Developments in the Built Environment 17 (2024) 100316

FI. SEVIER

Contents lists available at ScienceDirect il
Developments in the Built Environment

journal homepage: www.sciencedirect.com/journal/developments-in-the-built-environment

Jift
environment

Maximizing the use of recycled aggregates from combined thermal/
mechanical and accelerated carbonation treatment

Bruno Wenzel ?, Viviana Letelier >

José Marcos Ortega ‘

& Department of Civil Engineering, Universidad de La Frontera, Temuco, 4780000, Chile

, Gonzalo Zambrano °, Marion Bustamante ©,

b Biotechnological Research Center Applied to the Environment (CIBAMA-BIOREN), Universidad de La Frontera, Temuco, 4780000, Chile
¢ Doctoral Program in Engineering at the MacroFacultad de Ingenieria UFRO-UBB-UTAL, Temuco, 4780000, Chile

d Departamento de Ingenieria Civil, Universidad de Alicante, Alacant, 03080, Spain

ARTICLE INFO ABSTRACT

Keywords:

Recycled aggregates

Concrete

Thermal/mechanical treatment
Accelerated carbonation

The global emphasis on using recycled concrete aggregates (RCA) to reduce the depletion of natural resources
has grown significantly. However, the presence of adhered mortar limits their usage in concrete to the coarse
fraction and at low replacement rates, as complete replacement remains a challenge. This study aims to improve
concrete with low-quality recycled aggregates through thermal/mechanical treatment combined with acceler-

ated carbonation. Physical, chemical and mechanical properties of concretes with 100% coarse and fine RCA
were evaluated. Results revealed that after the combined treatment the water absorption of coarse and fine RCA
decreased by 18% and 6%, respectively. SEM images showed the precipitation of calcite with better crystallinity,
resulting in a denser cement matrix, although water absorption and porosity were slightly improved. Further-
more, compressive and flexural strength of treated concrete achieved 91% and 96% of the control series,
considering full RCA replacement and a higher w/c ratio.

1. Introduction

In the last four decades the world population living in cities has
doubled, reaching 3.5 billion in 2015 (OECD and European Commission,
2020). As a result of this urban growth, new infrastructure must be built
to meet the various needs of this sector’s growing population, including
the construction of new bridges, buildings, roadways and dams, among
other civil works. However, these works lead to a large consumption of
materials, which is why the construction industry reaches 40% of the
annual use of these materials globally (David et al., 2018). Hence, the
extraction of natural aggregates (NA) was nearly 50 billion tons in 2017,
with an estimated increase to 60 billion tons by 2030 (Tam et al., 2021).
In addition, an estimated of 15 billion tons of sand is consumed every
year, which has led to unsustainable use of river sand and a shortage of
this resource (Cao et al., 2022; Liu et al., 2021a). On the other hand, the
construction industry generates a large amount of waste from these
processes, and together with the demolition industry, they are the main
producers of solid waste worldwide, generating approximately 30-40%
of the annual total (Islam et al., 2019). As a result, there is a need to

create a circular economy that can reduce the use of new natural re-
sources, and that can valorize the reuse of the different wastes generated
in the construction and demolition industries. In addition, based on the
Paris Agreement on climate change many countries are focused on
achieving zero carbon (Makul, 2020), thus leading to the development
of new technologies for carbon capture, utilization and storage, in order
to reduce CO, emissions of construction materials (Han et al., 2023).
Among the solutions to mitigate the problems described is the
replacement of NA by recycled concrete aggregate (RCA). However,
RCA has lower quality properties than natural aggregate because the
material extracted from the rubble has mortar adhered to it, which
implies different disadvantages when used. These disadvantages include
the decrease in density, increase in water absorption, abrasion loss
percentage and crushing ratio, presence of organic impurities, and
presence of hazardous chemical substances, among others (Malesev
et al., 2010). In addition, it should be noted that the finer the RCA, the
greater the presence of adhered mortar, and therefore the performance
of its properties will be increasingly compromised. For this same reason,
various international standards that have begun to approve the use of

* Corresponding author. Department of Civil Engineering, Universidad de La Frontera, Temuco, 4780000, Chile.

E-mail address: viviana.letelier@ufrontera.cl (V. Letelier).

https://doi.org/10.1016/j.dibe.2023.100316

Received 25 August 2023; Received in revised form 21 November 2023; Accepted 26 December 2023

Available online 29 December 2023

2666-1659/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nec-nd/4.0/).


mailto:viviana.letelier@ufrontera.cl
www.sciencedirect.com/science/journal/26661659
https://www.sciencedirect.com/journal/developments-in-the-built-environment
https://doi.org/10.1016/j.dibe.2023.100316
https://doi.org/10.1016/j.dibe.2023.100316
https://doi.org/10.1016/j.dibe.2023.100316
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

B. Wengzel et al.

RCA limit it only to the coarse fraction for structural concretes (Gon-
calves and De Brito, 2010). Hence, several studies have focused on
improving the quality of RCA, where eliminating the adhered mortar or
improving its microstructure is the objective (Castellote et al., 2009;
Al-Bayati et al., 2016; Wang et al., 2016; Xuan et al., 2016; Zadeh et al.,
2021).

