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ABSTRACT: The use of supplementary cementitious materials (SCM) is a key to reducing CO, emissions in the cement industry.
This study analyzed concrete dosed with Alfred’s packing model, incorporating waste powders (mixed powder, concrete powder,
brick powder, and glass powder) as SCM at replacement levels of 48%, 33%, 42%, and 32%, respectively. Properties such as
absorption, voids index, compressive strength, dynamic modulus of elasticity, electrical resistivity, and environmental indexes were
evaluated at 28 days. Results showed that brick powder exhibits pozzolanic activity, while the other powders act as fillers. Except
for mixed powder concrete, all achieved high-strength concrete status (>50 MPa). All mixtures had negligible corrosion risk and
binder and carbon indexes reduced by up to 37% and 35%, respectively. The study highlights the potential of recycled powders to
lower emissions and promote circular economy practices.
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RESUMEN: Hormigon ecoeficiente optimizado por empaquetamiento de particulas que incorpora materiales cementantes
suplementarios. El uso de materiales cementantes suplementarios (MCS) es clave para reducir las emisiones de CO, en la industria del
cemento. Este estudio evalué hormigones dosificados con el modelo de empaquetamiento de Alfred, incorporando polvos residuales
(mixto, hormigén, de ladrillo y vidrio) como MCS, con niveles de reemplazo del 48%, 33%, 42% y 32%, respectivamente. Se
analizaron propiedades como absorcion, vacios, resistencia a la compresion, modulo dinamico de elasticidad, resistividad eléctrica
¢ indicadores ambientales a los 28 dias. El polvo de ladrillo mostr6 actividad puzolanica, mientras que los demas actuaron como
rellenos. Todos los hormigones, excepto el de polvo mixto, superaron los 50 MPa, clasificandose como de alta resistencia. Ademas,
todas las mezclas presentaron riesgo de corrosion insignificante y reducciones en los indices de aglutinante y carbono de hasta el
37% y 35%. El estudio destaca el potencial de los polvos reciclados para reducir emisiones y promover la economia circular.

PALABRAS CLAVE: Polvo reciclado; Hormigdén ecoeficiente; Economia circular; Empaquetamiento de particulas; Modelo de
Alfred.
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1. INTRODUCTION

The construction sector development is directly linked to environmental damage due to natural resource ex-
traction and greenhouse gas emissions (1,2). One of the main construction materials with a major environmental
impact is Portland cement, with a production process responsible for 5-7% of global CO, emissions (3,4). In cement
production, obtaining clinker (an essential Portland cement element) has an emission factor of 865 kg of CO,/tonne
of clinker (5); approximately 60% of these emissions occur during the limestone decarbonization chemical process,
and the rest is associated with the burning of fuels to reach the clinkerization temperature. (4,6,7).

As aresult of the impact linked to the cement industry, cementitious matrices such as concrete and mortar that
use Portland cement as an input carry a high emissive potential (8—10) since up to 90% of concrete emissions may
come specifically from Portland cement (11). Portland cement demand estimates for 2050, considering the need
for infrastructure and population growth (12), would increase from 4 to 6 billion tons worldwide (13,14). Still,
for 2050, the goal is to achieve the NetZero scenario, where CO, emissions from a product or process would be
offset by a direct CO, emissions reduction or avoided emissions (7,15). In this sense, the use of supplementary
cementitious materials (SCM) would be one of the key alternatives for carbon emissions reduction in the cement
industry (4,11,16,17). They are usually waste materials from other production chains (9,11,18,19), which, when
finely comminuted, act on the pozzolanic reaction and the filler effect (16,20).

SCM allows for the CO, emission reduction, also promoting the circular economy within the construction
industry (21-23) since it uses construction and demolition waste, such as ceramic materials (9,24,25), concrete
(21,26), mixed residue (27,28), and also waste from other sectors such as glass powder (19,29).

Another way to help reduce the carbon footprint associated with cementitious matrices is to use techniques that
improve the materials’ application (15). In this sense, particle packing allows for the materials’ proper mix-design
considering the granular distribution of the whole set of particles, thus optimizing Portland cement consumption
and reducing carbon emissions (30-33). One of the most well-known particle packing models is the modified
Andreasen and Andersen model (also known as Alfred model), proposed by Funk and Dinger (1994) (32).

