate (RCA).

Perhaps, RCA is the most widely used by-product in concrete production due to its abundance and low cost [23,24], as well as its
good properties when the residue consists of crushed precast concrete elements [25]. Its defining characteristic is its high water ab-
sorption, due to the adhered mortar of the coarser particles [26], and crushed mortar particles on the finest fractions [27]. RCA can
successfully replace NA, if the composition of the concrete retains its singular properties [28]. On the one hand, the water content of
the mix must be increased when RCA is added, to balance its high water absorption levels, in order to ensure concrete workability [29],
especially in SCC [30]. On the other hand, the use of any RCA fraction increases the porosity of the mixture, which is also negative in
view of its durability behavior [31]. Moreover, the RCA content added to concrete mixes must be carefully defined, as it decreases
concrete strength [32], commonly due to the lower quality ITZs produced by RCA [33], and the presence of contaminants and altered
mortar in the fine fraction [34]. However, the use of coarse RCA without any treatment can lead to an improvement of the mechanical
behavior of the concrete, due to the characteristic features forming the ITZs. On the one hand, if coarse RCA of adequate quality is used
and the mix design is properly adjusted, the ITZs are enhanced, and the strength of the concrete can be increased up to 50% coarse RCA
[26,32]. On the other hand, the ITZs formed by using RCA have a lower energy-dissipation capacity, which improves the high-strain
rate compressive behavior of concrete [35]. Furthermore, RCA treatment improves its performance. For example, a slightly expensive
though useful alternative is to subject this by-product to high temperatures of around 650-800 °C prior to its use, which will
considerably reduce the amount of adhered mortar [36], and will improve the shape of RCA, as some models for predicting the
mechanical behavior of concrete with RCA show that the variation in mechanical properties caused by a certain percentage of coarse
RCA is directly related to the geometric index of this alternative aggregate [37]. Another alternative is to subject RCA to carbonation
treatments, which strengthens the adhered mortar [38].

The thermal behavior of concrete manufactured with RCA has been analyzed at extremely high (burning) temperatures, so the use
of coarse RCA favors the micro-cracking of concrete at temperatures higher than 400 °C [39]. If concrete is exposed to such tem-
peratures, this aggregate notably decreases concrete strength [40,41], decreases any plastic strain [42,43], and increases the sensi-
tivity of concrete to lateral stress, leading to a higher increase of compressive strength under lateral confinement [44]. Furthermore, a
high content of impurities in RCA can accelerate the damage of concrete following a heating process [21]. Coarse RCA also affects the
thermal deformability of concrete [17], increasing it in pumpable concrete [45], and decreasing it in paving concrete [10], which
shows that the effect of RCA on the linear thermal expansion coefficient seems to be linked to mix workability. The use of coarse RCA
also reduces the thermal conductivity of concrete [46], which is useful for improved thermal behavior in, for example, facade com-
ponents [47].

From the discussion in this introduction and the accompanying references, it may be noted that several relevant aspects related to
the thermal behavior of RCA concrete have yet to be evaluated, such as:

o The strength behavior of SCC with RCA when it reaches temperatures below 0 °C.
e The deformational behavior of SCC under both positive and negative and constant and cyclical temperature variations.
e The effect of fine RCA and its use in SCC on thermal performance, related to its strength, stiffness, and thermal deformability.

The aim of this study is to address all the above points, for which purpose it analyzes the thermal behavior of four SCC mixes of
slump flow from 750 to 850 mm, slump-flow class SF3 as per EFNARC [48], manufactured using 100% coarse and/or fine RCA. SCC
mixtures were tested under five different thermal conditions, consisting of both positive and negative and both constant and cyclical
temperature variations. The evolution of their thermal deformability and, therefore, of their linear thermal expansion coefficient
throughout all the tests was monitored. In addition, the internal damage (micro-cracking) and the compressive strength losses of each
mix were evaluated after each test. Finally, the hygroscopicity of each mix was also analyzed. The intention behind this study is to
expand on the results presented in a previous letter by the authors [17], some of which are repeated in this paper to offer a complete
view of the thermal behavior of SCC manufactured with both RCA fractions.
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2. Materials and methods

2.1. Raw materials

The four SCC mixes produced in this study consisted of CEM I 52.5 R (EN 197-1 [49]), with a density of 3.1 Mg/m3, water, a
viscosity regulator for high flowability and self-compactability, and a plasticizer to reduce the amount of water required to reach an
SF3 slump-flow class (EFNARC [48]) in the mixtures. In addition, three different types of aggregates were used, whose granulometry
and physical properties are shown in Fig. 1 and Table 1, respectively:

e The high content of fines needed to obtain SCC [15] was reached by adding suitably ground limestone (fines 0/1 mm). This
aggregate, commonly used to produce mortars, had a high volume of particles lower than 0.063 mm (see Fig. 1).

The control concrete was produced with both siliceous sand 0/4 mm and siliceous gravel 4/12.5 mm. These aggregates were
characterized by their rounded shapes. In addition, the low content of fine particles in the siliceous sand from the region (see Fig. 1)
was compensated by the above-mentioned limestone fines 0/1 mm.