To eliminate the mortar attached to the aggregates several treat-
ments have been studied. Among them, the mechanical treatment
removes the adhered mortar trough abrasion in a Los Angeles (LA)
machine or Micro-Deval device. On the other hand, thermal and
chemical treatments weaken the structure of the adhered mortar, which
can then be removed by some type of mechanical treatment (Pandur-
angan et al., 2016; Tanta et al., 2022). Thus, the thermal treatment can
dehydrate and weaken the structure of the adhered mortar by the
chemical decomposition generated during the treatment. These pro-
cesses create microfissures in the adhered mortar, which helps in its
removal by mechanical treatment (Pandurangan et al., 2016; Prajapati
et al., 2021). Sui and Mueller (2012) reported that moderate tempera-
tures of 250-300 °C are sufficient to remove the adhered mortar if fol-
lowed by an intensive mechanical treatment, but temperatures of 500 °C
followed by a short mechanical treatment can take advantage of the
cement paste enriched powder and use it as a hydraulic binder. More-
over, the thermal expansion difference within the temperature range of
400-500 °C promotes preferential fracture of the mortar-aggregate
interface due to the decomposition of portlandite and the dehydration
of C-S-H (Prajapati et al., 2021; Zhang et al., 2022). On the other hand,
when the RCA is exposed to higher temperatures between 600 and
800 °C, the cement matrix exhibits severe microcracking due to the
decarbonation process, which leads to the degradation and mass loss of
the aggregate, facilitating the removal of the adhered mortar (Al-Bayati
et al., 2016). According to Wang et al. (2017), C-S-H decomposes into
B-C2S at 600-700 °C, resulting in severe deterioration of mechanical
properties of mortar. Considering the above, studies that have imple-
mented the mechanical treatment have concluded that as the treatment
temperature increases, there is a greater elimination of the mortar, but
that after 500 °C the water absorption of the material increases, which is
why this is considered an optimal temperature for the elimination of
adhered material and reduction in water absorption (Al-Bayati et al.,
2016; Pepe et al., 2014).

Another option to improve the quality of recycled aggregate is to
improve its microstructure, where the accelerated carbonation process
has shown good results in previous studies, since the chemical compo-
sition of the adhered mortar has the capacity to react with COy (Zadeh
et al., 2021; Morandeau et al., 2014; Shi et al., 2018; Zhan et al., 2020;
Wang et al., 2022). Some of the reactive components are portlandite (Ca
(OH)3) and calcium silicate hydrate (C-S-H). The former is one of the
main components produced during cement hydration and slowly reacts
with the CO in the atmosphere to form calcite (CaCO3) plus H2O. This
process causes an increase in the volume of mortar, which also con-
tributes to filling the pores present in it, thus densifying the aggregate
and reducing the water absorption of the material. On the other hand,
C-S-H is able to react with the CO,, generating CaCOj3 plus HoO like the
portlandite, but in a milder and less significant way when assessing
material improvements (Zhan et al., 2014). However, the effectiveness
of this process will depend on different factors, some of which are the
amount of portlandite and C-S-H present in the aggregate, the envi-
ronmental conditions of relative humidity and temperature to which the
material is exposed, the CO, concentration, the pressure with which it is
injected, and the duration of this process (Castellote et al., 2009; Hyvert
et al., 2010; Savija and Lukovi¢, 2016; Lu et al., 2019).

Currently, few authors have focused their studies on the effect of
combined treatments to improve the properties of recycled aggregates
(Al-Bayati et al., 2016; Kazmi et al., 2019, 2020, 2021; Munir et al.,
2021; Rostami et al., 2021). Among them, Kazmi et al. (2019) investi-
gated the mechanical behavior of concretes containing RCA treated by
carbonation, acetic acid immersion with mechanical rubbing, acetic acid
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immersion with carbonation and lime immersion with carbonation.
After all treatments the physical properties of RCAs were improved.
Moreover, concretes with RCA treated through acetic acid immersion
with mechanical rubbing and lime immersion with carbonation ob-
tained stress-strain curves very close to the NA concrete. On the other
hand, Rostami et al. (2021) evaluated the effect of paraffin coating and
aerogel aggregates on cement composites. Their results indicate that
paraffin coating improved durability properties but decreased
compressive strength of the mixtures, while adding aerogel aggregates
the thermal conductivity is significantly improved.

Most of the studies use treatments separately, mainly in the coarse
fraction of good quality RCA in small quantities while the fine fraction is
usually discarded. Therefore, the objective of this study is to improve the
performance of concrete made with 100% low-quality coarse and fine
recycled aggregate (CRA and FRA, respectively) from a single source, i.e.
non-structural concrete partially carbonated due to weathering, by
implementing two treatments together. The recycled aggregates were
first subjected to a high temperature to facilitate the mechanical
removal of the adhered mortar, and then were subjected to an acceler-
ated carbonation process. In order to study their behavior, the RCA
before and after the treatments were characterized and compared to the
NA. Subsequently, tests were performed to assess the mechanical,
physical, chemical and microstructural properties of concretes, which
were compared to those of conventional concrete to evaluate its po-
tential and feasibility. Moreover, this could increase the utilization of
RCA as an environmentally friendly solution in the construction in-
dustry, especially the fine fraction considering the current global scar-
city of fine NA.