In this context, this study aims to evaluate the performance of concretes designed using the Alfred model, incor-
porating different SCM of residual origin: glass powder, ceramic powder, concrete powder, and mixed powder. The
environmental parameters of carbon and binder indexes, and the mechanical and durability properties were verified,
seeking to understand the potential use of the SCM, combined with the optimization proportion of concrete mixtures.

2. MATERIALS AND METHODS

2.1. Materials

Portland cement CP V ARI (high initial strength Portland cement), equivalent to ASTM C 150/C150M Type
111, was used to produce the concretes, as it has the highest clinker content among the commercial cement recom-
mended by NBR 16697. (35). To ensure the concrete workability, with a low water/fines ratio, a third-generation
polycarboxylate-based superplasticizing additive (SP) with a 1.1 g/cm?® specific mass was used following NBR
11768 (36). Its content was determined by analyzing the saturation point using the Kantro cone (37).

The supplementary cementitious materials used in the compositions were mixed powder (MP) from construction
and demolition waste (CDW) sand. Concrete powder (CP) from residual concrete, test specimens. Brick powder
(BP) from CDW ceramic brick. Glass powder (GP) from glass beverage bottles. Figure 1 represents the sources of
the SCM used in this study, as well as the classification according to the composition as per NBR 15116 (38).

Mixed Concrete Brick

Brick Powder. Glass Powder
BP GP

Mixed Powder Concrete Powder’

MP

Classification - COW Mixed Concrete Brick Glass
NBR 15116 [38] powder powder powder powder

Cement paste fragments (%) 50,62 86,01 0 0

Rock fragments (%) 11,82 13,99 0 0

Fragments of red ceramic (%) 29,66 1] 100 0

Fragments of plaster, metals, plastic, 8,10 1] 0 100*
glass, organics (%)

*100% Glass

FiGure 1. Sources of the SCM.
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TasBLE 1. Aggregates Physical Properties.

Properties Gravel 12.5  Gravel 19 Sand Cement CP MP GP BP
Specific mass (Kg/m?) 2870 2870 2660 3020 2470 2560 2550 2660
Maximum size (mm) 12.5 19 2.39 _ _ _ _ _
Fineness modulus (mm) _ _ 2.2 _ _ _ _ _
d50 (um) 6300 12500 300 11.94 21.03 22.19 34.25 20.85
100 100
o g0
£ g 80
=3 3
s 2 J
= 60 = G0 !
= = 12um l'l” #
= - # =5and = e SRl
= 40 2 40 nf /i1 3dum Cement
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< Optimal zone B Voo CP
= 20 =20 | |
—+—Gravel 19 I : ——BP
I
—+—Gravel 12.5 [ GP
0 [ 1 I
0 1 10 100 0.1 10 1000
Diameter (mm) Diameter (um)

a) Aggregates

b) Recycled powders

FiGuURE 2. Particle size distribution (PSD).

The aggregates used were natural river sand and basaltic gravel of maximum sizes 12.5 and 19 mm, as shown
in Table 1 and Figure 2a. Table 1 and Figure 2b show the powders’ physical characteristics.

2.2. Methods

The methods were divided into powder reactivity analysis, and their performance was tested when applied as
SCM in concrete.

2.2.1. SCM chemical composition and reactivity

The chemical characterization of SCM was performed by X-ray fluorescence (XRF) carried out using a Bruker
S8 Tiger spectrometer, with loss on ignition determination. For X-ray diffraction (XRD), a Panalytical diffrac-
tometer was used, with Cu Ko, radiation and A = 1.5418 A in spin mode, and the diffractograms were analyzed
using Panalytical’s X Pert High Score Plus V4.8 software and compared with standards from the COD (Crys-
tallography Open Database). SCM reactivity was assessed using the indirect lime activity method at 7 days
according to NBR 5752 (39), performance index with Portland cement at 28 days following the NBR 5751 (40),
and also by the calcium hydroxide consumption by the modified Chapelle method according to NBR 15895 (41).

