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Abstract: Reducing carbon dioxide emissions is a key priority in the European Union,
which aims to achieve carbon neutrality by 2050. Construction has a key role to play in
this effort, as it is responsible for a significant proportion of greenhouse gas emissions,
especially due to cement production. At the same time, waste reuse emerges as a key
strategy within the circular economy, another pillar of European policies. By valuing
byproducts and waste, such as construction and demolition waste (CDW), it is possible to
reduce the extraction of natural resources, amount of waste sent to landfills, and emissions
associated with the production of new materials. This study, with the main objective of
evaluating the possibility of using CDW as supplementary cementitious materials, emerges
as a possible solution to reduce these problems. Two CDW treatment methods were used:
(i) mechanical grinding and (ii) calcination. The mechanical grinding method, even with
the use of laboratory equipment, has shown that it is possible to obtain CDW particles
with characteristics suitable for replacing cement. For the calcination process, temperatures
between 600 ◦C and 800 ◦C were the most suitable. The results proved that the replacement
of cement by CDW in pastes resulted in suitable behavior for the construction industry,
having revealed an incorporation content of up to 25% CDW, a compressive strength and
strength activity index higher than that found for pastes developed with fly ash. Regarding
the calcination process, this revealed an improvement in the compressive strength of the
developed pastes, resulting in an increase in strength activity index of between 7 and 10%.

Keywords: construction and demolition waste; supplementary cementitious material;
mechanical grinding; calcination; pastes; compressive strength; strength activity index

1. Introduction
Currently, humanity faces several problems related to waste production and green-

house gas emissions into the atmosphere. The construction industry makes a huge contri-
bution to this problem, representing around 40% of the waste generated worldwide [1] and
around 39% of carbon dioxide emissions into the atmosphere [2]. On the other hand, the
high intensity of the construction industry has also led to an enormous consumption of
natural raw materials [3], which increases the importance of circular construction and the
reuse of end-of-life raw materials.
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Around 10 billion tons of construction and demolition waste (CDW) are produced
annually [4], which can and should be reused. Today, a large part of this waste still ends
up being placed in dumps or landfills [1,5], generating major environmental and social
problems. On the other hand, a great loss of resources is ensured by their lack of reuse.

CDW is made up of several materials, such as concrete, mortars, bricks, and ceramics,
among others [1,6], which all have potential for several applications in the construction
industry. The reuse of CDW has been addressed by several research teams, namely as
substitutes for natural aggregates [7–9] and more recently as supplementary cementitious
materials [10,11].

Research indicates that substituting up to 30% of natural coarse aggregate with
recycled material in concrete does not significantly impair physical–mechanical quali-
ties [10,12,13]. The findings have also demonstrated that the mechanical qualities of
concretes incorporating CDW aggregates are inferior to those of reference concrete com-
posed of natural aggregates. Moreover, concrete produced using recycled aggregate is less
durable due to its increased porosity. Consequently, the utilization of CDW as an aggregate
in concrete is inadvisable for applications in aggressive environments [14].

On the other hand, the substitution of a portion of Portland cement with CDW in
cement-based materials began to arouse the interest of the scientific community, since it
allows us to reduce the carbon footprint, therefore mitigating the environmental harm
associated with Portland cement manufacturing [10,15,16].

The cement industry is deeply integrated into the European economy, with facilities
spread throughout the European Union [17]. Around 175 million tons of cement are
produced in Europe each year, mainly to produce concrete, but also other cement-based
composite materials such as mortars and precast concrete products. The cement industry
significantly contributes to global carbon emissions, mainly because carbon dioxide (CO2) is
released during the cement manufacturing process [18]. Therefore, it is necessary to reduce
the environmental impact resulting from cement production, especially CO2 emissions.
In this context, the Paris Agreement aims to reduce CO2 emissions resulting from cement
manufacturing by 30% by 2030 [19]. Reducing carbon emissions from cement and concrete
production is essential for promoting sustainable construction and addressing climate
change [18]. The use of low-carbon cement and the incorporation of supplementary
cementitious materials in concrete production can significantly reduce the carbon footprint
associated with concrete. By integrating materials such as fly ash, slag, silica fume, pozzolan,
and others during the manufacturing process, significant savings in CO2 emissions are
achieved in the cement manufacturing phase [17,20].