2. Materials and characteristics
2.1. Cement

The cement used in this study is formulated on the basis of clinker,
pozzolana and plaster. The classification of this cement according to
ASTM C595/C595M — 21 (ASTM C595/C595M — 16, 2021) is Type IP
(Portland-pozzolana cement). According to its data sheet, it has an
initial setting time of 180 min and a final setting time of 240 min, a
specific Blaine surface area of 4100 cm?/g, and a specific weight of 2.81
g/dm?. It has compressive and tensile strengths at 7 days of 230 kg/cm?
and 45 kg/cm?, respectively; at 28 days of 340 kg/cm? and 62 kg/cm?,
respectively.

2.2. Aggregates

The coarse and fine natural aggregates (CNA and FNA, respectively)
are of siliceous origin and come from a local aggregate plant in southern
Chile, while the coarse and fine recycled aggregates (CRA and FRA,
respectively) come from concrete fence panels with a compressive
strength of 20 MPa, demolished and provided by a company that makes
precast concrete in the area, which were crushed to obtain the desired
sizes. In addition, the recycled aggregates were first subjected to a
thermal/mechanical treatment (CRA-T and FRA-T), and then in com-
bination to an accelerated carbonation process (CRA-TC and FRA-TC).
The properties of both natural and recycled aggregates, in addition to
the treated RCA, appear in Table 1, while the granulometry of the ag-
gregates used is presented in Fig. 1. It is worth noting that the provided
concrete fence panels had a prolonged exposure to the weather, so a
natural carbonation process occurred when the hydration components
of the cement matrix reacted with the atmospheric CO», transforming
into calcite.

2.3. Superplasticizer (SP)

A superplasticizer (SP) was used in all the concrete series to obtain a
mixture with greater plasticity and a smaller amount of mixing water to
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Table 1

Physical properties of the aggregates.
Aggregate Specific Specific Apparent Water LA
type gravity gravity specific absorption abrasion

(OD) (SSD) gravity (%) loss (%)

CNA 2.69 2.65 2.75 1.40 19.93
FNA 2.54 2.48 2.62 2.17 -
CRA 2.44 2.27 2.72 7.19 37.94
FRA 2.32 2.14 2.60 8.41 -
CRA-T 2.45 2.30 2.70 6.40 45.56
FRA-T 2.34 2.18 2.59 7.40 -
CRA-TC 2.46 2.32 2.69 5.90 42.36
FRA-TC 2.37 2.20 2.66 7.89 -

facilitate the workability of the concrete mixtures and avoid reducing its
strength. The SP is classified as Type F according to ASTM C494/C494M
— 19 (ASTM C494/C494M — 19, 2019) and has a specific gravity of 1.20
+ 0.02 kg/1. To obtain an effective use of the additive, this was added in
the maximum allowable percentage of 2% by weight of the cement used
and the entire fine aggregate mesh was increased by 10% according to
the data sheet to maintain the homogeneity and consistency of the
mixture.

3. Experimental program
3.1. Treatments of RCA

Regarding the improvement methods of the recycled aggregates used
in this study, after crushing, the CRA was first subjected to a thermal
treatment in a muffle furnace at 500 °C for 2 h, so that the adhered
mortar structure is weakened. After the time had elapsed, the CRA was
removed from the muffle and left to cool slowly at room temperature.
Then, the loosened adhered mortar was removed using the Los Angeles
abrasion machine using twelve 46 mm steel balls weighing 390 g and six
smaller 20 mm steel balls weighing 33 g for a duration of 10 min, cor-
responding to 300 revolutions at 30 rpm. The purpose of the two
different diameter steel balls and the 300 revolutions used in this
treatment instead of the procedure specified in the ASTM C131/C131M
— 20 (ASTM C131/C131M — 20, 2020) is to optimize the treatment
without damaging the aggregates to which the mortar is adhered. From
this same process, the RCA was screened to obtain the fine fraction of the
RCA (FRA). After the first treatment was done, the RCA was subjected to
a process of CO» injection for 6 h under controlled conditions of material
humidity (5%), relative humidity (50 + 5%), temperature (20 °C) and

100%
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pressure (80 mbar). Once both treatments were done, the RCA was
stored in a suitable environment to collect the required amount for the
manufacture of the concrete series.

3.2. Mixture proportions

The concrete mixture was designed for a strength of 30 MPa and a
fluid consistency to obtain a suitable workability. Three series were
included for this study. A first control series (C00) was made entirely
with NA, and then a series with 100% replacement with coarse and fine
RCA with thermal treatment and carbonation (RCA-TC100). Cylindrical
and prismatic specimens were included for both series, whereas for the
final series (RCA100) only cylindrical specimens were made with a
100% replacement by untreated RCA to compare the most significant
results and analyze the effect of the treatment used. In this way, we seek
to obtain results under the most unfavorable conditions in order to draw
relevant conclusions from them.

All the series were made based on the NA granulometry provided in
Fig. 1 and the proportions of each are detailed in Table 2. The coarse and
fine aggregates (RCA and NA) were first oven dried and initially all
mixtures were made with a w/c ratio of 0.48. However, considering the
high water absorption of the recycled aggregates, additional water was
added to the mixing in order to maintain a consistent level of work-
ability, with a slump in the range of 90 + 5 mm for all mixtures to obtain
a fluid consistency and fulfill the needs of the industry; thus, the w/c
ratio from Table 2 corresponds to initial water plus additional water. In
addition, the use of the SP helped to obtain mixtures with better plas-
ticity and to keep the slump within the specified range.

