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In Europe, around 500 million tons of construction and demolition waste (C&DW) are generated annually, a third
of which is concrete. Recycling mainly focuses on coarse aggregates, but 20-30 % v/v of the output includes fine
particles and hydrated cement powder (HCP). As HCP can be partially reactivated at 450-650 °C, its reuse in
clinker production is under study, though high energy demands hinder its viability. This research investigates an
alternative: substituting clay with up to 30 % HCP in fired clay bricks, leveraging the high-temperature process

already involved. Bricks were fired at three temperatures and characterised in terms of mechanical, mineral-
ogical, chemical, and thermal behaviour. A life cycle impact assessment evaluated environmental feasibility.
Results show that HCP enhances brick properties, especially at higher firing temperatures. However, despite
improvements such as reduced thermal conductivity, global warming potential and water consumption impacts
are higher, posing a trade-off between material performance and environmental cost.

1. Introduction

Construction and building industries act crucial for environmental
conservation. Regardless the operation stage of buildings, the initial
phase of construction materials (i.e. collection of raw materials,
manufacturing and on site construction) certainly implies a large
ecological footprint. Besides, the end life of buildings produces huge
contents of construction and demolition waste (C&DW) (Ghisellini et al.,
2018). As estimated, this residue stream represents about 30-40 % of
total solid waste produced and its management market size reached
$115 billion in 2020, worldwide. Although compound of C&DW
changes from region to region, the main materials of these wastes come
from concrete and ceramics, which represent between 70 % and 80 %
(Wu et al., 2019; Bernardo et al., 2016).

For latest decades, concrete waste has been used to manufacture
recycled aggregates (Silva et al., 2014). However, to be able to use these
aggregates in cementitious materials it is necessary to apply different
processes for cleaning adhered cement and fines particles e.g. conven-
tional heating method, mechanical crushing method, acid leaching
method, etc. (Wei et al., 2021). Due to its simplicity, one of the most

used techniques is the removal or separation of hydrated cement powder
(HCP) that coats natural aggregates from wear processes (Lu et al.,
2018). Added to the recycled aggregates, these technologies also result
in a large amount of fine powder residue (i.e. between 10 % and 20 %).
The so produced waste powder contains large amounts of HCP which
might be reused as alternative binder or supplementary cementitious
material mainly for manufacturing more friendly concretes (Ma et al.,
2022; Ohemeng, 2023).

However, because of its porous structure and high water absorption,
this fraction has been commonly discarded or eventually used as an inert
filler (Mehdizade et al., 2021; Xiao et al., 2018).

For instance, authors have demonstrated that with the increase of
HCP content, the compressive strength and flexural strength of mortar at
different ages decreased (Chen et al., 2021). In addition, during last
decade research efforts have studied the thermal activation of waste
cement (Real et al., 2020). Thus, several papers show the reactivity of
this residue by proposing different preparation technologies to improve
its performance (Bogas et al., 2022; Carrico et al., 2020). Besides, based
on relative lower temperatures, the recovery of HCP may be a more
sustainable process (Tokareva et al., 2023a). For instance, when
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compared to the ordinary cement manufacturing, some recovery stra-
tegies may reduce more than 50 % of the required thermal energy and
more than 60 % of carbon emissions (Carrico et al., 2021; Sousa and
Bogas, 2021).

Unfortunately, despite several experience which vary temperature (i.
e. ranging from 450 °C to 1400 °C), particle size distributions or source
of hydrated cement almost all research agree that compressive strength
of recycled cement is still lower than compressive strength of ordinary
cement (Wang et al., 2018).

For instance, although finer HCP particles might enhance compres-
sive strength due to improved packing and pozzolanic activity (e.g.
particle size from 50 pm to 10 pm), in most cases HCP content leads to
strength loss (e.g. concrete strength dropped from 45.0 MPa to 35.9 MPa
when HCP content rose from 0 % to 50 %) due to the relatively low
hydraulic activity of HCP (Du et al., 2023).

Despite HCP has been extensively and deeply investigated in con-
crete manufacturing (Zhong et al., 2022) regarding the utilization in
fired bricks, the available studies are so scarced. However, because of
high temperatures needed in ceramic industry and the lower re-
quirements in terms of mechanical strength, the replacement of clay by
HCP might be a feasible way. To the best our knowledge, only two
studies have previously studied the effect of powder from recycling
concrete or a mixture of demolition residues (i.e. ceramic, mortar and
concrete) in fired bricks (Bai et al., 2023; Osman et al., 2020).