Tang et al. [21] and Zhang et al. [22] utilized recycled brick powder to substitute 5–30%
of the cement mass in mortar samples, revealing that an optimal quantity of recycled
brick powder enhanced the mechanical qualities of the mortar while exerting negligible
effects on durability. Duan et al. [23] examined recycled powder derived from various
CDW sources, including waste concrete, assorted waste bricks, and waste aerated brick.
They discovered that materials recycled from mixed CDW and waste bricks with a fine
particle size exhibited a superior strength activity index of 80% at a replacement ratio of
30%. Wu et al. [24] observed that the incorporation of recycled concrete powder reduced
the dry shrinkage of mortar. They stated that recycled powder had a significant quantity
of amorphous and glass phases, which facilitated the secondary hydration reaction. Li
et al. [25] utilized recycled concrete powder to substitute 10–30% of cement, yielding results
comparable to those obtained with recycled brick powder.

Existing research concerning CDW as cement replacement predominantly focused on
the individual examination of concrete and brick waste powders. Moreover, numerous
studies aimed to reduce waste factors by utilizing materials generated in laboratories or
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small-scale productions, allowing for the control of cement type, curing duration, and other
parameters. On the other hand, the literature research [10] indicates that an activation
process can enhance the application of CDW as a supplementary cementitious material.
The prevailing activation methods involve thermal, mechanical, chemical, nano-silica,
and biological activation [26], with mechanical and thermal activation methods being the
most used.

This study aims to go further, studying the incorporation of the CDW mix without
the need for prior treatment regarding its separation by material type. Thus, the main
objectives of this study were as follows: (i) develop a mechanical grinding process suitable
for the use of CDW as supplementary cementitious material; (ii) evaluate the influence of
the CDW calcination process at 600 ◦C and 800 ◦C; (iii) evaluate the fresh and hardened
behavior of pastes incorporating CDW powder.

2. Research Significance
Currently, many of the studies that address CDW use this waste as a substitute for

natural aggregates. The use of CDW as a supplementary cementitious material is still
recent, and much of the work developed focuses on studying specific types of waste,
such as concrete or ceramic waste. These studies have shown great potential for CDW as
supplementary cementitious materials. However, several challenges still exist in society
and in the construction sector, since the separation of CDW by type of material is not a
common practice in most countries, as is the case in Portugal. Therefore, this study aims to
address this problem using mixtures of CDW, consisting of concrete, mortars, ceramics and
aggregates, as potential supplementary cementitious material.

This study contributes significantly to the field compared to the existing literature,
addressing innovative aspects that have been little or not at all explored. Thus, this research
provides valuable insights to provide other ways of valuing CDW, avoiding its prior
selection and categorization. The development of these new pastes using CDW as binder
replacement and the investigation of their impact on physical and mechanical performance
allows us to eliminate critical gaps in the field and pave the way for advances in sustainable
construction and waste management.

3. Materials
3.1. Treatment of CDW

The CDW used in this study is characterized as mixed CDW, originating from Por-
tuguese construction works and marketed by a Portuguese waste management company,
located in the central region of Portugal. CDW was initially produced to be marketed as
a substitute for natural aggregate, with a grain size between 0 and 10 mm, with quality
control and composition. CDW has already been used by this research team [6], being a
mixture of waste consisting of mortar, concrete, brick, ceramic, lime paste, natural stone,
soil, and other minor constituents. It features a density of 2143.9 kg/m3 and water absorp-
tion of 7.82%. Several authors have successfully used mechanical grinding methods for
the treatment of different materials, especially industrial waste, to obtain supplementary
cementitious materials [10,27–29]. Thus, in this study, only the fraction between 0 and
4 mm was used, which was duly processed to obtain a fine powder which can be used
as a supplementary cementitious material. A heat treatment process was also applied to
the CDW after its mechanical grinding. Figure 1 shows a schematic representation of the
treatment steps applied to CDW.
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Figure 1. Schematic representation of the CDW processing steps.

