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Abstract: Over the past decade, global cement production has exceeded 4 billion tonnes
annually. This process has a considerable environmental impact and is estimated to account
for approximately 5% to 7% of the total annual CO, emissions released into the atmosphere.
To mitigate the environmental consequences of cement production, extensive research
has been conducted on alternative materials that can partially replace cement in concrete
manufacturing, thereby reducing its carbon footprint. This study explores the utilisation
of recycled brick powder as a supplementary cementitious material in mortar production,
with replacement levels ranging from 5% to 45%. In addition to evaluating their mechan-
ical properties, such as flexural and compressive strength, this research investigates the
durability of the newly developed mortars. The results indicate a reduction in porosity of
up to 50% and an enhancement in chloride penetration resistance by up to fourfold when
the substitution rate is between 35% and 40% compared with mortar without replacement.
Although no improvements were observed in carbonation resistance, the new mixtures
exhibited an increase in resistivity of up to ninefold.

Keywords: recycled brick powder; mortar; durability; sustainability

1. Introduction

Globally, concrete is the most widely used construction material [1,2]. Its widespread
use is attributed to several advantages, including its favourable mechanical properties,
adequate durability, abundant availability, low-cost raw materials, and versatility in de-
sign [3]. However, one of its primary drawbacks is the significant environmental impact
associated with its production [4]. Recent studies indicate that the production of 1 m?
of concrete generates approximately 1 tonne of carbon dioxide (CO;), which is released
into the atmosphere [5]. It is further estimated that the concrete industry is responsible
for 8% of global CO, emissions [6]. Of this amount, nearly 90% is generated during the
cement manufacturing process [7-9]. This is primarily due to the chemical reactions that
take place in the initial stages of production, particularly during the preheating phase
(550 °C to 960 °C) of the powdered raw materials, when limestone (CaCO3) and magne-
sium carbonate (MgCO3) begin to decompose into calcium oxide (CaO), magnesium oxide
(MgO), and carbon dioxide (CO,) [10]. In addition, the energy demands associated with the
entire cement production process must be considered, as calcination requires temperatures
exceeding 1200 °C [11]. Furthermore, the latest data indicate that the cement sub-sector
accounts for approximately 12-15% of total industrial energy consumption [10].
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Moreover, it is essential to consider the annual volume of cement produced and its
projected consumption in the coming years. According to the European Cement Associ-
ation (CEMBUREAU), global cement production in 1900 was merely 10 million tonnes.
However, over the course of a century, this figure increased a hundredfold, surpassing
1.6 billion tonnes by 1998 [12]. Since then, production has continued to rise, reaching
4.1 billion tonnes in 2013—a level that has remained relatively stable up to 2023, according
to CEMBUREAU [13,14]. Over the next 30 years, annual cement production is expected to
reach 5 billion tonnes [15].

These figures underscore the crucial role of the cement industry in global development,
as it is fundamental to the construction of key infrastructure and the advancement of
nations [16]. However, despite both the recorded and projected growth in the coming years,
the Cement Sustainability Initiative, in collaboration with the International Energy Agency,
has set a target to reduce CO, emissions from Portland cement production by 45% by 2050.
This objective has driven, among other initiatives, a search for materials capable of partially
replacing Ordinary Portland Cement (OPC) in concrete production—commonly referred to
as supplementary cementitious materials (SCMs).

Among the most well-known SCMs are those derived as by-products of industrial pro-
cesses. These materials have been extensively studied since the late 1990s, and include fly
ash (FA), granulated blast furnace slag (GBFS), and silica fume (SF). When used in varying
proportions, the partial replacement of OPC with these materials can enhance not only the
mechanical properties of concrete but also its durability by improving characteristics such
as porosity, permeability, and chloride diffusion resistance [17-31]. However, one of the
main drawbacks of these SCMs is their limited availability, as well as their high economic
cost compared to cement. While FA and GBFS are only slightly more expensive than OPC,
the cost of SF can be between two and five times higher than that of OPC [32,33].