3.3. Test methods

3.3.1. Characteristics of the aggregates

The characterization of coarse and fine aggregates (i.e., specific
gravity and water absorption) of both natural and recycled aggregates
(treated and untreated) was determined according to ASTM C127-15
(ASTM C127-15, 2015) and ASTM C128-15 (ASTM C128-15, 2015),
respectively. In addition, the Los Angeles abrasion loss was determined
according to ASTM C131/C131M — 20 (ASTM C131/C131M — 20,
2020).

3.3.2. Compressive strength and modulus of elasticity

The compressive strength of the concrete specimens was determined
according to specifications in ASTM C39/C39M — 21 (ASTM C39/C39M
— 21, 2021). The specimens for each series were cured for 7 and 28 days

—e— Fine NA/RCA
90% ASTM €33 (fine)

—t— Coarse NA/RCA
80%

— . = ASTM C33 (coarse)

70%

60%

50%

40%

Percentage passing (%)
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0% e
0.01 0.1

1 100

Sieve size (mm)

Fig. 1. Particle size distribution used for NA and RCA.
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Table 2

Mix proportions of concrete (kg/m?).
Sample Water Extra water Cement w/c FNA FRA FRA-TC CNA CRA CRA-TC SP
C00 184 - 382 0.48 702 0 0 1061 0 0 7.65
RCA100 184 110 382 0.77 0 702 0 0 1061 0 7.65
RCA-TC100 184 95 382 0.73 0 0 702 0 0 1061 7.65

according to ASTM C31/C31M — 19 (ASTM C31/C31M — 19, 2019).
Cylindrical specimens of 15 cm in diameter and 30 cm in height were
made and tested for each curing time. The test was performed in the
testing machine at a continuous loading rate of 0.25 MPa + 0.05 MPa
until the specimen ruptured.

Along with the compressive strength test, the modulus of elasticity
was determined for the cylindrical specimens after 28 days of curing
according to specifications in ASTM C469/C469M — 14 (ASTM
C469/C469M — 14, 2014). This test includes the compressive stress to
which the specimen is subjected as well as the vertical and horizontal
deformations, which are measured with the aid of a standard
extensometer.

3.3.3. Flexural strength

The concrete specimens were subjected to a flexural strength test
according to the specifications in ASTM C78/C78M — 18 (ASTM
C78/C78M — 18, 2018). Prismatic specimens of 15 cm x 15 cm x 55 cm
per series were tested after 28 days of curing. The specimens were placed
in the testing machine, continuously applying a P/2 load at both upper
load application points until the fracture of the specimens.

3.3.4. Density, absorption and porosity

For each series, the density, water absorption and porosity were
determined using ASTM C642-21 (ASTM C642-21, 2021). Specimens of
10 cm in diameter and 20 cm in height with 28 days of curing were
made, which were then cut into 10 cm x 5 cm slices. From these, the
submerged, saturated and dry masses were determined to then make the
relevant calculations.

3.3.5. Capillary absorption

The water absorption rate was calculated according to the specifi-
cations in ASTM C1585-20 (ASTM C1585-20, 2020). For each series,
slices of 10 cm in diameter and 5 cm in height with 28 days of curing
were used for each series. The upper side and the lateral surface of the
specimens were waterproofed in order to obtain the absorption rate only
on the underside of the specimens. The increase in mass of the specimens
was recorded from 1 min to 6 h and the initial capillary absorption was
determined for each series.

3.3.6. Thermal conductivity and thermal diffusivity

The thermal conductivity and thermal diffusivity properties of the
concrete were obtained through a test conducted as indicated in ISO
22007-2 (ISO 22007-2:2008(E), 2008). Specimens of 10 cm in diameter
and 5 cm in height for each series with 28 days of curing were tested. In
addition, prior to the test, the samples were conditioned and maintained
at a room temperature of 20 °C. The measurements were taken with the
Hot Disk TPS 1500, which records the temperature gradients and pro-
vides thermal conductivity and thermal diffusivity among its results.

3.3.7. Ultrasonic pulse velocity (UPV)

To measure the homogeneity of the concrete, the ultrasonic pulse
velocity (UPV) test was conducted according to ASTM C597-16 (ASTM
C597-16, 2016). The specimens used were cured for 28 days, and were
10 cm in diameter and 5 cm in height. For the measurements, a CON-
TROLS PULSONIC 58-E4900 analyzer was used to detect the time it
takes for a pulse to pass through a sample of a given thickness. Finally,
the velocity of the pulse was determined based on the distance covered
and the time elapsed.

3.3.8. Scanning electron microscope (SEM)

The analysis of the concrete microstructure was based on images
taken with a scanning electron microscope (SEM), which is equipped
with a backscattered electron (BSE) image detector and an energy
dispersive spectrometer (EDS). These images were processed using a
HITACHI SU3500, with a voltage of 10 kV and a working distance of 12
+ 0.2 mm.

3.3.9. X-ray diffraction (XRD)

The XRD analyses were carried out with the Bruker D2 PHASER
employing an X-ray tube (Cu 1.54 A). The diffraction pattern was ob-
tained over a 260 range of 10°-80°, with a duration of 60 min and a rate of
1 s. Before the test was conducted, the samples were subjected to a
conditioning process to obtain dust particles smaller than 75 pm.

3.3.10. Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was done with a heating
speed of 20 °C/min for 10 min until reaching 1000 °C, recording the
mass variation in the samples during the test using a Q600 SDT from TA
Instruments. From these measurements the TGA curve is obtained, and
with this the first derivative of the mass loss during the temperature
increase (DTG) is determined. This curve makes it possible to discern
different peaks associated with the variation in the HyO and CO, emis-
sions (Morandeau et al., 2014).