2.2.2.  Concrete mix-design, production and characterization

To analyze SCM-packed concretes, defining the distribution modulus q is first necessary. It dictates the con-
crete matrix’s granular composition and the mixtures’ workability (42—44). The lower the q value, the greater the
amount of fine particles (44). The distribution modulus q of 0.37 is recommended in the literature to obtain the
maximum packing density (45), and values below this tend to maintain the packing condition with an increased
amount of fine particles. However, it is important to calibrate the distribution modulus q for the different aggre-
gates and grain types used in the mixtures (44). The aggregates’ shape, the specific surface area, and the particle
size distribution must be considered (43). Preliminary analysis in this study showed that a q value of 0.37 lead to a
high consumption of coarse aggregates and lack of paste to fill the voids between the gravel particles. Thus q val-
ues of 0.27 and 0.17 were tested, compatible with the studies by Hunger (2010) and Lopes, Peganha, and Castro
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(2020) (43,46). For concretes with SCM, q= 0.17 was used to maximize the incorporation of fines in the mixes.
The concretes were then dosed using Alfred model proposed by Funk and Dinger (1994) (34) as per Equation [1].

9 _ DY
CPFT = ———in []
Dma’x_ min

Where: CPFT = Cumulative % (volume) finer than D; D = Particle diameter (sieve openings) (mm); D = =
Minimum diameter, smallest particle in the mixture (mm); D, = Maximum diameter, largest particle in the mix-
ture (mm); ¢ = Distribution modulus. '

The ratios of each granular material in the concrete composition were adjusted until the concrete particle size
distribution was close to Alfred model’s target curve. We used a convergence algorithm based on the Minimum
Squares Method associated with the Monte Carlo method developed by Mercuri (2023) (47). A similar approach
was adopted by Christofolli et al. (2025) (48). When the deviation between the concrete particle size distribution
and the theoretical packing curve (Alfred model) is minimal, represented by the sum of the residual squares as
per Equation [2] (49), the packing is optimized.

n 2
rss=Y" (cprr, (Di)-cPrFT,,, (D) 2]

Where: RSS = Residual sum of squares; CPFT = Cumulative percentage (volume) finer than D for the con-
crete mixture; CPFT, = Cumulative percentage (volume) finer than D for Alfred model; D = Particle diameter
(sieve openings) (mm).

The experimental flowchart for this stage is shown in Figure 3. The concrete slump class was kept at S160
(pumpable concrete) (50), and the amount of water in the mixture was defined as that enough to meet the slump
test. The water content is expressed in Tables 2 and 3 as the water/cement ratio (w/c), and the water/fines ratio
(w/f) according to the proportion of fines (cement + SCM).

t Reference | Cement + SCM . .Wa.ter + Adrﬁixture . Agreggate
| 'g Concrete )

£ g=017 Mixed powder - MP /\
&l q=027 /\\ _

S

£ L /\ _
I ‘,t p“g, ~ Glass powder- GP L Gravel 125 & Gravel 19
| %‘: Concrefe ‘ Water + Admixture |
s B! rerpener 8 shump ~Ciasa 3160

i | R

q i CI =017 Concrete powder CP ) B, iy E --------- s e
'

°

g Concrete with glass powder ~ Concrete |

[&] 18

(Conc.GP)

Ficure 3. Experimental project.

Materials quantification for concrete production is shown in Tables 2 and 3. It is possible to observe in Table
3 that even though all concretes were designed with the same value for q, the composition between concretes
vary due to the different PSD and specific masses of the SCM. This is because Alfred model delivers results of
materials proportion in volume, not mass. It is also because different SCM were used in each concrete, so when
the volume is converted to mass, values differ from one concrete to the other. The intrinsic characteristics of the
SCM, such as PSD, also lead to different contents for cement substitution. However, the PSD curve of these con-
cretes is optimized considering all materials (including cement, SCM, fine and coarse aggregate). In this sense,
the comparisons are made using a material (concrete) with a similar granular arrangement, but with SCM from
different sources, seeking to compare the potential of using these different SCM.

The concrete mixing procedure was based on that proposed by Damineli (2013)(51) and Campos (2019)(52).
Fifteen cylindrical specimens 100 mm in diameter and 200 mm high were produced for each type of concrete.
Compaction was carried out manually with a densifying rod in two layers of 12 strokes, according to NBR 5738
(53). In the fresh state, the concrete slump was checked using the slump test according to the NBR 16889 (54) to
maintain the slump in class S160 (pumpable concrete) (50).
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TaBLE 2. Reference concrete materials consumption.