However, two significant differences must be highlighted to justify
the novelty of the present study. First, in the work of Gencel et al. (2020)
(Osman et al., 2020), conducted at laboratory scale, the powder was
produced directly through crushing concrete (CC) in a ball mill. As it did
not undergo any secondary processing, its particle size was generally
greater than 75 pm, which limited its reactivity and made it more
suitable as a filler material rather than as a supplementary cementitious
material. Second, in the studies by Bai et al. (2023) (Bai et al., 2023), the
powder used consisted of demolition waste that included not only hy-
drated cement paste, but also brick, porcelain, and other debris (RP).

Thus, this paper explores the use of the replacement of only the
selected finest fraction of HCP from the recycling of waste concrete
aggregates as substitution for clay. In such a way that it dehydrates and
regains its cementitious properties. Thus, the main hypothesis is that
HCP may provide satisfactory technological properties to the so pro-
duced fired bricks helping to both reduce the use of clay and create a
novel pathway for HCP reusing.

Besides, although according to Xiao et al. (2021) (Xiao et al., 2021),
the future trend of the fired brick industry involves maximizing the
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utilization of construction waste, among others, a life cycle assessment
(LCA) must be conducted for determining the environmental impact
linked to the use of HCP. Therefore, this study also analyses the envi-
ronmental impact of the fired bricks made with HCP.

2. Methods and materials
2.1. Samples manufacturing

Clay was collected from the quarry placed in Cauquenes, Chile. The
location is commonly exploited for manufacturing refractory clays due
to the high Al;O3 content (i.e. between 25 and 30 %) (Pardo et al.,
2018). The powder has been obtained from an experimental plant which
is fed with recovered aggregates from crushing plants (Fig. 1). This
equipment comprises a sloping base where is placed a steel cylinder
whose interior has a spiral profile. The cylinder rotates and the aggre-
gates bounce off and bump into each other. Due to this process, hydrated
cement and fines particles (HCP) come off from aggregates and the
powder is collected through a grid (Fig. 1).

Clay and HCP were kept at 105 °C during 24 h and mixed in 10 kg
batches. Several dosages were performed by replacing clay from 0 to 30
%. As shown in Table 1, amount of water was increased by increasing the
replacement percentage. Despite it would be expected that the reduction
of clay particles would lead to reduce water addition, the flocculation
and agglomeration of clay grains in existence of CaO leads to reduce
plastic index. The specific area of the soil is reduced as a result of the
flocculation and cation exchange reactions that are quickly started by
the lime addition. Due to this reason, content of water should be
increased for obtaining enough working moisture (Mahan and Hussein,
2017).

Workability is a key factor for brick manufacturers since it influences
extrusion and drying process, thereby final geometry and the risk of
fissures or cracks in the fired bricks. Although the window for optimal
extrusion is in between 15 % and 30 % (Bruno et al., 2019; Elavarasan
et al., 2021), the addition of different residues or by-products certainly
impacts on this range which may rise beyond 35 % (Zat et al., 2021;
Munoz et al., 2021). At low moisture, it is not possible to produce bricks
without surface defects. Conversely higher water content resulted in a
heterogeneous flux that also generated cracks and broken surface on
bricks. Besides, the water content at the extrusion stage has great impact
on fired bricks properties. Higher water content during the extrusion
leads to increase porosity and therefore hinders compressive strength. In
particular in this research a larger amount of water was necessary to

Fig. 1. Crushing machine used for collection HCP from demolished concrete wastes.
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Table 1
Codes and dosages for each series.
ID. Firing Temp. Ne Clay HCP Water
[°C] samples [%]" [%]" [%]"
A100HCPOOa 1100 20 100 0.0 24.06
A95HCPO5a 20 95.0 5.0 27.55
A90HCP10a 20 90.0 10.0 29.12
A85HCP15a 20 85.0 15.0 30.85
A80HCP20a 20 80.0 20.0 32.85
A75HCP25a 20 75.0 25.0 34.30
A70HCP30a 20 70.0 30.0 35.64
A100HCPOOb 1000 20 100 0.0 24.09
A95HCPO5b 20 95.0 5.0 27.11
A90HCP10b 20 90.0 10.0 29.12
A85HCP15b 20 85.0 15.0 30.85
A80HCP20b 20 80.0 20.0 32.05
A75HCP25b 20 75.0 25.0 33.86
A70HCP30b 20 70.0 30.0 35.64
A100HCPOOCc 900 20 100 0.0 24.26
A95HCPO5c 20 95.0 5.0 26.15
A90HCP10c 20 90.0 10.0 28.01
A85HCP15c 20 85.0 15.0 31.11
A80HCP20c 20 80.0 20.0 32.05
A75HCP25¢ 20 75.0 25.0 33.86
A70HCP30c 20 70.0 30.0 35.55

@ Percentages are expressed in dry basis of mixed blend.

form an extrudable blend due to the effect of HCP which compete with
clay and reduces plasticity which leads to higher forming water.