3.1.1. Mechanical Grinding of CDW

To reduce the dimensions of the CDW to form a powder with dimensions like those of
cement, the CDW aggregate was subjected to a mechanical grinding process. The grinding
cycles were performed using a Los Angeles mill with 20 metal balls inside. In each cycle,
5000 g of CDW aggregates were ground for 15 min. Several grinding cycles were applied
(Figure 2) until the verification of the following condition (Equation (1)):

D50CDW ≤ D50CEM, (1)

where
D50CDW—Size of 50% of the accumulated retained particles of the CDW powder;
D50CEM—Size of 50% of the accumulated retained particles of the cement.
At each grinding stage, a sample of CDW powder was collected and subsequently

analyzed using a laser granulometer (Malvern Instruments Limited, Worcestershire, UK).
A laser particle size analysis, based on the laser diffraction method, was performed on
the cement and CDW powder utilizing a Malvern Instruments Mastersizer 3000 (Malvern
Instruments Limited, Worcestershire, UK), capable of measuring particle sizes ranging from
10 nm to 3.5 mm. The particle size distribution, specific surface area, D10, D50, and D90
value were determined from the measurements. In this way, it was possible to continuously
control the milling process and its interference in the distribution and average particle size
of the CDW. Figure 3 shows the particle size distribution of cement and CDW powder after
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10, 20, 30, 40, and 60 grinding cycles. It was possible to verify that after each grinding step,
the granulometric curve of the CDW powder gradually approached the granulometric
distribution curve of the cement.

Figure 2. Schematic representation of the CDW mechanical grinding process.

Figure 3. Granulometric curve of cement and CDW after 10, 20, 30, 40, and 60 grinding cycles.
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Based on Figure 4, it is possible to observe the D50 value and the specific surface area
of the cement and CDW after the different grinding cycles. It was found that as the time
and number of grinding cycles increased, there was simultaneously a decrease in D50 value
and an increase in the specific surface area, demonstrating the effectiveness of the grinding
process adopted. It was also possible to verify that carrying out 60 grinding cycles led
to obtaining a CDW powder with a D50 value about 14% lower than the one verified for
cement. However, the specific surface area obtained was much higher. In the literature,
the relationship between the D50 value and specific surface area is well-established [30,31].
It is clear that as the average particle size of a powder decreases, its specific surface
area increases. These properties support the hydration reaction by facilitating nucleation,
generating new hydrated compounds, and improving material density through a filling
effect [21,30,31].

Figure 4. D50 value and specific surface area of cement and CDW after 10, 20, 30, 40, and 60 grind-
ing cycles.

According to Figure 5, it was possible to verify that the CDW particle size, evaluated
by the D10, D50, and D90 value, decreases as the number of grinding cycles increases, as
reported by other authors [30,31]. It is important to highlight that the grinding process has
a great influence on the D90 value in all grinding cycles, demonstrating great efficiency
from the application of a small number of cycles in reducing the size of larger particles.
However, only after the 20th grinding cycle was it possible to verify a greater influence on
the D10 and D50 value.

Based on the results obtained for the different grinding cycles, the condition indicated
in Equation (1), and the results present in Figures 6 and 7, the application of 60 cycles
was selected as the CDW grinding procedure. It is important to note that supplementary
cementitious materials must have diameters equal to or smaller than those found for
cement in order to improve their chemical reactivity and particle packing effect [10,32].
Some authors evaluated the effect of the grinding time of supplementary cementitious
materials on the mechanical behavior of mortars, having observed that as the grinding time
increases, the mechanical properties obtained are improved [10,33].

According to Figure 6, it was possible to verify that the application of 60 grinding
cycles in the CDW proved to be an effective mechanical grinding procedure. In relation
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to the D10 and D50 values, it was found that CDW presented a decrease in its value of
approximately 96% and 14% compared to cement, respectively. While for the D90 value,
CDW presented a value approximately 77% higher than that of cement. This behavior is
associated with the large dispersion of particle sizes in the CDW used to produce the CDW
powder, which ranges from 0 to 4 mm. However, through the analysis of Figure 7, we can
observe that more than 53% of the volumetric distribution of the CDW particles is between
14 µm and 120 µm, as is the case for the cement particles.

Figure 5. Grinding cycle vs. CDW particle size.

Figure 6. D10, D50, and D90 values of cement (CEM I 42.5R) and CDW after 60 grinding cycles.
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Figure 7. Volumetric distribution of cement particles and CDW after 60 grinding cycles.

Table 1 shows the density of Portland cement and CDW powder determined according
to LNEC Specification E 64 [34]. It was possible to verify that the density of CDW is
approximately 14% lower than that presented by cement. Similar values were obtained by
Takareva et al. [12].

Table 1. Density of cement and CDW powder after 60 cycles of 60 grinding cycles.