Materials Cement Sand Gravel 12.5 Gravel 19
~ w/c ratio SP
» A& REF % volume 13.59 29.54 21.84 35.03
5 S
§ L 027 Proportion 1.00 1.91 1.53 2.45 0.40 0.9%
S Consumption (kg/m?) 352.61 674.89 538.42 863.52 141.04 3.17
]
= Materials Cement Sand Gravel 12.5 Gravel 19
s w/c SP
£ = REF % volume 22.08 31.64 20.18 26.11
(=]
“ L. 017 Proportion 1.00 1.26 0.87 1.12 0.40 0.9%
Consumption (kg/m?) 526.33 664.37 457.20 591.56 210.53 4.74
TasLE 3. Concretes with SCM materials consumption.
. Gravel
Materials Cement MP Sand 12.5 Gravel 19
Concrete with : wifl Sp
mixed powder % volume 11.06 11.98 30.98 19.90 26.08
(Conc.MP) Proportion 0.52 0.48 1.29 0.89 1.17 0.31 0.9%
Consumption (kg/m?) 265.76 24421  656.00 454.52 595.91 160.56 4.59
Materials Cement GP Sand Glr ; \;el Gravel 19
Concrete with - wit SP
glass powder % volume 15.62 8.71 29.71 20.73 25.23
(Conc.GP) Proportion 0.68 0.32 1.14 0.86 1.04 0.30 0.9%
E Consumption (kg/m?) 369.30 173.86 618.49 465.76 566.73 162.95 4.89
[
S Materials Cement BP Sand Gravel Gravel 19
12.5 w/f SP
% volume 12.51 10.78 30.52 19.15 27.04
Proportion 0.57 0.43 1.22 0.83 1.17 0.39 1.2%
Consumption (kg/m?) 298.44 226.60 641.26 434.27 613.00 202.60 4.73
Materials Cement CP Sand Gravel Gravel 19
12.5 wi/f SP
% volume 14.46 8.87 30.67 19.39 26.60
Proportion 0.67 0.33 1.24 0.85 1.16 0.36 0.8%
Consumption (kg/m?) 345.98 173.63  646.33 440.94 604.65 185.33 4.68

'w/f = water/fines ratio

In the hardened state, water absorption and the voids index were evaluated following NBR 9778 (55) at
28 days and compressive strength at 28 and 180 days (56) in a Contenco model 1-3025-B digital electric press
with a 100 T capacity. The analysis of variance was performed using the Tukey test, with a significance level of
0.05. Letters corresponding to the classification were added to the results graphs, therefore all concretes indicated
with the same letter are statistically equal according to the analysis of variance.

The Wenner method (1915) was used for the surface electrical resistivity test, carried out using Proceq Resipod
equipment, with a 40 Hz frequency and a 10 pA to 200 pA current. The spacing between the four electrodes was
5 cm. Three samples were used per type of concrete, and three readings were taken on three sides of the speci-
mens at 28 days, following the UNE 83988-2 standard procedures (57).

The concrete environmental performance analysis was based on Damineli etal. (2010) (58), with the binder index
(BI) being the ratio between cement consumption and compressive strength at 28 days, according to Equation [3].

_ Ccem
Je

Where: BI = Binder index (kg/m? of cement/MPa); Ccem = Portland cement consumption (kg/m?); fc = com-
pressive strength (MPa).

BI

[3]
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For the carbon index (CI), it was necessary to inventory the carbon emissions in kg of CO,/m’ of concrete
(Equation [4]) and then obtain the index as a function of the compressive strength, according to (Equation [5]).

E= (EC * C'C¢:m) + (ESand * CSand) + (EGravel * CGravel) + (ESI’ * CSP) [4]
ca=£ (5]
fe

Where: E = Concrete emission (kg of CO,/m’); E. = Cement emission (kg of CO,/kg); C. = Cement
consumption (kg/m*); £, = Sand emission (kg of CO /kg) C,,.q = Sand consumption (kg/m ); E e~ Gravel
emission (kg of CO,/kg); C . = Gravel consumption (kg/m ); E = superplasticizer emission (kg of CO ,/kg);
C,, = superplasticizer consumpt1on (kg/m?); CI = Carbon index (kg/m3 of CO,/MPa).

The cement, sand, and gravel emissions (Table 4) were obtained from the Construction Environmental Per-
formance Information System (SIDAC, 2024) (60), while the superplasticizers emissions data were adopted
from the Environmental Product Declaration (EFCA, 2021) (61). For CDW powders, the emissions from CDW

processing were considered as per Oliveira (2022) (59).

TaBLE 4. Carbon Emissions Data.