The three RCA mixtures were manufactured by replacing 100% fine and/or coarse NA with this by-product. The RCA was supplied
from a local waste treatment company within a size range of 0/31.5 mm. RCA was manufactured from crushed precast concrete
elements with a compressive strength greater than 50 MPa that had been rejected due to aesthetic and/or geometric defects. As the
size of the RCA was not suitable to produce SCC, it was sieved in the laboratory to obtain two fractions, 4/12.5 mm and 0/4 mm,
thereby assimilating this aggregate to the siliceous NA in use. RCA was less dense than NA, although its water absorption was 2-3
times higher (see Table 1). The chemical composition of RCA is shown in Table 2.

2.2. Mix designs

As stated above, four mixtures were performed. Firstly, a control concrete was produced, labeled SCCO0/0, that contained 100%
coarse (4/12.5 mm) and fine (0/4 mm) siliceous NA and a suitable amount of limestone fines 0/1 mm. The proportions of its different
components, shown in Table 3, were determined according to the requirements of Eurocode 2 [13]. An optimal adjustment to the
Fuller curve was established for a particle content lower than 0.250 mm (see Fig. 2). Moreover, a water-to-cement (w/c) ratio of 0.55
was defined for the mix (effective w/c ratio of 0.50), as in other similar studies [16]. These last two aspects and the suitable use of
admixtures yielded an SCC of slump-flow class SF3 [48].

Subsequently, three mixtures were produced by replacing 100% coarse and/or fine NA with RCA, retaining a constant amount of
limestone fines (0/1 mm). The NA replacement was performed for each whole fraction (4/12.5 mm and/or 0/4 mm) by volume; no
size-by-size replacement was performed, using the most economic and widespread procedure in the recycled-concrete industry [50].
Nevertheless, this procedure slightly increased the fines content in the mixes manufactured with fine RCA, as shown in Fig. 2. The
mixes were labeled SCC100/0 (100% coarse RCA instead of coarse NA), SCC0/100 (100% fine RCA instead of fine NA), and
SCC100/100 (100% coarse and fine RCA instead of both NA fractions).

The notable water absorption of RCA reduces the effective w/c ratio and, in turn, concrete workability, if the volume of mix water
remains unchanged when NA is replaced by RCA [29]. In this study, the mixtures had to share a very similar flowability in order to
compare the results of the different SCC mixes in terms of their performance [32]. In this way, the flowability target of all the mixes was
a slump-flow class SF3 [48]. The water content was therefore increased when RCA was added. In mixtures SCC0/0, SCC100/0, and
SCCC0/100, the effective w/c ratio was held constant, equal to 0.50 units as shown in Table 3, since in all cases the desired slump-flow
class was achieved. The flowability of mixture SCC100/100 was negatively affected by both the surface roughness of coarse and fine
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Fig. 1. Particle gradation of the aggregates.
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Table 1

Physical properties of the aggregates.
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Aggregate Saturated-surface-dry density (Mg/m®), 24-h water absorption (%), EN 10-minute water Fineness
EN 1097-6[49] 1097-6[49] absorption (%) modulus
Limestone fines 0/1 2.61 2.53 1.89 1.30
mm
Fine NA 0/4 mm 2.57 0.25 0.18 3.49
Fine RCA 0/4 mm 2.38 7.36 6.03 3.12
Coarse NA 4/12.5 2.61 0.84 0.66 5.27
mm
Coarse RCA 4/12.5 2.43 6.25 5.28 6.30
mm
Table 2
Chemical composition of RCA 0/4 mm (% in weight) obtained through X-ray fluorescence.
Si0, CaO Al,O5 Fe,03 SO; MgO K»0 TiO, P,Os Others (CO, ...)
50.80 20.00 3.74 1.12 1.00 0.63 0.60 0.15 0.06 21.9
Table 3
Mix design (kg/m3).
Aggregate SCC0/0 SCC100/0 SCC0/100 SCC100/100
Cement 300 300 300 300
Water 165 190 230 285
Viscosity regulator 2.20 2.20 2.20 2.20
Plasticizer 4.50 4.50 4.50 4.50
Limestone fines 0/1 mm 340 340 340 340
Fine NA 0/4 mm 940 940 0 0
Fine RCA 0/4 mm 0 0 865 865
Coarse NA 4/12.5 mm 575 0 575 0
Coarse RCA 4/12.5 mm 0 530 0 530
Effective w/c ratio 0.50 0.50 0.50 0.60
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Fig. 2. Global granulometry of the mixes.
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RCA [30] and the fast mixing process that was conducted (see Section 2.3), with which the water absorption of the aggregates was not
maximized [50]. Hence, the effective w/c ratio in mixture SCC100/100 had to be increased to a value of 0.60 units (Table 3) to reach

the slump-flow target. The content of the two admixtures was not modified to prevent their segregation after mixing.

2.3. Experimental program

The mixing process had only one stage. Firstly, all the aggregates, cement, and half of the water were placed in the concrete mixer.
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Then, the mixer was turned on and the remaining water was added continuously for 30 s while mixing continued. Subsequently, the
admixtures were poured into the mixer and mixing continued for a further 30 s. As mentioned above, the mixtures with only one RCA
fraction (coarse or fine) showed good fresh behavior; however, the effective w/c ratio of mix SCC100,/100 had to be increased.

After mixing, the slump-flow test (EN 12350-8 [49]) was carried out at 0 and 30 min. In addition, different specimens were
manufactured to perform the hardened-state tests. The specimens were kept in a moist room (temperature of 20 + 2 °C and humidity
95 + 5%) until the test. The following specimens were manufactured for each mixture:

e Eight 10 x 20-cm cylindrical specimens to determine the mechanical properties: compressive strength (EN 12390-3 [49]) and
modulus of elasticity (EN 12390-13 [49]) at 7 and 28 days. Two samples were used in each test at each age.