Material Density (kg/m3)

Cement 3142
CDW Powder 2707

3.1.2. Thermal Treatment of CDW

Figure 8 shows the results obtained for the thermogravimetry tests (TG), performed
using a NETZSCH Thermal Analyzer (NETZSCH-Gerätebau GmbH, Selb, Germany).
Approximately 20 mg of CDW powder was placed in an alumina crucible and subjected to
heating from room temperature to approximately 1000 ◦C at a uniform rate of 10 ◦C/min.
In this way, it was possible to evaluate the mass loss that occurred in the samples under
analysis. The test was carried out on three samples. The thermogravimetric (TGA) and
differential thermogravimetric (DTG) curves provide insight into the thermal stability and
decomposition behavior of the samples [35]. The TGA analysis identifies several significant
thermal events related to moisture loss and the decomposition of mineral phases. Based
on the DTG curve, it was possible to observe the existence of two peak points, indicated
in Figure 8 as zones (zone (a) and (b)). Zone (a), with loss between 30 ◦C and 150 ◦C,
is attributed to the evaporation of water, as reported in other research works [12,35–37].
Zone (b), with loss between 600 ◦C and 800 ◦C, is related to the decarbonation of calcium
carbonate (CaCO3) to form calcium oxide (CaO) and carbon dioxide (CO2) [12,37–40].
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Figure 8. TGA and DTG of CDW powder.

Based on the results obtained, the CDW was subjected to a calcination process for 4 h,
adopting two different temperatures, 600 ◦C and 800 ◦C, as shown in Figure 9.

Figure 9. CDW calcination process.

Figure 10 shows the density of CDW calcined at 600 ◦C and 800 ◦C. Compared to CDW
without heat treatment, it was possible to verify that the density did not present significant
changes, remaining practically unchanged, as already reported by Baggio et al. [10].
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Figure 10. Density of calcinated CDW.

3.2. Fly Ash

The fly ash utilized was generated at the Pego thermoelectric power plant in Portugal.
In the bibliography, fly ash is a supplementary cementitious material that is already well
known [41–44]. Thus, comparing its performance with CDW will provide valuable insights
for the study and comparison of CDW when subjected to different treatment methods.
Figure 11 shows the particle size distribution of fly ash. It was possible to observe that the
fly ash used has larger particles than CDW after 60 grinding cycles. In Figure 12 we can
observe the D10, D50, and D90 value of fly ash.

The density of fly ash is 2364 kg/m3 and its specific surface area is 461 m2/kg.

Figure 11. Granulometric curve of fly ash and CDW after 60 grinding cycles.
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Figure 12. D10, D50, and D90 value of fly ash.

4. Experimental Details
4.1. Specimen Preparation

This study was developed in two phases (Figure 13). In phase 1, the incorporation
of CDW was studied only with the application of mechanical grinding. In phase 2, the
incorporation of CDW into pastes was evaluated, with the CDW receiving two different
treatments, mechanical grinding and thermal treatment.

Figure 13. Schematic representation of the specimen’s preparation (phase 1 and 2).

In both phases, the incorporation of CDW powder in pastes was studied, based on the
workability, density, compressive strength, and activity index. The workability was tested
in the fresh state. The density, compressive strength and activity index were performed
based on the development of cubic specimens with dimensions of 2 × 2 × 2 cm3. After
molding, the test specimens remained in an environment with high relative humidity and
were demolded after 24 h. After demolding, the specimens were stored in a water curing
tank at room temperature until testing was carried out, in accordance with the specifications
in the Portuguese Standard NP EN 196-1 [45]. A total of 15 specimens were performed for
each composition, totaling 135 specimens. The determination of compressive strength was
performed at 7, 28, and 90 days.



Sustainability 2025, 17, 5248 12 of 23

4.2. Mixtures Design

The proportions of the paste mixtures are in Table 2. For the development of phase
1, seven different compositions were developed. A reference composition was developed
with 100% binder consisting of Portland cement (P_REF). Additionally, a composition was
developed incorporating 25% fly ash to replace cement, by volume (P_FA). Five composi-
tions were also developed with the incorporation of CDW powder as a replacement for
cement, by volume, in different contents: 5% (P_CDW5), 15% (P_CDW15), 25% (P_CDW25),
50% (P_CDW50), and 75% (P_CDW75). The study of the indicated contents for CDW pow-
der aimed to evaluate a wide range of incorporation contents. In phase 2, two different
compositions were studied, keeping the CDW replacement content fixed at 25%, but testing
the CDW calcined at 600 ◦C (P_CDW25-600 ◦C) and 800 ◦C (P_CDW25-800 ◦C).

Table 2. Mix proportions of pastes.