3.3.11. CO; uptake

Accelerated carbonation is a very complex process due to the reac-
tion that occurs, the physicochemical characteristics, the atmospheric
exposure to CO5 where the samples are located, and the influence of the
kinetics of the process. For this, the absorption of CO; in the concrete
samples was evaluated through the mass loss resulting from the ther-
mogravimetric analysis associated with decarbonation. Despite the
varied literature based on Equation (1) indicated by Zhang et al. (2017)
in their bibliographical review, there are differences among the authors
due to the range of temperatures used. This is because from this mass
loss, the sequestered CO» can be estimated by considering the amount of
CaCOs present in the concrete sample. In this case, Equation (2) pro-
posed by Kaliyavaradhan et al. (2020) is used, where Amco, represents
the mass loss of the carbonated concretes in the temperature range of
540-950 °C (Qin and Gao, 2019) and m;s-¢ the dry mass of the sample
at 105 °C.

mass of reacted CO,

CO, uptake (%) = 100 (@D)]

mass of CO, reactive materials

A
CO,y (wi%) = 21 100 o)

miosec
4. Results and discussion
4.1. Characteristics of the aggregates

The physical properties of the aggregates (i.e., specific gravity, water
absorption and LA abrasion loss) are presented in Table 1. With respect
to the specific gravity, the greatest variation was up to 14.34% less (SSD)
for the untreated CRA compared to the NA. Although the differences are
not very significant, it was possible to achieve a slight improvement in
the aggregate with the thermal/mechanical treatment, and improve it
even further after accelerated carbonation. On the other hand, the water
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absorption of the CRA is 5.1 times greater than that of the coarse natural
aggregate (CNA), although it decreases to 4.2 times after the application
of both treatments, whereas for the fine portion these increases are be-
tween 3.9 and 3.4 times the absorption of the natural aggregate,
respectively. Moreover, after carbonation of the thermal treated aggre-
gates, there was a 6.6% increase in water absorption which may be due
to the process parameters. Gholizadeh-Vayghan et al. (2020) indicate
that carbonation under humid conditions or in a humid atmosphere does
not lead to any improvement in water absorption, porosity or micro-
structure, regardless of CO, pressure and temperature. This could lead to
leaching of the portlandite from the surface, resulting in an increase in
RCA porosity and thus water absorption.

The LA abrasion loss was twice as high for the CRA compared to the
CNA, where the treated aggregates experienced a slightly greater loss
mostly due to the thermal/mechanical process, which dehydrates and
weakens the mortar adhered to the aggregate at 500 °C, creating
microfissures and thereby facilitating its removal with the LA abrasion
machine. Similar behavior was noted by other authors (Al-Bayati et al.,
2016; Algarni et al., 2021). In addition, as mentioned in Section 3.1, the
number of revolutions used in the mechanical treatment can lead to a
weakening of the microstructure of the RCA (Algarni et al., 2021);
therefore, since a higher number of revolutions was not used so as not to
weaken the microstructure too much, some mortar remained adhered to
the RCA. It is also worth noting that after the first treatment, the
accelerated carbonation was able to densify the microstructure of the
RCA (Liu et al., 2021b), thereby reducing the LA abrasion loss.

These variations, especially in high water absorption, are attributed
to the inferior RCA quality and the adhered mortar content (although in
a smaller amount after the thermal/mechanical treatment), which
consequently results in more pores and voids than natural aggregate. It
should be noted that the thermal treatment allows a partial reactivation
of the adhered mortar, which helps to enhance the cement matrix of the
aggregates, thus improving the surface suitable for carbonation and
obtaining a more effective replacement of the aggregates, including the
fine fraction. This is because the thermal treatment dehydrates the
cement hydration products such as C-S-H and Ca(OH), (Carrico et al.,
2020), leaving some space available for them to react again with the
accelerated carbonation process and improve the microstructure be-
tween the adhered mortar and the RCA (Morandeau et al., 2014).

4.2. Compressive strength

The compressive strength results measured at 7 and 28 days are
shown in Fig. 2. The series with NA (C00) has the highest compressive
strength, followed by the series with treated RCA (RCA-TC100), and
finally the series with untreated RCA (RCA100) had the lowest strength.
For the case of the RCA-TC100 series, an average strength of 27.52 MPa
was obtained at 28 days, which corresponds to 91.73% of the strength
obtained for the control series (30 MPa); whereas for the RCA100 series,
a strength of 21.95 MPa was achieved, which corresponds to 73.17% of
the control series. The decrease in compressive strength of the series
with recycled aggregates compared to the series with natural aggregates
is influenced by the higher water quantity needed to maintain a good
workability, which means a greater w/c ratio (Zega and Maio, 2009;
Robalo et al., 2021). Despite this, the comparison between the strengths
obtained for the treated and untreated recycled series showed an
improvement of 25% after the combined treatment, which is in accor-
dance with previous studies (Xuan et al., 2016; Tanta et al., 2022) where
recycled aggregates treated separately with thermal and carbonation
treatments obtained strengths 17% and 6.6% better than the untreated
series, respectively. In addition, the strengths of the treated RACs were
able to reach about 90% of the control series, consistent with the results
obtained in this study. It is worth noting that although the w/c ratio of
the RCA-TC100 series was 52.1% higher than that of the control series,
thanks to the treatments carried out, it was 5.2% lower than that of the
RCA100 series and the impact on the compressive strength was minimal
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Fig. 2. Compressive strength at 7 and 28 days.

considering the unfavorable conditions of the mixtures, demonstrating
the improvement obtained with the combined treatment compared to
the untreated series.