In accordance with the followed industrial procedures, blends were
formed by means of an extruder working at approx.10 MPa under vac-
uum conditions (Fig. 2).

Green specimens underwent through the drying process which was
performed in an electrical furnace at 105 °C for 24 h. After that, dry
specimens were fired by following the temperature curves showed in
Fig. 3 at three different firing temperature of 900, 1000 and 1100 °C).

2.2. Characterization tests

Raw materials (i.e. clay and HCP) were characterized by means of
different assays. Thus, particle size distribution (PSD) was obtained via
hydrometer method in accordance with ASTM D7928-21el which is
based on Stokes’ law. Liquid limit and plastic limit were clarified in
accordance with Casagrande technique in accordance with ASTM
D4318. Thermogravimetric analysis (TGA) and a differential scanning
calorimeter (DSC) were done under nitrogen atmosphere (i.e. from 25 to
900 °C, increasing rate of 10 °C/min) (PerkinElmer®, STA 6000).
Chemical composition was carried out from XRF analysis (PANalytical®,
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Zetium). Mineral composition of both raw materials and samples, was
analyzed via X-ray diffraction (XRD) (i.e. CuKal, wavelength of
1.5418740) in the range of 5-80° 20 (45 kV, 40 mA) (PANalytical®,
Empyrean). These XRD patterns were also evaluated via crystallography
open database Crystalimpact® by considering Rietveld method (Zhou
et al., 2018). Regarding technological behavior of specimens, along the
aforementioned process samples were weighted for determining
shrinkage. A weighing balance (of +0.1 g) and a caliper (of +0.01 mm)
were used to take measurements in accordance with NCh169 and EN
772-16 standards, respectively. In accordance with ISO 22007-2, tran-
sient plane source method was also used to obtain thermal diffusivity
(dp) and thermal conductivity (A). Specific heat capacity (c,) was
computed using these values (Munoz et al., 2022). According to ASTM C
373-18, bulk density, water absorption and porosity were determined.
Moreover, compressive strength and flexural strength were assessed, in
accordance with EN 1015-11:2019 (Uniform load between 10 and 50
N/s, failure between 30 and 90 s). Scanning electron microscope (SEM)
(Hitachi®, SU3500) was utilized to view morphology. It also included
energy dispersive X-ray spectroscope (Bruker®, QUANTAX) that
allowed for chemical analysis of various regions in the picture.

2.3. Environmental impact assessment

The ecological footprint assessment was conducted by means of the
SimaPro® software in accordance with ISO 14040:2006 and ISO
14044:2006 standards. The objective was to compare the environmental
impact of conventional fired clay bricks with that of newly formulated
alternatives. The comparison was based on a functional unit of 1 kg of
fired product, considering a cradle-to-gate scope. This includes raw
material extraction, material losses (20 %), transportation and
manufacturing processes (i.e. clay grinding, mixing, aging, extrusion,
cutting, drying, and firing). Due to this attribution approach, environ-
mental benefits of avoiding landfilling for HCP were not accounted, in
accordance with previous LCA analysis related to construction and de-
molition waste (Tefa et al., 2025). The life cycle inventory was built
using input-output flows established in previous studies (Koroneos and
Dompros, 2007) and the results showed in this study (see Fig. 4). Thus, 1
ton of fired bricks requires 1.2 tons of clay, the specific amount of water
taken from Table 1 and 584.5 kWh of primary energy: Firing stage is
fueled by natural gas (46.5 m> per Ton of fired clay), diesel is used for
heavy machinery (0.54 kg per Ton of fired clay), while electricity (14.4
kWh per Ton of fired clay) is consumed by conveyors and other equip-
ment. It must be noted that for accounting the energy required for firing
temperature a firing temperature of 900 °C has been selected.