CO, Emissions Source Kg-CO,/Kg

Concrete powder (CP) 0,049

Mixed powder (MP) 0,049
SCM (59)

Brick powder (BP) 0,025

Glass powder (GP) 0,049
Cement (60) 0,776
Superplasticizer (61) 1,53
Natural fine aggregate (60) 0,013
Natural coarse aggregate (60) 0,005

3. RESULTS AND DISCUSSION

3.1. SCM reactivity and chemical composition

In the analysis of the mineralogical composition by X-ray diffraction (Figure 4), no crystalline peaks were iden-
tified in the diffractogram for the glass powder (GP), with a predominantly silica and sodium dioxide composition
(due to the origin of the soda-lime glass), this condition indicates an amorphous material (62,63). In the brick pow-
der, silica peaks predominate, also as verified by Brekailo et al. (2019) and Hoppe Filho et al. (2021) (24,64). The
concrete powder presented peaks of carbonate, silica, portlandite and calcite; these minerals come from the com-
position of concrete and mortar (65,66). In the mixed powder, there is a predominance of silica, dolomite, calcium
carbonate and labratorite (feldspar) peaks; it also presents compositions of ceramics, concrete and mortar.

The supplementary cementitious materials reactivity analysis showed (Figure 5) that mixed powder (MP), and
ceramic powder (BP) had the highest performance index with cement at 28 days. In contrast, concrete powder
(CP) and glass powder (GP) did not meet the minimum 90% requirement set by NBR 12653 (67). In the 7-day
lime activity, BP was the only one to meet the strength requirement of more than 6 MPa, corroborating a higher
calcium hydroxide (805 mgCa(OH),/g of material) consumption in the modified Chapelle test.

The pozzolanic reaction depends on the material containing silica and alumina in amorphous phases reacting
with the calcium hydroxide in the cement matrix to form C-S-H (hydrated calcium silicates) and C-A-S-H (hy-
drated calcium aluminate silicates) (68,69). Considering the materials’ origin, a higher silica and alumina content
is expected in the ceramic bricks (BP). According to the x-ray fluorescence analysis, the ceramic brick powder
(BP) has a silica, alumina and ferrite content higher than 91%, meeting the chemical requirement for pozzolans
according to NBR 12653 (67). Although the glass powder has greater activity with lime and calcium hydroxide
consumption than CP and MP, it cannot be classified as pozzolan. Thus, GP, MP and CP contribute to the physical
effect of filling the microstructure.
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FiGure 5. SCM reactivity.

Oliveira, Dezen, and Possan (2020) also found that concrete powder (CP) acted only as a filler (26). Oliveira
et al. (2024) used mixed-origin powders, and even after thermoactivation, they did not obtain pozzolanic activity.
Brekailo et al. (2019) analyzed CP and BP using indirect methods and found pozzolanic activity only in BP, while
CP behaved more similarly to limestone filler (24).

In this sense, the contribution of ceramic brick powder is related to the development of pozzolanic activi-
ty, which affects the chemical reactivity and mechanical strength of the composite, promoting a reaction with
calcium hydroxide that generates additional cementitious products and improves the concrete’s properties. The
pozzolanic activity tends to increase compressive strength, improve durability, and reduce the permeability of
concrete, contributing to the longevity of structures. The contribution of the other residues was attributed to the
filler effect, which improves the microstructure and reduces the cementitious material’s porosity, increasing den-
sity and resistance to attack by aggressive agents.

3.2. Concrete PSD and characterization at the fresh state

The particle size distribution (PSD) curves that best fitted Alfred model for the concretes produced with MP,
GP, BP and CP are shown in Figure 6. The RSS value for all PSD curves was low, indicating a good proximity
of the concrete curves with the target curves achieved using Alfred model.
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Regarding the fresh state behavior, the reference concretes designed with q values of 0.17 and 0.27 reached slump
test values of 210 and 200 mm, respectively, both within the limits of class S160. However, since a distribution
modulus q of 0.17 leads to a greater content of fines in the mixes and we aimed to maximize the use of the SCM, the
value of q equal to 0.17 was chosen for the concretes with SCM. The slump test results of these concretes with SCM
were also within the limits of class S160, being 200 mm for concrete with MP, 215 mm for concrete with CP, 210
mm for concrete with BP, and 220 mm for concrete with glass powder. Lopes, Peganha, and Castro (2020) achieved
similar value of 213 mm for the slump test for a concrete designed with a distribution modulus of 0.16 (46).