Some authors attribute this increase in compressive strength be-
tween the treated and untreated series to the densification of the RCA. In
this case, the thermal/mechanical treatment reduced the amount of
mortar adhered to its surface and therefore its porosity. In addition to
this and consistent with the results of the TGA analysis, carbonation was
responsible for reinforcing this surface, achieving a greater density of
the recycled material (Xuan et al., 2016; Tanta et al., 2022; Savija and
Lukovi¢, 2016). Densification can be seen in the SEM images in Fig. 3,
where in (a) there is a greater number of pores in the adhered mortar and
a more irregular interfacial transition zone (ITZ), whereas in (b) many of
the pores were sealed by the carbonation process, and the ITZ between
the RCA and the cement matrix has more regular contact due to the
thermal process and later mechanical and carbonated abrasion.

4.3. Modulus of elasticity

The modulus of elasticity of the each series was determined along
with the compressive strength test at 28 days, the results of which are in
Fig. 4. From this, a 33.64% reduction is observed for the RCA100 and
26.64% for the RCA-TC100 compared to the C00. This decrease in the
modulus of elasticity is due to the microfissures present in the RA and to
its interface with the adhered mortar, which leads to a reduction in the
rigidity of the system (Thomas et al., 2018). Zega and Maio (2009) had
similar results for concretes with siliceous aggregates with a w/c ratio of
0.70, where the modulus of elasticity of the RAC was 25% less than the
NAC.

On the other hand, it was possible to achieve a 10.55% increase for
the RCA-TC100 series over the RCA100, which indicates that the com-
bined treatment was able to improve the quality of the RA and the ITZ of
the cement paste with adhered mortar (Neville, 1995). This agrees with
the report by Kou et al. (2014) and Xuan et al. (2017), where the con-
crete with RA treated by accelerated carbonation was 13% higher than
the untreated RA.

4.4. Flexural strength

The flexural strength of the CO0 and RCA-TC series at 28 days ap-
pears in Fig. 5. These results show close strengths, where the series with
treated RCA obtained a strength 3.96% lower than the control series,
which coincides with Tanta et al. (2022) and Xuan et al. (2016), who
obtained slightly lower strengths of 92% under the control series with
RACs with thermal treatment and carbonated separately. This slight
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Fig. 3. SEM images of concrete at 28 days. (a) RCA100 series, and (b) RCA-TC100 series.
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Fig. 4. Modulus of elasticity at 28 days.
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Fig. 5. Flexural strength at 28 days.

reduction in flexural behavior is due to the same phenomenon of
densification and reduction in porosity resulting from the treatments
that helped improve the compressive strength in Section 4.2 (Xuan et al.,
2016; Tanta et al., 2022; Savija and Lukovié, 2016).

4.5. Density, absorption and porosity

Fig. 6 illustrates the density, water absorption and porosity with 28
days of curing. It is noted that the density decreases with the replace-
ment of RCA for NA up to 10.34%, and that there is also a slight increase
in the concrete with RCA-TC compared to the RCA100 series corre-
sponding to 1.92%. Porosity and water absorption, on the other hand,
showed the opposite trend, also related to the reduction in density,
where the RCA100 and RCA-TC100 series had porosities 46.25% and
42.98% and absorptions 62.70% and 56.75% greater than the control
series, respectively.

The densification and improvement in the properties of both the
aggregate and the recycled concrete are a consequence of the combi-
nation of the treatments used in this study. On the one hand, there is the
elimination of the adhered mortar through the thermal/mechanical
treatment, and then the densification of the remaining mortar from
chemical processes resulting from carbonation. First, the adhered
mortar is eliminated, which according to a study by Zhang et al. (2022),
the efficiency in the microcracking of the adhered mortar increases as
the material is exposed to higher temperatures, this being most evident
at 500 °C as a result of the dehydration of the C-S-H and the chemical
decomposition of the portlandite. This microcracking leads to the
adhered material being eliminated by the thermal treatment, leading to
a reduction in the relation of the volume between the mortar and the
aggregate, causing an increase in its density. Shui et al. (2009) indicates
that the densification produced after the thermal process is due to the
rapid rehydration of the dehydrated components, making it possible to
fill the empty spaces quickly and thus reduce the number of pores. In this
study, after the thermal process and abrasion of the aggregates, they
were hydrated with 5% water in relation to the weight of the material to
be carbonated, resulting in a more densified matrix. This is noted when
comparing the SEM images from the series without treatments (see
Fig. 7) and the series with treatments (see Fig. 8). On the other hand,
Savija and Lukovi¢ (2016) report that the reduction in the porosity can
take place by carbonation of the C-S-H, which can be transformed into
amorphous silica gel or calcite. This will depend on the existing
calcium-silica ratio, where a reduction in this ratio will indicate a
change in the C-S-H, which is transformed into an amorphous phase of
silica gel, and which will also see a reduction in the amount of calcite
produced. It is for this reason that for the case of the series being studied,
densification may be attributed to the generation of the amorphous
silica gel mentioned, as can be seen in Fig. 9, where in (a) the Ca/Si ratio
of the RCA100 series is less than in (b), where the RCA-TC100 series
presents a reduction in the ratio with the increase in silica.