The drying stage benefits from heat recovery from the tunnel kiln,

Fig. 2. Photography of the extrusion procedure.
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Fig. 4. LCA boundaries and input-output flows for 1 ton of fired clay bricks. (1) Water amount varies per Table 1 percentages; it’s assumed all water used in molding
evaporates during drying. (2) CO, emissions include natural gas combustion and decarbonation, calculated using TGA data based on the clay and HCP percentages in

each mix. (3) The amount of raw clay varies in each mix from 1 Ton to 0.84 Ton.

thereby no extra heat is required (Kulkarni and Rao, 2016; Kaya and
Mancuhan, 2009). In addition to GHG emissions from fuels combustion
and electricity, CO, emissions from decarbonation were also considered,
based on the obtained TGA curves (Gonzalez et al., 2011). Related to the
environmental impacts assessment, the Environmental Footprint 3.1
method was used by considering all 16 available indicators. Despite
there is ongoing debate related to certain limitations about the

applicability of this single scoring methodology (Martins Vaz et al.,
2025), the European Commission certainly recommends it for normal-
isation and weighting criterion considering European data for average
impacts. By integrating midpoint results into a single score, the method
facilitates a holistic interpretation of environmental performance,
making it particularly suitable for comparative analyses (Naumann
et al., 2024).
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3. Result and discussion
3.1. Results of raw materials

The used clay may be categorized as non-calcareous red clay due to
low CaO amount and high percentage of iron oxides. Due to the low
amount of carbonates, loss on ignition (approx. 6 %) shall be mainly
produced by the organic content. This composition suggests that iron
may be contained in the form of SFe and soluble sulphates (FeSO4,
CaS0y4, KoS0y4, etc.) as it has been showed by previous studies which has
been focused on clay deposits along this location (Pardo et al., 2018).
Regarding mineral composition, XRD pattern (Fig. 5) suggests an
illitic-kaolinitic nature of used clay as it has been demonstrated in pre-
vious investigations developed with same clay (Munoz et al., 2020).

Like ash, HCP is commonly composed of high SiO, and AlO3 contents
(Tang et al., 2020). As it can be seen from oxides composition, SiO2 and
CaO are the most extended oxides (Table 2). While the HCP remains
stocked, COy and calcium bearing as well as unhydrated calcium
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silicates of HCP react to convert to calcium carbonate precipitation
(CaCO3) and calcium silicate hydrate (C-S-H) (Liu and Meng, 2021).

Fig. 5 presents high intensity of peaks related to calcite which is
important phase showing carbonation of portlandite (i.e. Ettringite and
C-S-H carbonation commonly led to aragonite and mix of calcite and
vaterite, respectively) (Auroy et al., 2018). In addition, quartz and
plagioclase feldspars (i.e. Andesine and Labradorite), from original
concrete, are also showed which explain the presence of NayO (i.e. 6.47
%) and K50 (1.37 %).

XRD pattern also shows Tobermorite or C-S-H that is one of the main
hydrate components of concrete. As it has been stated, CO; reacts with
cement and the hydration products. Hence, Carbonation causes C-S-H to
decalcify and finally change into silica gel, which is denser than C-S-H
(Liu and Meng, 2021).

TGA also corroborates XRD patterns and FRX analysis. Fig. 6 shows
the removal of adhered water from C-S-H at approx. 200 °C (Liu et al.,
2022) and a step at approx. 110 °C which can be identified as the
decomposition of C-H-S (Phung et al., 2019) while at 700 °C the
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Table 2
Oxide composition of clay and hydrated cement powder (HCP).
Element SiO, Al,O3 Fe,03 MnO MgO CaO NaO K>0 TiO, P,0s SO3
Clay [%] 49.2 28.3 9.2 0.1 1.7 0.4 0.3 1.7 1.3 0.1 0.05
HCP [%] 30.7 10.5 6.3 - 1.6 39.2 6.5 1.4 0.6 - 3.33
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reduction of weight is related to the calcite decarbonation. In the HCP, it
is observed that no portlandite signals are present in the TGA (i.e.,
around 400 °C) (Klimesch and Ray, 1999). Although the crushed con-
crete originally contained cement, as it has been demostrated, the pro-
longed exposure of HCP to the weathering can lead to the dissolution of
portlandite (Ayora et al., 1998). Related to the used raw clay, as it has
been previously published, TGA first gives endothermic peak up to
100 °C because of moisture escape (Fig. 6b), and then via second smaller
peak around 200 - 300 °C which can be related to the decomposition of

700

800

goethite (FeOOH) into hematite (Wang et al., 2021). Endothermic peak
shown (at 475 °C) that links with dehydroxylation of clay. Small
exothermic peak indicates transition of a-quartz to B-quartz (at 575 °C).
At 600 °C, dehydroxylation of kaolinite and development of meta-
kaolinite is seen (Faqir et al., 2019). Thermal decomposition at range of
500-970 °C are mainly related to limestone or carbonated materials
content in sample which are the most important source for CO2 emis-
sions (Rafael dos Santos et al., 2024).