Phase Paste Cement
(g) Fly Ash (g) CDW

Powder (g) Water (g)

1

P_REF 175.98 0.00 0.00 87.99
P_FA25 131.99 33.10 0.00 87.99

P_CDW5 167.18 0.00 7.58 87.99
P_CDW15 149.58 0.00 22.74 87.99
P_CDW25 131.99 0.00 37.90 87.99
P_CDW50 87.99 0.00 75.81 87.99
P_CDW75 44.00 0.00 113.71 87.99

2
P_CDW25-600 ◦C 131.99 0.00 37.50 87.99
P_CDW25-800 ◦C 131.99 0.00 37.50 87.99

4.3. Methods

The determination of the workability of the pastes was carried out according to the
spreading table method, standardized in the European standard EN 1015-3 [46]. However,
considering the absence of aggregate in the paste formulation, a cylindrical mold 25 mm
in diameter and 60 mm in height was used. The cylindrical mold was filled in two
approximately equal layers, each layer being compact with 10 strokes. Subsequently,
the mold was removed vertically, and 15 strokes were applied on the spreading table. The
workability of the pastes was determined by measuring the spreading diameter in two
mutually perpendicular directions. The water–binder ratio of the mortars was determined
based on different iterations until Equation (2) was verified.

LLow ≤ DFlow ≤ LUp, (2)

where
LLow—Lower limit established for the flow test diameter, 12 cm;
DFlow—Paste flow test diameter, cm;
LUp—Upper limit established for the flow test diameter, 13 cm.
The compressive strength was determined based on the Portuguese Standard NP EN

196-1 [45] using hydraulic press Lloyd LR50K, (Ametek/Lloyd Instruments Ltd., West
Sussex, UK) at a rate of 150 N/s.

The pozzolanic reactivity of the pastes was evaluated using the indirect strength
activity index method. The activity index was assessed following the methodology outlined
in Wu et al. [47] and in the standard EN 450-1 [48], in which pastes composed of cement
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and CDW powder were subjected to compressive strength testing at 28 and 90 days of
curing. Thus, the strength activity index was determined based on Equation (3).

SAI = A/B × 100, (3)

where
SAI—Strength activity index, %;
A—Average compressive strength of test mixture, MPa;
B—Average compressive strength of the reference mixture, MPa.
This method has been used by several researchers [41,49,50]. However, this relation-

ship does not fully indicate its reactivity, as the physical filling effect and other influences
of CDW powders or others supplementary cementitious materials also contribute to me-
chanical strength [31,47]. Thus, it is important to take this into account in the results
analysis. In the bibliography there are other standards that can be used to assess the activity
index [31], whose verification limits are different, and can vary between 65% [51], 70% [52],
and 75% [48,53,54].

5. Results and Discussion
5.1. Workability

The workability of the pastes was determined to maintain the flow test diameter
between 12.5 ± 0.5 cm, as mentioned in Equation (2). According to Figure 14, it was
possible to verify that the water–binder ratio of the pastes with the incorporation of CDW
powder varied between 0.503 and 0.558, resulting in an increase of between 0.7% and
11.6% compared to the reference composition. This increase in the amount of water in the
compositions with the replacement of Portland cement by mechanically processed CDW
powder, using 60 grinding cycles, is due to approximately 50% of the CDW particles having
a smaller size than the cement particles (Figures 6 and 7) and their higher specific surface
area (Figure 4). This increase in workability was already observed by Lima et al. [55],
who used higher levels of superplasticizer with the incorporation of higher CDW content
in order to obtain adequate workability for their mixtures. However, a slight increase
in the water–binder ratio of the paste was observed with the incorporation of 25% fly
ash, approximately 6% compared to the reference composition (100% Portland cement).
Considering that the D50 value of fly ash and cement are identical (Figures 6 and 12), this
behavior can be associated with the shape of the particles, such as a rougher surface [56].

Maintaining consistent workability is crucial for enabling reliable comparisons among
the various cement pastes produced. Nevertheless, substantial variations in the water–
binder ratio can lead to significant changes in the physical and mechanical properties of
the pastes, particularly in terms of water absorption and mechanical strength. In general,
cement pastes with higher water–binder ratios tend to exhibit increased open porosity and
reduced compressive strength.