Eleven 75x75x275-mm prismatic specimens to perform the thermal tests. This specimen size was chosen because it had suitable
dimensions for easy handling when moved in and out of the freezer and oven during thermal testing. In addition, thermal strain
could be easily measured on its prismatic shape, similar to the concrete components most commonly exposed to thermal variations
such as beams and columns [42]. All these specimens were placed in the moist room over 24 h until demolding, and then exposed to
the laboratory environment over 180 days, thereby assuring their dimensional stabilization after the period of concrete drying
shrinkage [26]. Two specimens were used for each of the five thermal tests, and the remaining specimen, also exposed to the
laboratory environment, was used to measure the reference compressive strength (see Section 3.5).

2.3.1. Thermal tests

The main novelty of this research work refers to the thermal tests, which were designed by the authors of this article, due to a lack of
standards and recommendations for their implementation. These tests were used to analyze novel aspects related to the thermal
behavior of RCA concrete, such as deformability, internal damage, and hygroscopicity.

Three different temperatures were firstly defined in order to perform these tests. Each one simulated extreme, yet commonplace,
thermal conditions to which a concrete structure can be exposed. The temperature values for the thermal tests were defined according
to the common temperatures reached in the freeze/thaw (temperature variation between —15 °C and 20 °C) and moist/dry (tem-
perature variation between 20 °C and 70 °C) tests [9]:

e Ambient temperature: 20 & 1 °C. A climatic chamber with this temperature and humidity 60 + 5%, both automatically controlled,
was used to obtain this temperature without fluctuations.

e Minimum temperature: — 15 + 1 °C. The samples were subjected to this temperature in a freezer.
e Maximum temperature: 70 & 1 °C. The temperature to which the specimens were subjected in an oven.
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Fig. 3. Temperature evolution during the first 24 h of (a) freezing and heating tests; (b) cyclical-freezing and cyclical-heating tests; (c) cyclical-
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Subsequently, the average duration of day and night time in the northern hemisphere was estimated following a brief biblio-
graphical review [51-53]. In this review, the average exposure times of a concrete structure to certain temperatures were estimated.
Finally, average times of 12 h were chosen for both daytime and nighttime duration. It was therefore decided that when applying
cyclical temperature variations, the exposure time of the specimens to each temperature should be 12 h.

From these three temperatures and a duration of the cycles of 12 h, five thermal tests were designed. A freezing test and a heating
test were defined to study the behavior of the mixtures when the specimens were continuously subjected to a nominal temperature
(constant-temperature tests). The behavior of the mixtures under cyclical temperature variations, an aspect that must always be
considered in the design of concrete structures [13], could be analyzed from the results of the other three tests (cyclical-temperature
tests). The duration of the constant-temperature tests (168 h) and the number of cycles in the cyclical-temperature tests (20 cycles)
were fixed, bearing in mind that the objective was to simulate extreme service conditions of concrete, not to cause its failure [54].
Accordingly, the following thermal tests were conducted:

Freezing test. The specimens were held at a temperature of — 15 °C (in a freezer) for 168 h (1 week).

e Heating test. The specimens were kept at a temperature of 70 °C (in an oven) for 168 h (1 week).

e Cyclical-freezing test. The specimens were exposed to 20 cycles consisting of 12 h at — 15 °C (freezer) and 12 h at ambient tem-
perature (climatic room).

e Cyclical-heating test. The samples were exposed to 20 cycles consisting of 12 h at 70 °C (oven) and 12 h at ambient temperature
(climatic room).

e Cyclical-freezing/heating test. The prismatic samples were exposed to 20 cycles consisting of 12 h at — 15 °C (freezer) and 12 h at

70 °C (oven).

The temperature trends throughout the first 24 h of each test were measured with a temperature probe inserted into the center of a
specimen. These trends are shown in Fig. 3 where the exposure time of the center of the specimen to the surrounding temperature was
atleast 4 h. It can also be noted from Fig. 3 that the temperature variation was — 12 °C/h when the temperature was decreasing as with
the concrete freeze/thaw test [9], while it was 25 °C/h when the temperature increased, to reach a constant temperature within
approximately the same time as for the freezing phase. These rates showed that increasing the temperature in concrete required less
energy and time than decreasing it [8], due to the freezing of capillary water, evidenced by the almost-constant temperature steps of
the graphics that were registered between two and four hours of cooling when the temperature fell below 0 °C.

During the performance of the tests, the concrete strain was continuously measured by strain gauges and recorded by a suitable
system. The linear shape of the 75x75x275-mm prismatic specimens meant that the predominant strain was along a longitudinal axis
on which the strain measurements were taken [17]. In addition, the weight variations, Ultrasonic Pulse Velocity (UPV) evolution, and
compressive strength, before and after each test, were evaluated. Detailed explanations of all the measurement techniques are given in
the sections where the test results are discussed.

Finally, it is important to note that the above-mentioned temperatures occurred within the concrete mass, at the core of the
samples. Thus, both partial decomposition of primary ettringite at higher temperatures, and micro-cracking after the capillary water
had frozen and therefore expanded at lower temperatures, might be expected.