Regarding the PSD of HCP, the largest percentage of particles
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corresponds to aggregates classification (i.e. more than 50 % above 20
um) while finest particles (i.e. below 2 um) represent less than 10 %
(Fig. 7a). Therefore, in accordance with the Winkler diagram, the
addition of HCP would reduce the overall percentage of clay particles
but would not pose a barrier for manufacturing hollow or solid bricks
(Fig. 7b) (Slizkova et al., 2016).

3.2. Technological properties

Asit was expected, by increasing of firing temperature the mechan-
ical performance increases in all cases. Besides, higher firing tempera-
ture also increases the effect of HCP replacement. Therefore, for samples
fired at 900 °C the addition of HCP has little effect on compressive
strength. However, when temperature rises, compressive strength shows
a parabolic trend with a maximum at 5 %. From this percentage,
compressive strength decays with a higher ratio as firing temperature
raises.

In previous studies (Bai et al., 2023; Osman et al., 2020), strength
also decreases with the incorporation of waste. Gencel et al. (Osman
et al., 2020) fired the bricks at 1000 and 1100 °C and observed a
reduction in strength from approx. 23.4 MPa-14.7 MPa for a 15 % of CC.
Bai et al. (2023), at 900 °C reported a drop from 16.1 MPa to 9.0 MPa
when 20 % of RP was added.

Effect of HCP can be related to both PSD and addition of CaO which
both acts as binder and also as fluxing additive (Zaid et al., 2017). By
adding HCP the amount of aggregates barely remains constant while
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clay content is reduced and fraction of silt grains increases. Therefore,
fired matrix is rearranged as function of firing temperature and HCP
addition which always leads to increasing the porosity and reducing
compressive strength. In addition, as it has been previously stated, at
low CaO amount, Ca?" plays as gap-filling ion and repaired crystal
defect so compressive strength is enhanced. Conversely, excess Ca"
ions at high CaO content worked as network-modifier and fought for
oxygen ions with silicon ions. As a result of this process, there are fewer
bridging oxygens, which lowers the aggregates’ crushing strength. (Liu
et al., 2020). Same behavior can be observed from previous experiences
with CaO rich wastes (Eliche-Quesada et al., 2017). Besides, both the
role of water added for molding and the carbonates decomposition also
play an important role. On the one hand, the thermal decomposition of
carbonates increased porosity of fired clay bricks, with stress concen-
trations occurring as a result of the pore structure characteristics,
leading to a reduction in the compressive strength of the brick specimens
(Goel et al., 2021). On the other hand, the initial water-to-soil ratio
highly impact on the porosity generated during the drying process. As it
has been demonstrated, the higher amount of water due to both the HCP
consumption and the necessary workability for extruding blends, leads
to greater porosity, thereby effective resistant section is reduced (Zhao
et al., 2022). Nevertheless, currently, fired bricks are mainly aimed to be
part of the envelope rather than of the structure. From this point of view,
the required mechanical resistance widely ranges by depending on the
followed building code. Among the available standards, ASTM C62
classifies bricks as function of the weathering exposition and the
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Fig. 7. a) PSD of clay and HCP and b) Location of original blend and admixtures within the Winkler’s diagram.
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compressive strength. Thus, for negligible (NW), moderate (MW) and
severe weathering (SW) this standard states compressive strength
benchmarks of 8.6, 15.2 and 17.2 MPa, respectively. The achieved
compressive strength perspective leads to classify control samples fired
at 900 °C and 1000 °C as grade NW, while specimens fired at 1100 °C
can be considered comply with grade MW (Fig. 8a). Although flexural
strength is not required by building codes, it certainly influences the
mechanical response of walls, specially when horizontal loads are
applied (Dominguez et al., 2017). The effect of adding HCP also leads to
reduce flexural strength and the decay is more pronounced by increasing
the firing temperature. Like compressive strength, flexural strength also
tends to decrease as the calcareous content increases (Fig. 8b). Gener-
ally, flexural strength decreases exponentially as porosity increases but
it does also depend on pore size and shape. For instance, flexural
strength is positively impacted by spherically distributed, uniformly
sized holes that range in size from 5 to 20 pm (Tavares-Brasileiro et al.,
2021).

Water absorption is another significant parameter for brick manu-
facturers which has been widely recognized as one of the most reliable
durability estimators (Abbas et al., 2017; Amira Sarani et al., 2023;
Oubaha et al., 2023).