4.6. Capillary absorption

The initial water absorption rates at 28 days are detailed in Fig. 10.
From this it is noted that the COO series obtained the smallest absorption
rate in the first 6 h, followed by the RCA100 series with a 20% increase
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Fig. 6. (A) Apparent density, and (b) water absorption and porosity at 28 days.

Fig. 7. SEM images of RCA100 series.

and the RCA-TC100 series with a 36% increase. According to Biskri et al.
(2017), the increase in capillary absorption rates will depend on the
existing capillary voids. Hence, the series with recycled material
replacement present higher rates than the series with NA because they
have a higher porosity. Despite the treated RCA series having less
porosity than the untreated series, this presented greater capillarity,
which could be due to the dehydration process undergone by the RCA
due to the thermal treatment.

4.7. Thermal conductivity and thermal diffusivity

The thermal conductivity and thermal diffusivity with 28 days of
curing are shown in Fig. 11. For both properties, the COO series obtained
the highest values, which decreased by up to 23.20% for the thermal
conductivity and 12.82% for the thermal diffusivity when the NA was
replaced by the RCA. This is linked to the decrease in density and the
increase in the number of pores according to the study by Letelier et al.
(2021). Since the change in the density and porosity between the
RCA100 and RCA-TC100 series was not very significant as mentioned in
Section 4.5, the improvement in the thermal conductivity and thermal
diffusivity was less than 2.08% and 1.45%, respectively.

4.8. Ultrasonic pulse velocity (UPV)

Fig. 12 provides the ultrasonic pulse velocity (UPV) obtained for all
the series with 28 days of curing. The control series had the greatest
average velocity with a value of 4695 m/s, followed by the RCA-TC100
series with 4055 m/s and finally the RCA100 series with 3995 m/s.
According to the Indian standard IS 13311-1 (IS 13311, 1992), the
control series achieved an excellent quality for being over 4500 m/s,
while the series with RCA for being over 3500 m/s were classified as
good quality. It should also be noted that the pulse velocity was greater
for the series with greater density due to the reduction in pores and
empty spaces that make wave propagation difficult.

4.9. Thermogravimetric analysis (TGA)

Fig. 13 provides the derivative curves of the mass loss (DTG) during
heating of the samples obtained from the thermogravimetric analysis
(TGA) of all series after 28 days of curing. Due to the carbonation pro-
cess used in this study, the peak of greatest importance occurs at 750 °C
and corresponds to the dehydration of calcite in each sample (Castellote
et al., 2009; Morandeau et al., 2014; Lu et al., 2019). As a result, the
control series has a slight presence of this mineral, with a curve present
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Fig. 8. SEM images of RCA-TC100 series.

a)

b)

Fig. 9. MAPP of SEM images. (a) RCA100 series, and (b) RCA-TC100 series.

in a range of 645-735 °C, unlike the series with RCA that have more
notable curves in the range of 715-770 °C. The control series has mass
losses associated with calcite polymorphs (i.e., vaterite and aragonite)
(Stepkowska et al., 2003), which may be due to the curing process of
these samples, which could have led to a slight calcite precipitation after
the 28 days of curing. On the other hand, and with mass losses of 2.18%
and 2.12% for the RCA100 and RCA-TC100 series, respectively, this
indicates the presence of calcite due to carbonation of the mineral
produced for being in contact with the atmosphere in the case of
RCA100 and in contact with the accelerated carbonation process for
RCA-TC100. Although there is less presence of this mineral in the

RCA-TC100 series, it must be remembered that the aggregates were
subjected to a previous process (i.e., thermal and abrasion), which
loosened the adhered mortar and dehydrated the compounds on their
surface. Therefore, unlike the recycled aggregate, the carbon dioxide
reacted with a smaller proportion of adhered mortar, and thus less
portlandite.

This is related to what occurs at 460 °C, which is related to this
mineral. Like the C-S-H, portlandite reacts with CO, to generate calcite
(Castellote et al., 2009; Morandeau et al., 2014; Lu et al., 2019). This is
why the COO series presents a greater mass loss of this mineral than the
other series. With respect to the series with incorporation of RCA from a



B. Wengzel et al.

Capilarity (mm/s®®)

Thermal conductivity (W/mK) and Thermal diffusivity (mm?%s)

Ultrasonic pulse velocity (m/s)

0.030

0.025

0.020

0.015

0.010

0.005

0.000

coo RCA100 RCA-TC100
Fig. 10. Initial capillary absorption rate at 28 days.

1.6
% Thermal conductivity (W/mK)
H Thermal diffusivity (mm?/s)

14

o
®

o
o

o
~

=
N}

0.0 I I I

Coo RCA100 RCA-TC100

Fig. 11. Thermal conductivity and thermal diffusivity at 28 days.

6000

5000

4000

3000

2000

1000

0
Coo

Fig. 12. Ultrasonic pulse velocity at 28 days.

RCA100 RCA-TC100

Developments in the Built Environment 17 (2024) 100316

concrete that was exposed to the environment in a landfill, the presence
of portlandite in the RCA100 series is less, and in the same way for the
RCA-TC100 series, where the aggregates were exhibited to carbon di-
oxide during the process.