3. Results and discussion
3.1. Slump flow
The higher water absorption of RCA than NA decreases concrete workability [29], although it can be compensated by increasing the

amount of mix water when using this alternative aggregate [50]. Moreover, the water absorption of RCA can be maximized in a
multi-stage mixing process for better conservation of workability over time [55]. However, a single-stage mixing process was
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Fig. 4. Fresh behavior of the mixes: (a) slump flow; (b) viscosity tsgo. The number is the variation from 0 to 30 min.
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implemented in this study (see Sections 2.2 and 2.3). As shown in Fig. 4a, the mixtures with only one RCA fraction did achieve a
slump-flow class SF3 with an effective w/c ratio of 0.50 through this mixing process, but the effective w/c ratio had to be increased to
0.60 in mixture SCC100/100 to obtain the same SF3 class. From the mixes with the same effective w/c ratio, it can be found that:

e The irregular shape and the higher fineness modulus of coarse RCA with respect to the NA slightly decreased the slump flow [29]
(from 765 to 755 mm).

e The higher fines content of fine RCA 0/4 mm (fineness modulus of 3.12 units, Table 1), compared to siliceous sand 0/4 mm
(fineness modulus of 3.49 units), increased the slump flow from 765 to 810 mm.

e The greater the total water absorption of the aggregate, the higher the temporal loss of flowability: 17.9% for mix SCC0/100 and
9.9% for mix SCC100/0.

On the other hand, as shown in Fig. 4b, the addition of any RCA fraction was slightly negative for SCC viscosity (tsgp) due to the
angular shape of RCA, which hindered its dragging by the cementitious matrix [56]. In this way, the addition of either coarse or fine
RCA in mixtures with the same effective w/c ratio resulted in an increase in t5pp from 2.6 to 3.0 s 30 min after the mixing process, all
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SCC mixes with RCA experienced an increase in the t5pp by around 80-90%, higher than that of mix SCC0/0.

3.2. Mechanical properties: compressive strength and modulus of elasticity

The compressive strength and modulus of elasticity of the mixes were measured at 7 and 28 days in specimens conserved in a moist
room, which exhibited a clearly linear trend, with coefficients R? of around 97%, as shown in Fig. 5. Both properties increased with
age, and decreased when adding any RCA fraction, although the use of fine RCA was more harmful than the addition of the coarse
fraction of this waste [33]. So, the 28-day compressive strength and modulus of elasticity of the mix SCC100/0 were 44.3 MPa and
32.9 GPa, respectively, against 42.1 MPa and 29.2 GPa, respectively, for mixture SCC0/100. The joint use of both RCA fractions
resulted in the largest decreases.

According to the available literature [32,34], the substitution of NA by RCA in the coarse fraction hardly affects the mechanical
performance of SCC in mixes with a 100% fine RCA. However, in this research work, the performance of SCC0/100 (100% fine RCA)
was substantially better than that of mixture SCC100/100 (100% coarse and fine RCA), due to two fundamental reasons:

e Firstly, the good quality of the fine fraction of the RCA, with a high SiO; and CaO content (see Table 2), factor also reported in other
studies [57].

e Secondly, the higher effective w/c ratio of mixture SCC100/100, necessary to reach the required flowability with the single-stage
mixing process, as discussed above.

RCA also delayed the evolution of the mechanical properties over time. In this way, the mechanical properties of the control mix
SCCO0/0 increased by only 4% from 7 to 28 days, while this increase was 7-10% for mix SCC100/0 and 11-20% for mixes SCC0/100
and SCC100/100. The higher temporal increases of the mechanical properties that incorporated fine RCA were because of the higher
water absorption, which favored a more notable deferred hydration of cement [55].

3.3. Thermal deformability

3.3.1. Thermal strain

The longitudinal strain within the specimens was continuously measured by strain gauges during the five thermal tests that were
performed. The gauges were arranged on three of the four longitudinal sides, as shown in Fig. 6. Data were collected and recorded at a
frequency of 1 Hz and suitable temperature corrections were introduced according to the recommendations from the strain gauge
manufacturer.

The strains obtained throughout the constant-temperature tests are shown in Fig. 7. In these tests, the different mixtures showed the
expected general behavior. At first, the concrete experienced a very pronounced variation in strain, because the temperature varied
very sharply until its stabilization (Fig. 3a). Subsequently, the temperature remained constant and, therefore, the strain as well. The
results of these tests clearly revealed that the use of RCA increased the thermal deformability of SCC, maybe due to the higher flex-
ibility, or perhaps higher dilatability, of this residue compared to NA [42].

e Under both positive and negative temperature increases, mixture SCC100/0 (100% coarse RCA) underwent greater strains than
mixture SCCO/100 (100% fine RCA). The cementitious matrix of concrete adhered to RCA increased the flexibility/dilatability of
this by-product compared to NA [42]. So, both mixtures SCC100/0 and SCC0O/100 demonstrated greater deformability than the
mixture manufactured with 100% NA. The minimum strains (at —15 °C) in absolute value in the freezing test were 0.305 mm/m for
mixture SCC100/0, 0.280 mm/m for mixture SCC0/100, and 0.250 mm/m for mixture SCCO/0. In the heating test, the maximum
strains were 0.460 mm/m, 0.450 mm/m, and 0.385 mm/m, respectively. Since fine RCA only incorporates millimeter-sized mortar

Strain gauges ~——
\\\ 9)(5

Fig. 6. Arrangement of strain gauges for strain measurement. Dimensions in mm.
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Fig. 7. Strain within mixtures during the (a) freezing test; (b) heating test.

particles [34], the presence of the old cementitious matrix as attached mortar rather than evenly-distributed particles favored the
increase in global thermal deformability when adding coarse RCA [45].

e Mixture SCC100/100 showed slightly higher strains than mixture SCC100/0 in both tests, due to the joint effect of both RCA
fractions. However, it had slightly higher strain fluctuations throughout the period of constant temperature. The increase in RCA
content led to higher variability in concrete behavior [57] and, in consequence, thermal strain.

e The point at which the water froze, shown in Fig. 7a, during the initial cooling process shown in Fig. 3a, was evident due to the
appearance of a step in the downward linear region of the curves.