Through capillarity, water is absorbed to the fired clay matrix which
might contribute to frost damage or salt crystallization (Franzoni et al.,
2023). In particular, the dissolution and recrystallization of soluble salts
within their porous systems highly affect the lifetime of the bricks
(Crespo-Lopez et al., 2024).

The crystallization of soluble salts (e.g. sulfates, chlorides or nitrates)
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in pores near the surface can generate internal pressures that can cause
chipping or cracking, reducing the weathering resistance of the brick.
However, none of the series produced have shown any signs of efflo-
rescence that could pose a problem, at least in the short term (Fig. 9).

Thus, ASTM C62 classification not only requires for a minimum
compressive strength but also for a maximum water absorption rate.
From Fig. 10a, water absorption increased in all cases by increasing the
HCP replacement ratio which is well aligned to the porosity behavior.
Conversely, as it has been demonstrated, linear shrinkage (Fig. 11b) and
absorption show inverse relationship (Ngun et al., 2011).

An increasing of carbonates led to formation of a porous body due to
CO;, release during firing stage (Martinez-Martinez et al., 2023). Thus,
the carbonates formed during the ageing of HCP in the stockpile, are
thermally decomposed and porosity is increased (Fig. 10b). Besides, by
increasing HCP, free quartz is also increased. Since quartz expands more
than clay minerals during the preheating stage porosity is further
increased. In addition, the hydrophobic sand added by HCP presents
opposite effect on moisture transportation and that results in weakening
of capillary force among particles in clay matrix (Zhu et al., 2022).
Considering impact of temperature, as it is usually exhibited, by
increasing firing temperature more significant liquid phases are formed.
These phases penetrate into pores, filling them and isolating from near
pores (Semiz, 2017). However, by increasing temperature the slope of
water absorption variation is also increased. Hence, for control series
water absorption ranges from 18 % (i.e. fired at 900 °C) to 10.5 % (i.e.
fired at 1100 °C) while for replacing 30 % difference is highly reduced (i.
e. 21.8 to 20.2 %). At this point some authors suggest that large
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Fig. 8. a) Compressive strength and b) Modulus of rupture as function of firing temperature and HCP addition.
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Fig. 9. Photography of fired samples. The legend in each sample corresponds to the identification showed in Table 1.
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Fig. 10. Absorption and porosity as function of firing temperature and HCP addition.

percentage of Ca and Mg compounds result in minor descent of bulk
density because of enlargement of entrapped gases (i.e. blisters and
bloating) (Ke et al., 2013) (Fig. 11a). A similar decreasing trend is
observed in related studies involving waste additions (e.g. between 8 %

and 10 % for additions ranging from 15 % to 20 %) (Bai et al., 2023;
Osman et al., 2020). Besides, the CaO reacts at the expense of amor-
phous phase (i.e. metakaolinite), that quickly disappears at the
increased firing temperature (Baccour et al., 2009).
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Fig. 11. Apparent density and total shrinkage as function of firing temperature and HCP addition.

Despite same has not been previously stated, as it has been afore-
mentioned, some investigations may be compared. Thus, Gencel et al.
(2020) (Osman et al., 2020) used concrete wastes for replacing up to 15
% of clay. Although similar trends were observed, the higher pressure
during forming samples leads to minimize the effects of replacing ratio.
For instance, at 15 % of replacement Gencel et al. (2020) (Osman et al.,
2020) showed an increasing of water absorption of approx. 8 % at both
1000 °C and 1100 °C. However, in this paper, water absorption is
increased 24 % and 46 % at 1000 °C and 1100 °C. Besides, same
replacement percentage leads density to be reduced 5 % and 7 % for
1000 and 1100 °C in this research while related study showed only 3 %
at both firing temperatures.

Fired bricks certainly must show a proper mechanical behavior, as it
has been aforementioned. Nevertheless, nowadays they are mainly
aimed for envelope so thermal behavior becomes even more importance
than their mechanical strength. As commonly demonstrated, thermal
conductivity is primarily related to porosity (Munoz et al., 2016)
(Fig. 12b). However, chemical composition of the fired matrix also in-
fluences its value. Wang et al. (2020) (Wang et al., 2020) determined
that the increase of CaO in molten slags raises formation of non-bridging
oxygen and decomposition of bridging oxygen. Therefore, instead of
breaking down tetrahedral structure by creating a strong ionic Ca-O link,
main mechanism for altering network structure of molten slag is asso-
ciation among two tetrahedral structures by O-Ca-O bonds. As result,
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phonon scattering is aggravated to decrease phonon mean free path,
thus declining thermal conductivity. Similar by increasing NaO, con-
tent, amount of non-bridge oxygen also increases. This change causes
frequency of phonon scattering higher which is explanation of low
thermal conductivity in NayO-rich glasses (Hiroshima et al., 2008).
Regarding the influence of firing temperature, as it has been showed, by
lowering firing temperature thermal conductivity decreases (Nigay
et al., 2017).