The peak corresponding to the mass loss of hydrated components,
linked to C-S-H, is found at 105 °C (Castellote et al., 2009). The C00
series had the greatest variation of C-S-H mass without carbonation,
followed by the RCA100 series and then RCA-TC100. In addition, a
slight peak present only for the series with treated RCA is observed,
related to the phase change of the C-S-H due to accelerated carbonation,
which thereby generates an amorphous and denser silica gel (Savija and
Lukovi¢, 2016). However, according to El-Hassan et al. (2013), mass loss
in the amorphous or poorly crystallized range of the calcium carbonate
appears between 550 °C and 720 °C. As previously indicated for the CO0
series, the RCA100 series has more endothermic peaks than the RCA-TC
series; therefore, the combination of improvement processes in the
RCA-TC aggregate resulted in the precipitation of calcite with better
crystallinity. Considering the absorption and porosity results, the
improvement process resulted in a structure that, despite being equally
porous, has a stronger matrix, thus explaining the best mechanical
behavior despite both the absorption and porosity indicating minimal
improvements.

4.10. XRD analysis

XRD analysis can be extracted from Fig. 14, which shows all the
series studied at 28 days, where all the diffractograms present their
highest peaks within the range of 20 between 15° and 35°, but with some
peaks appreciable up to 50°. In all the samples, there is evidence of
quartz (Q), feldspar (F) and portlandite (P) in smaller amounts, com-
ponents linked to the origin of the aggregates (Arivumangai et al., 2021)
and to the hydration products of the cement used in the mixtures (Zhan
et al., 2020; Savija and Lukovi¢, 2016). In addition, the XRD diagrams
indicate the existence of aragonite for the samples with natural
carbonation as well as for accelerated carbonation. According to Mor-
andeau et al. (2014), the formation of aragonite tends to be related to the
presence of highly decalcified C-S-H, indicating elevated COg
concentrations.

In addition, there is a clear presence of calcite in the series with RCA,
and which decreases for the control series. Similarly to the analyses
performed by the TGA, the greatest calcite presence is confirmed in the
RCA100 series rather than in the RCA-TC100 series. This phenomenon
may be due to the elimination of adhered mortar resulting from the
thermal/mechanical treatment, since the elimination of this material in
turn causes the percentage of calcite to decrease due to the greater
proportion of NA and smaller amount of previously naturally carbonated
adhered mortar.

4.11. COgz uptake

Table 3 shows the results of the CO, uptake of concretes with the
incorporation of recycled aggregates. Although the RCA-TC100 samples
were treated with an accelerated carbonation process, the values asso-
ciated with the decomposition of the calcite are less than 0.8% compared
to the RCA100 sample. This may be because these aggregates were
subjected to an abrasion process prior to the carbonation process,
eliminating a large part of the adhered mortar capable of reacting with
the CO,. However, considering that the recycled aggregates from the
RCA-TC100 sample contained less adhered mortar to react with the CO,,
its sequestration rate was very similar to normal recycled aggregates,
thus indicating the penetration of the gas to the most internal surface of
the aggregate.

On the other hand, as mentioned by Qin and Gao (2019), it is
possible to differentiate two curves associated with the decomposition of
the calcite, the former being poorly crystallized, and the latter having a
better crystalline structure, with a more even molecular layout and a
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Fig. 14. X-ray diffraction at 28 days. A: aragonite, C: calcite, F: feldspar, P:
portlandite, Q: quartz.

Table 3

CO;, uptake of RCA concrete samples.
Sample CO> (wt%) Ams4o-720-c (%) Amy20-950°c (%)
RCA100 7.4 5.08 2.20
RCA-TC100 6.6 4.48 2.03

higher melting point (Shao et al., 2014; Tu et al., 2016). These de-
compositions occur in the range of 540-720 °C and 720-950 °C,
respectively. In this sense, due to the exposure of the recycled aggregates
to the atmosphere, the natural carbonation process resulted in obtaining
calcite crystals of lower quality than those obtained in the aggregates
subjected to the accelerated carbonation process, where there is a
smaller percentage in the range of 540-720 °C.

Lastly, the combined treatment carried out could be a good option to
maximize the use of recycled aggregates considering their nature, i.e.
low-quality RCA partially carbonated under atmospheric exposure.
However, initially the thermal treatment may be costly for large-scale

10

91% of the compressive strength and 96% of the flexural strength,
indicating an improvement in the ITZ.

@ The physical properties of the concrete had a negative impact when
the NA was replaced by RCA, which can affect its durability. Even for
a 100% replacement of coarse and fine aggregate, after the treat-
ments used there was an improvement in the behavior of the RAC.

@ The microstructural analysis using SEM and MAPP images reinforces
the improvement obtained with the treatments used, showing a
densification of the cement matrix with the aggregate thanks to the
production of amorphous silica gel that filled the pores resulting
from the carbonation of the C-S-H.

@ The chemical results obtained from the DTG and XRD confirm what
was observed in the physical tests and SEM images, and also
confirmed the natural carbonation that the series with RCA
possessed, showing greater calcite peaks.

@ After accelerated carbonation, the calcite decomposition values were
lower than for the untreated RCA, which could have occurred as a
result of the thermal/mechanical process that removed a large part of
the adhered mortar capable of reacting with the CO».

@ The use of a single type of recycled aggregate presents limitations
due to the variability in the properties of RCAs from different sour-
ces, which can affect the consistency of the results obtained;
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therefore, the use of different aggregates should be considered in
future studies to ensure representativeness.
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