The maximum and minimum strains that each mixture underwent in each cycle of the cyclical-temperature tests are shown in
Fig. 8. These figures have previously been reported in another paper by the authors on cyclical-freezing and cyclical-heating tests [17].
These tests simulate the extreme, but possible, temperature variations that real concrete structures can undergo. Although the trends
they showed were not as clear as the constant-temperature tests, in a similar way to the above-mentioned constant-temperature tests,
they did show that mixture SCC100/0 (100% coarse RCA) underwent higher thermal strains than mixture SCC0/100, and that mixture
SCC100/100 was the most deformable.

Moreover, during these tests, all the mixtures tended to shrink as the number of cycles increased. On the one hand, this phe-
nomenon was observed in the progressive decrease of the maximum (at 70 °C) strain in both cyclical-heating and cyclical-freezing/
heating tests (Fig. 8b and Fig. 8c). The maximum strain decreased from 0.40-0.45 mm/m to 0.30-0.35 mm/m in both tests. On the
other, the minimum strains (at —15 °C) obtained in the cyclical-freezing test and in the cyclical-freezing/heating tests, Fig. 8a and
Fig. 8c, also decreased over the cycles (from 0.25-0.32 mm/m to 0.30-0.40 mm/m). Finally, the original dimension (at 20 °C)
remained constant in the cyclical-heating test (Fig. 8b), but this value slightly decreased from 0 to around — 0.04 mm/m in the
cyclical-freezing test (Fig. 8a). Overall, slight and almost generalized shrinking was observed. Furthermore, the incorporation of
additional C-S-H gel when adding RCA to the mixtures (mortar adhering to the coarser RCA particles, and particles of old mortar within
the fine fraction) slightly favored this shrinking phenomenon [23]. For example, the decrease of the maximum strain of mixture
SCCO0/0 in the cyclical-freezing/heating test was 0.11 mm/m, while this decrease was 0.15 mm/m for mixture SCC100/100. Hence,
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Fig. 8. Maximum (max S) and minimum (min S) strains throughout (a) cyclical-freezing test; (b) cyclical-heating test; (c) cyclical-freezing/
heating test.

the justifications have to be mainly centered on physic-chemical reactions within the cementitious matrices.

3.3.2. Linear thermal expansion coefficient

Thermal stress must always be considered in the design of any concrete structure, especially for climates where temperature
fluctuations between day and night are high [13]. To estimate this stress, it is necessary to monitor the variation in strain of the
concrete within a certain temperature interval. The simplest way to calculate this strain increase is Eq. 1. In this formula, Ae is the
increase of strain (m/m), « is the linear thermal expansion coefficient (°C_1), and AT is the temperature increase (°C). Each material
has its own linear thermal expansion coefficient [10], the value of which for concrete is between 8.107% and 1.2.107° °C L. Tradi-
tionally, 1-107° °C ™1 is the linear thermal expansion coefficient used in the design of concrete structures [45]. However, it is advisable
to use 1.2:10° °C~! to achieve greater safety in the calculation of thermal stress in climates with uncertain thermal variations [13].

Ae =a- AT (€9)

Table 4 shows the 95% confidence interval of this coefficient for all mixes, calculated from the results of the constant-temperature
tests. As is logical, these values were according to the strain measurements (see Fig. 7). Mixture SCC100/100 had the highest linear
thermal expansion coefficient, due to its higher strain in both tests, while mixture SCC0/0 had the lowest one. According to these
results, the common value of the linear thermal expansion coefficient, 1 1075 °C’1, would be suitable for its use. On the other hand, the

Table 4
95% confidence interval for the linear thermal expansion coefficient obtained in the constant-temperature tests.
$CC0/0 SCC100/0 $CC0/100 $CC100/100
Freezing test 7.079:107°; 7.088-10~° 8.718-107% 8.733.10°° 8.024-107%; 8.038-10°° 9.064-107% 9.098-10°°
Heating test 7.704-10°%;7.714.10° 9.219-107% 9.232.10°¢ 8.957-107%; 8.979-10°¢ 9.479-107%; 9.503-10°
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linear thermal expansion coefficient was apparently higher in the heating test in all mixtures with respect to the values registered in the
freezing test. However, the expansion of capillary water during the freezing process overlaps the thermal contraction of the concrete.
The final result of this overlapping was an apparent linear thermal expansion coefficient that was lower in the frozen region. The
chosen value should be therefore the largest of both (heating test).