Based on the results presented in Figure 15, it was possible to verify that the calcination
process of the CDW powder at 600 ◦C and 800 ◦C did not confer any change in the
water–binder ratio of the pastes (P_CDW25-600 ◦C and P_CDW25-800 ◦C) compared
to the paste with the incorporation of non-calcined CDW powder (P_CDW25). These
results are corroborated by the practically unchanged density of the CDW powder after
the calcination process (Figure 10), which did not significantly change the dosage of the
mixtures studied (Table 2).
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Figure 14. Flow test diameter and water–binder ratio of reference paste with incorporation of fly ash
and CDW powder.

Figure 15. Flow test diameter and water–binder ratio of pastes with incorporation of calcinated
CDW powder.

5.2. Compressive Strength

The compressive strength of the developed pastes was measured at 7, 28, and 90 days
of curing, as shown in Figures 16 and 17.

Regarding the pastes with the incorporation of non-calcinated CDW powder
(Figure 16), it was possible to observe that the incorporation of CDW powder as a re-
placement for Portland cement resulted in a decrease in compressive strength for all ages
studied compared to the reference composition. The incorporation of 5%, 15%, 25%, 50%,
and 75% of CDW powder resulted in a decrease in compression resistance ranging from
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8% to 91% at 7 days, from 5% to 89% at 28 days, and from 28% to 91% at 90 days of age.
Lima et al. [55] studied the incorporation of different levels of CDW powder (5% to 20% of
the cement percentage) in pastes and observed similar behavior, i.e., the incorporation of a
higher level of CDW resulted in a more significant decrease in compressive strength.

Figure 16. Compressive strength of reference paste with incorporation of fly ash and CDW powder,
at 7, 28, and 90 days.

Figure 17. Compressive strength of pastes with incorporation of calcinated CDW powder at 7 and
28 days.
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However, the incorporation of a low content of CDW powder (5% CDW) did not
cause a significant change in the compressive strength of the pastes, due to their lower
cement replacement [12] and the small particle size of the powder [57]. Tokareva et al. [12]
observed the same behavior for mortars developed with different contents of different types
of CDW. The reduction in the mechanical strength of the cement pastes was anticipated,
primarily due to the lower cement content (dilution effect), which led to a lower formation
of hydration products as the CDW content increased [58–60], and also because of the higher
water–binder ratio of the pastes (Figure 14), which creates a more porous and consequently
more fragile structure [61,62]. Regarding CDW as supplementary cementitious material,
several authors have studied the incorporation of concrete waste (recycled concrete powder)
as cement replacement, also verifying a decrease in mechanical properties of cementitious
materials as a result of a higher content replacement [28,29,63].

Regarding the composition incorporating 25% fly ash (P_FA25), it was possible to
verify a decrease in compressive strength of approximately 43%, 48%, and 31% at 7, 28,
and 90 days of curing, respectively. The decrease in compressive strength of cementitious
mixtures with fly ash incorporation has already been reported by other authors [41,64,65],
due to the lower pozzolanic reactivity, lower clinker content and higher paste water–binder
ratio. Fly ash is a well-known supplementary cementitious material already used in the
manufacture of cement [66]. This composition also serves as a standard composition to
evaluate the performance of pastes produced with the incorporation of CDW powder.
Accordingly, a comparative analysis between cement paste incorporating 25% of non-
calcinated CDW powder (P_CDW25) and the paste with 25% of fly ash (P_FA25) revealed
that the CDW-based paste exhibited comparable compressive strength at 7 days, a 12%
increase at 28 days, and approximately 30% lower strength at 90 days. This effect of greater
gain in compressive strength of cementitious mixtures incorporating fly ash at later ages
has also been identified by other authors [41,65]. This behavior is attributed to the slower
pozzolanic reaction kinetics of fly ash, which consequently delays the development of
compressive strength [41].

Considering the evolution over time in general, mainly between 28 and 90 days of
age, the incorporation of CDW powder does not provide a development in resistance
as significant as that observed for the paste with the incorporation of fly ash, whose
evolution is around 64%. However, by comparing the reference paste (P_REF) with the
paste incorporating 25% CDW powder (P_CDW25), it was possible to verify that the
evolution of the compressive strength between 28 and 90 days was positive and similar,
with an increase of approximately 25%. This behavior supports what has already been
mentioned in previous works [31,57,59]: (i) a minimal influence or slight improvement in
the mechanical properties is seen if the percentages of supplementary cementitious material
are lower (between 20 and 30%); (ii) CDW, mainly recycled concrete particles, participate
in the pozzolanic reaction.