The slump test values obtained in this study differed from the literature since it indicates concretes should be
self-compacting when the distribution modulus equals 0.17. This shows that not only the value of the distribution
modulus dictates the fresh behavior of concrete, but also some characteristics of the aggregates, such as shape and
texture for example. The spherical particles promote greater packing density and contribute to the fluidity of the mix-
ture (70,71); thus, using gravel with angular edges in concrete may have prevented it from being self-compacting.

100

----- Target curve
Conc.Ref q=0.17

=====Target curve .

80 Conc.Ref q=0.27 ;

80

40

RSS=0.046 77

F &

o
s

goe

e

-Conc.CP

% Accumulated volume

= Conc GP

0.00 0.01 0.1 1 10 100 001 0.01 0.1 a 10 100

Diameter (mm)
FiGure 6. Concrete optimization PSD curves.

3.3. Concrete characterization at the hardened state

Figure 7 presents the compressive strength of concrete at 28 and 180 days. It shows there were no significant
gains in mechanical performance between the ages of 28 and 180 days, possibly due to the use of high initial
strength Portland cement. On the other hand, there was a significant change in the reference concrete’s mechan-
ical strength. The concrete designed with a distribution modulus of 0.17 showed a compressive strength three
times higher than the concrete with g=0.27. This is due to the higher content of cement (352 kg/m?® for concrete
REF q=0.27 and 526 kg/m? for concrete REF q=0.17, as indicated previously in Table 2). The higher fines content
also leads to a better distribution of the paste in the porosity left by the aggregates since this concrete had more
fines in its composition and it presented higher slump test value.

When observing the influence of SCM, the 48% replacement of Portland cement with mixed powder was det-
rimental to mechanical performance, reducing compressive strength by 33% compared to the reference with the
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same distribution modulus of 0.17. It should be noted that even with the loss of performance, concrete Conc.MP
reached 37 MPa. The other concretes, Conc.CP, Conc.BP, and Conc.GP, showed mechanical strength statistically
like the reference concrete REF q=0.17, close to 50 MPa.

Oliveira (2022) carried out studies with concrete waste powder, mixed waste powder, and ceramic waste
powder, provided by packing techniques as a partial replacement for Portland cement. The concretes produced
reached a potential strength at 28 days of 95 MPa for concrete powder, 83 MPa for mixed powder and 63 MPa
for brick powder, double the strength compared to the reference (59).

Sales e Alferes Filho (2014) using ceramic waste powder as a partial replacement for Portland cement in con-
crete, considering 10, 20, and 40% replacements, obtained better compressive performance with a 20% addition
(72). Likes et al. (2022) replaced Portland cement with 20% recycled concrete powder mechanically activated by
grinding and a 0.43 w/f (water/fines) ratio, obtaining a compressive strength of 36 MPa at 28 days and 40 MPa
at 56 days (73).

In this study, for concretes with brick powder, 43% of the cement was replaced by SCM, achieving a strength
of 50 MPa, which can be attributed to the pozzolanic activity of the material. Concretes with glass powder and
concrete powder, with similar replacement levels of 32% and 33%, respectively, obtained the same mechanical
performance, using materials that contribute to the microstructure through the filler effect.
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Ficure 7. Compressive strength at 28 days and 180 days.

Physical properties are presented in Figure 8, where results of voids index and absorption are directly propor-
tional, as expected. The concrete with mixed powder had the highest absorption of 5.2%, followed by concrete
with ceramic brick powder with 4.9%, both with voids index of approximately 11%. Concrete designed with
concrete powder showed absorption and voids index close to the reference Ref q=0.17.
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FiGure 8. Absorption, specific mass, and voids index.
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All concretes with SCM presented modulus of elasticity lower than the reference concrete Ref q=0.17 (64 GPa)
(Figure 9). Concretes with MP and BP showed the highest voids index and the lowest modulus of elasticity,
around 40 GPa. On the other hand, concretes with concrete powder and glass powder had similar modulus of
elasticity of 55 GPa. The greater the porosity of the material, the lower the modulus of elasticity (74).
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FiGure 9. Dynamic modulus of elasticity. Ficurk 10. Surface electrical resistivity at 28 days.