The linear thermal expansion coefficient obtained cycle-by-cycle from the results of the cyclical-temperature tests (Fig. 9) showed
the same effect on each RCA fraction as the coefficient obtained from the results of the constant-temperature tests, as already reported
in a previous paper of the authors for the cyclical-freezing and cyclical-heating test [17]. Nevertheless, as expected from the strain
values scattering, this coefficient exhibited greater variability in these tests. The coefficient value obtained in the first cycle was very
similar to the one obtained in the constant-temperature tests. For subsequent cycles the value of this coefficient showed the same
trends as the thermal strain (Fig. 8).

In the cyclical-freezing test, both the minimum and maximum strain decreased over the cycles at a similar rate (Fig. 8a), so the
average value of this coefficient remained approximately constant throughout the whole test (Fig. 9a). In Fig. 9b, the trend of the
thermal strain in the cyclical heating (Fig. 8b) is also reproduced. Nevertheless, in the cyclical-freezing/heating test, as shown in
Fig. 8c, the decrease in minimum strain (at —15 °C) partially compensated the decrease in maximum strain (at 20 °C), which reduced
any decrease of this coefficient, as depicted in Fig. 9c.

The graphics in Fig. 9, although realistic, are of limited application from an engineering point of view, because their calculation
implies that the thermal expansion coefficient is calculated cycle-by-cycle disregarding the concrete strain of previous cycles [17].
However, the effect of this strain is cumulative in a real concrete structure [11], and it is advisable to consider the historic life of the
structure when calculating its thermal stress [12]. For this reason, Fig. 10 shows more useful apparent values of the linear thermal
expansion coefficient based on the dimensions of the specimen before the test, i.e., at the beginning of the first cycle, taken as the length
reference (strain equals to 0 mm/m).

In the cyclical-heating test, Fig. 10b, the linear thermal expansion coefficient followed a decreasing trend similar to that of Fig. 9b,
due to an absence of any variations in the minimum strain throughout the test, which was approximately equal to 0 mm/m in all cycles
(Fig. 8b). However, this coefficient showed an increasing trend in the cyclical-freezing test, Fig. 10a, due to the decrease in the
minimum strain (Fig. 8a). Therefore, the strain variation in the cyclical-freezing test was higher in the last cycles than in the first cycles,
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Fig. 10. Linear thermal expansion coefficient obtained through the strain increase in each individual cycle regarding the initial strain (0 mm/m):
(a) cyclical-freezing test; (b) cyclical-heating test.

thereby increasing the value of this coefficient.

Despite the complex patterns of the linear thermal expansion coefficient, if a structure manufactured with SCC with RCA is sub-
jected to both constant (positive or negative) and cyclical positive temperature increases (Fig. 7 and Fig. 10b), then the conventional
value, 1-107° °C’1, could be valid. However, according to the results shown in Fig. 10a, some values of this coefficient during the
cyclical-freezing test were slightly higher than 1.1.107° °C™L. Therefore, if the structure were located in climates with very low
temperatures, even below 0 °C, it might be necessary to use the highest value of the interval discussed above, 1.2-107> °C™}, as the
linear thermal expansion coefficient to ensure the safe calculation of thermal stresses. In line with these results and for the sake of
simplicity, a linear thermal expansion coefficient of 1.2:107° °C! will always be safer to use, regardless of the waste fraction in use and
the temperature increase under consideration.

3.4. Internal damage: micro-cracking

Concrete is not a continuous medium, but a composite consisting of cementitious matrix, aggregates, and pores (vacuolar, capil-
lary). Hence, the classical equation for elastic waves (Eq. 2, v wave velocity, E modulus of elasticity, and p density) is illustrative, but
not so rigorous. In fact, ultrasonic pulse passing through a concrete mixture is largely conditioned by the continuity of the propagation
medium [58], as pores can disrupt this continuity and reduce the UPV signals [59].

v=+\E/p 2

When concrete is subjected to a temperature increase or decrease, each component undergoes a slightly different strain [8].
Furthermore, some of the products formed by the initial binder hydration can be transformed when the temperature rises, usually due
to partial loss of water and allotropic changes, which involves volumetric variations at microstructural levels. In the same way,
concrete is a porous material with hygroscopic properties, so it absorbs water from the environment that freezes and increases its
volume when subjected to temperatures below 0 °C [9].

These above-mentioned phenomena cause internal damage at a microscopic level that consists of variations in the amount and size
of the pores, and the appearance of micro-cracks [60]. This micro-cracking has its origin in the ITZs and other weak regions of the
concrete microstructure and connect different zones of the cementitious matrix [5]. Based on the mentioned aspects, the
cyclical-temperature tests were expected to cause remarkable internal damage to the mixtures.

Determining or quantifying this internal damage in concrete is a complex question, because it cannot be easily evaluated in a direct
way, so it is therefore necessary to use indirect measurements most of the time [61]. Modern studies have shown that Ultrasonic Pulse
Velocity (UPV), initially related to material stiffness as shown by Eq. 2, can be used to estimate the internal damage of concrete [59].
Although any damage cannot be exactly evaluated, damage to concrete at different time points can be compared [58]. Consequently, in
all the cyclical-temperature tests of this research work, the UPV of all the specimens was measured before the start of the test and after
each cycle, in order to analyze the evolution of their internal damage. The UPV measurement was performed by the direct method [47]
in the longitudinal direction of 75x75x275-mm prismatic specimens.