Figure 17 shows the behavior of the pastes with the incorporation of CDW powder
calcined at 600 ◦C (P_CDW25-600 ◦C) and 800 ◦C (P_CDW25-800 ◦C), based on the results
obtained in the thermogravimetry tests (Figure 8). It was possible to verify that the thermal
treatment of CDW after mechanical grinding provided an improvement in compressive
strength compared to untreated CDW. The exposure of CDW powder to a temperature
of 600 ◦C resulted in an improvement in compressive strength of approximately 20% at
7 days and approximately 7% at 28 days. In turn, the exposure to a temperature of 800 ◦C
led to an improvement in compressive strength of approximately 22% at 7 days of age and
approximately 10% at 28 days compared to the paste without thermal activation (P_CDW25).
Several authors have reported that the application of thermal treatment in CDW or recycled
concrete waste powder has led to improved mechanical performance [10,30,67,68]. It was
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stated by Rocha and Toledo Filho [31] that the ideal temperature range for heat treatment
is between 600 and 900 ◦C, since in this temperature range CH decomposition into CaO
occurs, accelerating the hydration and improving mechanical behavior [69] and the CaCO3

decomposition into CaO, which may participate in a new hydration reaction [30,70]. In the
bibliography it is also mentioned that heat treatment with temperatures below 600 ◦C and
above 1000 ◦C are not as effective regarding the mechanical performance of cementitious
materials with the incorporation of supplementary cementitious materials [30,31].

5.3. Strength Activity Index

Figures 18 and 19 present the SAI results for 28 days of the pastes with the incor-
poration of non-calcinated CDW powder and calcinated CDW powder, respectively. As
mentioned before, there is no universally accepted standard defining a specific thresh-
old. However, researchers commonly adopt a 75% benchmark, as recommended by EN
450-1 [47] for fly ash activity index.

Based on Figure 18, it was possible to verify that for the developed pastes, the activity
index was only reached according to the limit established in the EN 450-1 [48] standard
for the paste with the incorporation of 5% CDW. However, based on the activity index
achieved with the paste incorporating 25% fly ash (P_FA25), it was possible to verify that
the pastes incorporating 5%, 15%, and 25% of CDW powder presented a higher activity
index at 28 days, demonstrating a better performance. By comparing the paste with the
incorporation of 25% fly ash and 25% CDW powder, it was possible to verify that the paste
with CDW presented a higher activity index of approximately 12%. This behavior can be
explained by the smaller particle size of CDW and its larger specific surface area (Figure 4)
compared to fly ash particles (Figure 12).

Figure 18. Activity index of pastes with incorporation of fly ash and CDW powder at 28 days [48].
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Figure 19. Activity index of pastes with incorporation of calcinated CDW powder at 28 days [48].

The activity index of the pastes incorporating calcined CDW powder can be seen
in Figure 19. Once again it was possible to verify that none of the pastes incorporating
25% CDW reached the limit imposed by the EN 450-1 standard [48]. However, all of
them presented a higher activity index than that presented by the pastes incorporating
25% fly ash. It was also possible to verify that exposure to calcination of CDW powder
resulted in a higher activity index. Calcination at 600 ◦C resulted in an improvement in the
activity index of approximately 7% and calcination at 800 ◦C resulted in an improvement
of approximately 10% compared to the activity index of the paste with untreated CDW. As
previously mentioned, this behavior is justified mainly by the CaCO3 decomposition into
CaO, which may participate in a new hydration reaction [30,31,70].

6. Conclusions
The utilization of CDW as supplementary cementitious materials represents a field

with significant research potential, particularly concerning the application of mixed CDW,
which is widely available across the world. The use of mixed CDW could circumvent the
need for pre-selection and separation processes, thereby enhancing its practical viability. In
this study, CDW was used as a substitute for cement and its performance was compared
with fly ash, a well-known supplementary cementitious material.

The following conclusions can be drawn from this study:

1. Treatment of CDW: The CDW grinding process was crucial to obtain a powder with
an average particle size suitable for replacing the binder. The applied grinding process
led through numerous grinding cycles to an increasingly smaller average particle
size, making it possible to achieve an average particle size about 14% lower than that
verified for cement. However, there was a huge change in the specific surface of the
CDW particles, which presented a value much higher than that of cement. However,
even though a specific mill was not used to obtain very fine particles, it was possible
to obtain promising results and particles with the potential to replace cement. On
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the other hand, the calcination process applied to CDW proved to be effective, since
the selected temperatures (600 ◦C and 800 ◦C) allow the decarbonation of calcium
carbonate, as can be verified in the thermogravimetry tests.