Besides, to develop better thermal behavior, heat capacity is also of
great interest. Heat capacity together with thermal conductivity deter-
mine operating temperatures and temperature gradient which ulti-
mately influences both thermal comfort and energy losses (Munoz et al.,
2022). Thus, specific heat capacity determines heat capacity of envelope
and, thus, feasibility of heat storage. This behavior is of great impor-
tance when bioclimatic design aims to improve thermal comfort with the
lowest energy consumption. Fig. 12a shows that the addition of HCP
slightly increases the specific heat capacity. Conversely, it seems to be
reduced by increasing firing temperature. According to the application
of Neumann-Kopp’s Law, heat content of mineral compound is total to
sum of heat contents of its oxides. Despite for an equal oxides compo-
sition, different chemical bonds may lead to different heat capacities
(Qiu and White, 2001), in case of silicate glasses, heat capacities are
principally vibrational and can be clearly linked with ideal mixing of
constant partial molar heat capacities of oxide components (Stebbins
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Fig. 12. Thermal characteristics as function of firing temperature and HCP addition.

et al., 1984). Thus, based on these statements, the slight increase specific
heat capacity may be mainly attributed to the addition of NayO con-
tained in HCP (Leitner et al., 2002).

Besides, specific heat temperature is reduced by increasing the firing
temperature which is in accordance with previous authors that stated
that thermal diffusivities increase with increasing temperature for CaO-
Al;03-SiO; ternary slag and its composition. The primary cause is
attributed to the effects of cations on silicate network’s structure and
amphotheric behavior of alumina in the system (Eriksson and See-
tharaman, 2004).

3.3. Mineral and microstructure assessment

From the XRD patterns (Fig. 13) it can be observed, regardless the
firing temperature, that both Andesine and Albite peaks are increased
when the percentage of HCP is increased while peaks related to quartz
are reduced which is in agreement with previous authors (Cultrone and
Carrillo Rosua, 2020). Besides, this effect would also explain the
reduction of compressive strength, as it has been previously reported
(Sadik et al., 2014). During the firing process, HCP is dehydrated and
reacts with the clay minerals and quartz phases. The effect is more
noticeable in XRD patterns of series fired at 1000 °C and 1100 °C.
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However, by increasing replacement ratio from 15 % the higher content
of CaCO3 modifies the CaO:SiO2 ratio which greatly influences
compressive strength due to the variation of melting temperatures (Tabit
et al., 2020). As it has been showed (Fig. 8), these unbalanced Ca0:Si02
ratios and the increasing of porosity due to the decomposition of car-
bonates, mechanical strength is reduced. However, in contrast to pre-
vious studies (Yaras et al., 2019), the trend shows a more moderate
decline which may be attributed to the presence of feldspar in HCP
which act as fluxing agents (i.e. plagioclase) (Fuertes et al., 2022). This
effect is also corroborated by SEM images (Fig. 14) which show that
crystalline phases are developed at earlier stages for higher percentage
of HCP addition. As result, these series show lower degree of vitrification
but a more ordered pore distribution. In addition, SEM images show how
the increasing of fluxing agents promotes larger fissures during the firing
process, as it has been previously reported in similar studies
(Loryuenyong et al., 2009; Tokareva et al., 2023b).

It has been demonstrated that uneven stress distribution at long
grains leads to increased microscopic cracks and poor physical proper-
ties which is unfavorable to the mechanical property of fired bricks (Lim
and Mondal, 2014). Similar studies has shown similar effect. For
instance, Bai et al. (2023) showed the same pore enlargement with the
increasing content of recycled powder (Bai et al., 2023). This effect
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might be explained by the cement paste fragmentation at the tempera-
ture around 900 °C (Georgali and Tsakiridis, 2005). However, although
at higher temperatures, micro-cracks should become wider, metakaolin
particles acts as fibers bridges the micro cracks in the matrix which
provide resistance to crack propagation and crack opening (AL-Salami
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et al., 2013). Besides, the continuous rise of temperature eases the
nucleation and growth of crystals. With the help of the liquid phase,

crystals adhere to each other to form a stronger skeleton structure (Wang
et al., 2023).
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3.4. Environmental impacts

Related to the environmental impacts, a consistent increase in
greenhouse gas emissions is observed with higher cement content
(Fig. 15). The higher impacts are attributed to the higher amount of
carbonates contained in HCP which are decomposed into oxides and CO,
and may rise up to 10 % (Gonza et al., 2011) or beyond (Warrier et al.,
2024).