The initial UPV of each mixture is listed in Table 5. The measured values were fairly consistent with the initial mechanical

Table 5
Initial UPV of the SCC mixtures.
SCC0/0 SCC100/0 SCC0/100 SCC100/100
UPV (km/s) 4.04 3.69 3.41 2.76
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properties in Section 3.2, as shown in Fig. 11. Highly accurate linear relationships were obtained.
This test was not applied to analyze the constant-temperature tests, due to the low significance of the results. UPV evolution
throughout each cyclical-temperature test is shown in Fig. 12, highlighting the differences between each test and each mixture:

e The decrease in UPV was four times greater in the tests in which temperatures below 0 °C were reached: 15-20% compared to 4-5%
in the cyclical-heating tests after the 20th cycle. The internal damage after heating (incipient decomposition of hydration products)
was notably smaller than that obtained after the freezing cycles (mechanical breakage by capillary water expansion after freezing).
In contrast, the decrease in UPV was more progressive in the cyclical-heating test, although it was less pronounced before the 7th
cycle and more marked from the 7th to the 20th cycle.

In both cyclical-freezing and cyclical-freezing/heating tests, the UPV during the first 14 cycles remained practically constant, only
undergoing small fluctuations, due to the intrinsic variability of the UPV measurements [25]. In subsequent cycles, the decrease of
the UPV was very noticeable, as the concrete specimens suffered severe micro-cracking from the 13th cycle.

The internal damage experienced by the mixtures was greater when coarse RCA was added. Less damage within mixtures SCCO/
0 and SCC0/100 than within mixtures SCC100/0 and SCC100/100 is therefore an intuitive observation. It is likely that the weak
ITZs generated by the RCA coarse fraction favored the appearance of micro-cracks [14].

Finally, it is important to note that the damage suffered by specimens in these tests was greater than it might otherwise be in a real
structure, and, therefore, the increased resistance to UPV of the specimens in these tests was greater than it might be in a real structure
[61]. This difference was due to the fact that the real structures were not subjected to such large temperature increases [52]. In
addition, the inside of the structure reached much lower temperatures than the outside, due to its large dimensions [60]. Nevertheless,
the results obtained offer an overview of the effect of RCA on the thermal micro-cracking of SCC.

3.5. Loss of compressive strength

All the observations discussed in the previous sections, especially micro-cracking, can reduce the strength of concrete [20]. Each
original 75x75x275-mm prismatic specimen was cut after removing the strain gauges, to evaluate the variation of compressive
strength after each thermal test, thereby obtaining two 75x75x75-mm cubic specimens, as shown in Fig. 13. In addition, the load was
applied on the cut-off faces (in red in Fig. 13) during the compressive-strength test, to reproduce the skin effect on lateral faces of these
cubic specimens that occurs when testing standardized specimens [13]. For this reason, the cut faces were polished (faced) to ensure
that they were completely flat, without any irregularity. Thus, the compressive strength after each thermal test was measured on four
75-mm cubic specimens (as indicated in Section 2.3.1, each thermal test was performed on two 75x75x275-mm prismatic specimens).
Furthermore, the undamaged 75x75x275-mm prismatic specimen was cut and polished to obtain two 75x75x75-mm cubic speci-
mens, in order to obtain the compressive strength of concrete not subjected to the thermal tests on the same type of specimen. Thus, all
the values of compressive strength were perfectly comparable to each other.

Fig. 14 shows the compressive strength of each mixture after each thermal test, while Table 6 shows the percentage loss of strength.
The values obtained were in line with the cause-and-effect analysis of the internal damage described in the previous section:
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Fig. 11. Relationship between the UPV and (a) compressive strength; (b) modulus of elasticity.
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Fig. 12. UPV evolution throughout (a) cyclical-heating test; (b) cyclical-freezing test; (c) cyclical freezing/heating test.

Contact areas

Fig. 13. Original specimens cut to obtain the cubic specimens for the compressive-strength test. Dimensions in mm.
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Table 6
Loss of compressive strength (%) of each mixture after each test.
SCC0/0 SCC100/0 SCC0/100 SCC100/100

Freezing test 3.5 5.5 4.8 9.2
Heating test 0.8 2.0 1.5 4.6
Cyclical-freezing test 16.5 29.7 19.9 33.9
Cyclical-heating test 5.1 7.1 5.0 8.6
Cyclical-freezing/heating test 20.8 33.9 22.7 34.3

e On the one hand, the decrease in compressive strength caused by both constant-temperature tests was appreciable in all mixes,
although it was more considerable in the freezing test (losses from 3.5% to 9.2%) than in heating test (losses from 0.8% to 4.6%).
Micro-cracking due to freezing was more severe than the heating damage in the experimental conditions of these tests.

e The negative effect of the cyclical-temperature tests was greater in all mixes (including the reference mixture), than in constant-

temperature tests, especially in those tests in which temperatures below 0 °C were reached. As the internal damage during the

cyclical-heating test was lower, the loss of compressive strength it produced was less notable (from 5.1% to 8.6%). The decrease of
the strength values was higher in both the cyclical-freezing and cyclical-freezing/heating tests (from 16.5% to 34.3%). Further-
more, the higher dispersion of the experimental measures of both tests reflected a less reliable behavior of the mixtures.

Regarding the mixtures, the higher the content of RCA, the higher the decrease of specimen compressive strength. Mixture SCC100/

100 therefore showed the highest strength loss, reaching 8.6% in the cyclical-heating test and 33.9% and 34.3% in the cyclical-

freezing test and cyclical-freezing/heating test, respectively. Furthermore, if the results for mixtures SCC100/0 and SCC0/100

are compared, it can be concluded that the addition of coarse RCA was more harmful than the use of fine RCA. The internal damage
of SCC100/0 was more notable in all cases.