2. Workability: The water–binder ratio of the pastes with the incorporation of CDW
powder (non-calcined and calcined) revealed a slight increase with the incorporation
of higher CDW content because of the smaller particle size and higher specific surface
of CDW compared to cement particles.

3. Compressive strength: The incorporation of a higher content of non-calcined CDW
resulted in a decrease in the compressive strength of the studied pastes for all ages
analyzed. This behavior is related to the lower cement content (dilution effect),
which led to a lower formation of hydration products and a higher water–binder
ratio. However, the incorporation of CDW up to an incorporation content of 25% in
replacement of cement allowed us to obtain a behavior at 7 and 28 days very similar,
and, in some cases (5% CDW and 15% CDW), even superior to that of the pastes
produced with the incorporation of 25% of fly ash. On the other hand, the compressive
strength of the pastes produced with the incorporation of 25% of CDW calcined at
600 ◦C and 800 ◦C, which proved to be a very effective treatment, since its mechanical
performance was improved due to the CH decomposition into CaO and the CaCO3

decomposition into CaO, allowing the acceleration of the hydration reactions.
4. Activity index: It was possible to verify that only the paste incorporating 5% of

non-calcined CDW revealed an activity index higher than that specified by the EN
450-1 standard [48], that is, higher than 75%. It was possible to verify that higher
CDW contents resulted in a lower activity index as a result of its lower compressive
strength. However, up to an incorporation content equal to or greater than 25%
CDW, the activity index observed was higher than that observed for pastes with the
incorporation of 25% fly ash. On the other hand, the calcination process applied to
CDW allowed us to obtain an activity index that was approximately 10% higher than
the performance of non-calcined CDW because of CaCO3 decomposition into CaO,
which may participate in a new hydration reaction.

Thus, this study demonstrated that non-calcined and calcinated CDW can be used
as a supplementary cementitious material, being able to replace not only cement, but
also fly ash, whose production has already ended in several European Union countries
due to the closure of thermoelectric plants as a result of measures implemented by the
European Union to achieve carbon neutrality by 2050. The use of CDW as a supplementary
cementitious material also contributes to the decarbonization of buildings and the reduction
in the consumption of natural raw materials, taking advantage of industrial waste that is
widely available throughout the world and generated by the construction industry itself.

6.1. Research Limitations and Challenges

The use of CDW as a partial replacement for cement in concrete has gained attention
for its potential to reduce environmental impacts; however, several limitations hinder its
widespread application. A major challenge lies in the highly variable composition and qual-
ity of CDW, which can include a heterogeneous mix of concrete, masonry, mortar, ceramics,
and sometimes contaminants such as metals, organics, or hazardous substances. This vari-
ability affects the consistency and reliability of recycled material’s performance. Moreover,
most C&D-derived materials exhibit low pozzolanic activity compared to conventional
supplementary cementitious materials like fly ash or slag, limiting their contribution to
the mechanical and durability properties of concrete. Significant processing—such as
crushing, grinding, and screening—is often required to make CDW suitable for use as a
binder, which adds economic and energy costs. Additionally, high replacement levels may
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lead to reductions in compressive strength, increased porosity, and durability issues such
as carbonation or sulfate attack. Furthermore, the absence of widely accepted technical
standards and specifications for the use of CDW in cementitious applications presents
regulatory and market adoption challenges. Finally, logistical constraints related to the
collection, transportation, and processing of waste materials can undermine the economic
feasibility of such practices. Collectively, these factors limit the practical and environmental
benefits of incorporating CDW as a cement substitute in construction.

6.2. Future Directions

The future development of CDW as sustainable alternatives to cement is promising,
particularly in the context of global efforts to reduce carbon emissions, minimize resource
consumption, and transition to a circular economy. Advances in processing technologies,
such as high efficiency grinding, thermal activation, and chemical enhancement, are ex-
pected to improve the reactivity and performance of CDW powders. The integration of
digital tools such as AI-driven material characterization and lifecycle assessment models
may also help optimize formulations and evaluate cost-effectiveness more accurately. Ad-
ditionally, increasing regulatory pressure to reduce landfill waste and carbon emissions
may incentivize the development of standardized guidelines and certifications for CDW
powder production and use. Collaboration between industry, academia, and policymakers
could lead to the establishment of technical standards, quality benchmarks, and financial
incentives that support market adoption. On the other hand, further application develop-
ments are required in other construction materials, namely mortars and concrete, which
can be widely used in the construction sector.
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