Although a slight increase is observed in the indicator associated
with global warming potential (GWP), this impact should be considered
in light of several mitigating factors. In particular, lime-based products
are prone to carbonation throughout their service life, which involves
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SEM images for control samples fired at 900 °C (a), 1000 °C (b), 1100 °C (c) and A70PC30 series fired at 900 °C (d), 1000 °C (e), 1100 °C (f).

the reabsorption of carbon dioxide. For instance, a carbonation rate of
90 % has been reported after 50 years of service (George et al., 2018). On
the other hand, the increase in mechanical strength observed for addi-
tions up to 15 % could enable a reduction in firing temperature (within
any of the applicable ranges), which would result in an improvement of
these environmental indicators. Nevertheless, it is worth noting that the
contribution associated with the handling of HCP has not been consid-
ered in the LCA, since this powder must, in any case, be managed as inert
landfill waste. Therefore, depending on the exact location of the HCP
stockpile and the brick manufacturing facility, the potential environ-
mental impact of transport should be accounted (George et al., 2018).
In addition, impacts related to water consumption increase

W AA70PC30

ODP POCP RU_fo RU_m WU

Fig. 15. Results of the impact assessment method: acidification potential (AP), ecotoxicity-freshwater (ET), energy resources-non-renewable (RU_fo), eutrophication-
freshwater (EU_f), eutrophication-marine (EU_m), eutrophicationterrestrial (EU_t), global warming potential (GWP), human toxicity-carcinogenic (HT_c), human
toxicity-non-carcinogenic (HT_nc), ionizing radiation (IR), land use (LU), material resources-metals/minerals (RU_m), ozone depletion potential (ODP), particulate
matter formation (PM), photochemical oxidant creation potential (POCP), and water use (WU).
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significantly as the HCP content rises, due to the greater amount of water
required for extruding the admixtures. It should be noted that, in this
study, the water used for shaping was applied in liquid form, in contrast
to modern industrial practice, which typically employs steam or plasti-
cisers to significantly reduce the amount of water needed to achieve the
required workability of the clay body during extrusion (Morales et al.,
2014). Moreover, the implementation of various water recovery stra-
tegies and the use of alternative water sources (other than potable water
supply) can reduce water demand by up to 80 % [93].

Conversely, the rest of categories decrease progressively with higher
HCP content due to the lower natural clay that must be collected from
quarries and the associated environmental burdens. Thus, the control
clay-based brick shows the lowest water consumption and global
warming potential, but the highest values in toxicity, eutrophication,
particulate matter, and ecotoxicity, underlining that pure clay is not
necessarily the most environmentally favorable option overall. No single
formulation excels in all environmental categories.

Additionally, it is worth highlighting that the reduction in the ther-
mal conductivity of the newly developed bricks (along with the potential
combined effects of their specific heat capacity values) could lead to
energy savings in buildings where they are used. Although this aspect
has not been directly addressed in the present study, it is well estab-
lished that lowering thermal conductivity values can result in significant
reductions in energy consumption, depending on the final geometry of
the bricks and the construction systems employed [94].

4. Conclusion

The hydrated cement powder is produced during the recycling of
concrete. Although it can be reactivated at high temperatures, the
insufficient quality of the resulting product mostly causes to be dis-
carded and merely disposed in landfills. However, this paper has
demonstrated that brick industry may use it for replacing natural clay
with positive effects. In general, the addition of this powder leads to
lighter fired products with lower thermal conductivity and similar
compressive strength. It has been showed that by increasing tempera-
ture the effect of the addition is increased. At 5 % the compressive
strength is increased when comparing to control series for all firing
temperatures. This percentage would be the most suitable replacement
ratio in accordance with ASTM C62 requirements. Indeed, bricks with 5
% of addition and fired at 1100 °C can be used for structural purposes
under severe weathering.

In addition, in future research more tests related to the bricks’ long-
term durability should be necessary for scaling this proposal (e.g.
accelerated aging tests, freeze-thaw cycle evaluations or resistance to
recristallization, among others).
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