3.6. Hygroscopicity

Hygroscopicity is the capability of a material to adsorb/absorb atmospheric moisture, i.e., water vapor [62]. In hydraulic mixtures,
this property fundamentally depends on the surface porosity of the material, as well as the continuity of its pore network [63]. The
weight variation of concrete, although very small because of the low porosity of its skin [62], is the main control measure of hy-
groscopicity. It is even lower in SCC, because its high flowability leaves a more continuous skin [30]. However, this property can
produce harmful effects on concrete. On the one hand, if concrete is subjected to temperatures below 0 °C, the water vapor that has
been absorbed freezes and increases in volume, which favors progressive micro-cracking [64]. On the other hand, the equilibrium
vapor/micro-drops of water can carry harmful compounds such as chlorides or sulfates, especially in marine environments, which can
affect the concrete durability [65]. This issue is also aesthetically important, especially in fiber-reinforced concrete, as the corrosion of
metallic fibers causes the darkening of the concrete surface, and even the appearance of flaking [66].

The specimens were weighed at the end of each phase of the cyclical-temperature tests, in order to measure this property, i.e., at the
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entrance and exit of the freezer or oven. In this way, the weight variation of the specimens after each cycle could be calculated. The
results obtained are shown in Fig. 15.

The weight variation was approximately double in the cyclical-heating test than in both the cyclical-freezing and the cyclical-
freezing/heating tests, due to the fact that the water vapor absorption was higher when the concrete was cooled from 70 °C to
ambient temperature [66]. In the cyclical-freezing test, rather than cooling them, the specimens were heated during the
ambient-temperature phase, and, therefore, a liquid film of water condensation coated the surface and reduced their vapor absorption
capacity [66]. In the cyclical-freezing/heating test, the cooling of the specimen after the heating oven phase took place in a freezer, at
— 15 °C, and water vapor was absorbed by the concrete to a lesser extent [67]. The increase in hygroscopicity over the cycles was clear
in all cases, due to the surface damage to the concrete during these tests: the new cracks and pores that surfaced over the cycles favored
the entry of water vapor [68].

Mixture SCC100/100 (higher w/b ratio, hence greater porosity) demonstrated the highest weight variations, followed by the
mixture SCC0/100 (100% fine RCA). As shown in the former section, the micro-cracking of mixture SCC100/0 was higher than in
mixture SCC0/100 when temperatures below 0 °C were reached. This led to higher weight variations in mixture SCC100/0 than in
mixture SCCO/100 in the last cycles of the cyclical-freezing and cyclical-freezing/heating tests (Fig. 15b and Fig. 15c).

4. Conclusions

Throughout this article, the fresh and hardened behavior of Self-Compacting Concrete (SCC) made with 100% coarse and/or fine
Recycled Concrete Aggregate (RCA) has been evaluated. On the one hand, if the amount of the finest particles of the aggregates and the
effective water-to-binder ratio are adjusted, a fast-mixing process has been proven to obtain a high-flowability SCC (slump-flow class
SF3) with high amounts of coarse and fine RCA. On the other hand, it has been demonstrated that an accurate linear relationship
between compressive strength, modulus of elasticity, and UPV in these sorts of RCA mixes can be established. All these properties were
worsened when adding coarse or fine RCA, although the joint incorporation of both fractions was the most negative situation.
However, the great novelty of this research work is linked to the thermal tests, in which the mixtures were subjected to both positive
and negative and both constant and cyclical temperature increases. The following conclusions can be drawn from these thermal tests:
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The thermal deformability of SCC under a constant temperature was increased by the addition of RCA, the coarse fraction of which
had a greater effect. The deformability of all mixtures was higher under a positive temperature variation (higher than 0 °C),
regardless of the RCA fraction used.

Both coarse and fine RCA had the same effect on the thermal deformability of SCC under cyclical temperature variations, regardless
of its (positive or negative) sign. On the one hand, the maximum strain experienced by the concrete under positive (higher than
0 °C) temperature variations decreased over the cycles. On the other hand, a negative remaining strain appeared under negative
temperature variations (below 0 °C). Coarse RCA had a more notable effect, probably due to the increase of old mortar in the SCC
following its addition.

It is safer to use 1.2:107° °C ! as the linear thermal expansion coefficient instead of 1-10~° °C~! when estimating the thermal stress
of a structure manufactured with SCC that incorporates RCA. In this way, the effects caused by the addition of this by-product, such
as the increase of both the thermal deformability and the shortening of concrete under cyclical temperature variations, may be
safely estimated.

The application of cyclical temperature variations, especially when temperatures below 0 °C were reached, resulted in generalized
micro-cracking of the specimens and led to a notable decrease in the UPV and the compressive strength. The increase of porosity
caused by the addition of RCA increased this damage, although the poor-quality interfacial transition zones of coarse RCA had a
more detrimental effect on its evolution.

Although the evolution of the hygroscopicity of SCC over the cycles was low, it was increased when adding RCA, due to the
increased porosity of the SCC following the addition of this alternative aggregate. Micro-cracking caused by cyclical temperature
variations quadrupled the water vapor absorption of the SCC manufactured with RCA at the end of the tests in comparison with the
initial values.
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