Electrical resistivity is associated with the ability to resist the transport of ions subjected to an electric field. It
strongly depends on the concrete’s microstructure regarding pore size and capillarity. Less permeable concrete has
a smaller pore network and, therefore, higher resistivity (77,80). The C-S-H resulting from the pozzolanic reaction
blocks the pore network, preventing electric current from passing through, which increases resistivity (81). It could
be one of the main reasons for the higher resistivity of concrete with brick powder, replacing 43% of Portland
cement. Likes et al. (2022) used ceramic powder to replace 20% of Portland cement and found a 24% increase in
electrical resistivity (73). The replacement using glass powder also increased resistivity in the studies by (82,83).

3.4. Environmental indicators for the concretes

As the binder and carbon indexes depend on mechanical performance, the binder index (Figure 11a) follows
the same trend as the carbon index (Figure 11b). The best indicators were achieved for concrete with brick pow-
der (5.89 kg/m? of cement/MPa), and concrete powder (6.94 kg/m?® of cement/MPa). Damineli (2010) suggested
a binder index between 10 to 12 kg/m3/MPa for concrete with a strength of up to 50 MPa (84).
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FiGurk 11. Left: binder index; right: carbon index.

For the carbon index (Figure 11b), the lowest indicators were 5.17 and 5.97 for concrete incorporating 43%
and 33% brick and concrete powder, respectively. The worst indicator was associated with MP due to the higher
content of mixed powder and the poor mechanical performance, which left this index close to the reference con-
crete with q=0.17.

The data from this study was compared with Arif et al. (2021), Campos et al. (2022), Liu et al. (2024), Senol
and Karakurt (2024), and Soliman (2016) (32,85-88), who showed data on the materials emissions or concrete
compositions and compressive strength, as shown in Figure 12.
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FiGure 12. Comparison with the literature on environmental indicators.

The aim was to compare the performance of the developed concretes with others in literature, even though
not all concretes presented in Figure 12 were dosed using the Alfred model. It can be observed that the values
obtained were relatively lower than those of Arif et al. (87), who used brick powder in the composition and ob-
tained lower mechanical strength. It was noted that for the same 30 - 50 MPa mechanical performance range, the
indexes in this study were similar to those of Senol and Karakurt (88) and close to the values obtained by Campos
et al. (32). In mechanical strength ranges above 50 MPa, it is seen that the concretes with the highest mechanical
performance produced by Liu et al. (86) and Soliman and Tagnit-Hamou (85) had significantly lower carbon and
binder indexes than those in this study, as expected since they are ultra-high performance concretes and exceed
100 MPa.

When analyzing concretes with similar compressive strength as the ones obtained in this study, it is noted that
the binder index was even lower than those found in the literature, demonstrating the potential to value recycled
powders in concrete production as supplementary cementitious materials.

4. CONCLUSIONS

Given the aim of this study to analyze the performance of concretes designed by Alfred model with SCM of

different origins, the fallowing main conclusions may be drawn:

a) For the aggregates used in the present study, the concrete mix-design using the modulus of distribution
q = 0.17 in Alfred model resulted in concrete with searched behavior in the fresh state (class S160),
achieving the highest slump test value among the concretes studied. It also maximized the fines content
and, as a result, the Portland cement substitution by SCM, which is desirable in terms of environmental
sustainability.

b) The brick powder from CDW ceramic brick proved to be pozzolanic, and this effect may have contributed
to the better performance of the concrete containing this SCM. On the other hand, the glass, concrete, and
mixed powders had no pozzolanic activity, contributing to the matrix by the filler effect.

c¢) All concretes presented compressive strength higher than 40 MPa. Furthermore, with the exception of the
concrete with mixed powder; all others were considered high-strength, with compressive strength exceeding
50 MPa.

d) The risk of corrosion associated with the electrical resistivity test was insignificant for the concretes in this
study containing brick, mixed, and concrete powder (> 20 KQcm). For concrete containing glass powder,
the risk of corrosion was low (between 10 and 20 K'Qcm).

¢) It was possible to obtain a binder index of 5.89 kg/m® of cement/MPa and a carbon index of 5.17 kg/m? of
CO,/MPa for the composition containing 43% brick powder as a replacement for Portland cement.

f) The current study demonstrated the potential value of CDW and glass as powder fractions substituting Port-
land cement in cementitious matrices with appropriate mix-design techniques. It allows for reduced Portland
cement consumption in concrete with performance compatible with structural applications.
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