These limitations have driven researchers worldwide to investigate alternative SCMs,
including agricultural wastes such as rice husk ash (RHA) and sugarcane bagasse ash (SBA).
These by-products are distinguished by their high silica content, and when used as a partial
replacement for OPC at levels ranging from approximately 20% to 30%, they can signifi-
cantly improve concrete durability. However, their effect on mechanical properties remains
relatively limited [34-37]. Within this subgroup of SCMs derived from agricultural wastes,
wood waste ash and biomass fly ash can also be considered. These by-products, owing to
their high pozzolanic content, can improve mechanical properties such as compressive and
flexural strength when used as a partial replacement for OPC. However, their replacement
levels are generally very low, typically not exceeding 5% [38]. Some researchers suggest that
the replacement level can be increased to as much as 20% without significantly affecting
the mechanical properties. However, the durability of the material may be compromised
due to increased porosity or reduced resistance to chloride diffusion [38,39]. The primary
drawback of this subgroup of SCMs is their limited availability, as they are confined to
regions where these residues are generated, such as natural environments typically located
far from industrial and urban centres. This geographical limitation poses challenges and
hinders their widespread implementation.

However, among the materials generated in large cities, as well as in urban and in-
dustrial centres, construction and demolition waste (CDW) stands out as a potential SCM.
According to various authors, CDW accounts for more than 30% of the total solid waste
produced globally, a proportion that is expected to increase in the coming years [40]. In
countries such as The Netherlands or Spain, bricks constitute more than 50% of CDW,
offering significant potential for recycling and reuse in concrete production [41]. Their most
widespread application is as a partial replacement for fine and coarse aggregates [42-46].
However, this approach does not contribute to reducing cement consumption. An alter-
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native that can effectively lower cement consumption is the use of finely ground recycled
brick powder (RBP) as an SCM [47]. Although this topic holds significant social and sci-
entific interest, it has received limited attention in the literature to date. However, a few
studies have begun to examine this scenario. Existing works have primarily focused on the
mechanical properties of the material, yet their results reveal notable discrepancies. Most
researchers report an improvement in mechanical properties when incorporating RBP as an
SCM. For instance, Arif et al. observed that at a 10% replacement level, both compressive
and flexural strength exhibited a slight increase (~10%) [48]. Naceri and Hamina obtained
similar results but observed that when the replacement percentage increased to 20%, both
compressive and flexural strength experienced a decrease, which could reach up to 50% [49],
similar data to those obtained by Mansoor et al. [50] and Ayaz-Khan et al. [51]. In con-
trast, Letelier et al. and Kirgiz, with OPC replacements of up to 30% and 35% using RBP,
respectively, observed negligible variations in these properties, including in the modulus of
elasticity, with result variability remaining below 5% [52,53]. On the other hand, Shao et al.
explored replacement levels of up to 40% and identified 20% as the threshold for enhancing
the material’s properties [54]. However, the same authors highlight that increasing the
replacement percentage beyond 40% is counterproductive, as it results in a decline in the
material’s compressive strength (from 54 MPa to 38 MPa) [54]. This trend was also observed
by Wu et al. and Pitarch et al., who successfully replaced OPC with RBP at levels of up
to 50% [55,56]. Conversely, other researchers, including Ge et al. [57] and Zhao et al. [20],
reported a strength loss ranging from 20% to 30% at a 30% replacement level, similar to
the data obtained by Amakye et al. [58], while Zou et al. documented a strength reduction
exceeding 50% at a 40% replacement level. In contrast, Wu et al. indicated a compressive
and flexural strength reduction lower than 30% at a 50% replacement level [59].

Despite these examples, relatively few studies have investigated the durability-related
characteristics of concretes in which OPC has been partially replaced with RBP. Notably, in
most cases, water-accessible porosity was the primary parameter assessed [60,61]. Mansoor
et al. demonstrated that the incorporation of RBP can reduce the material’s porosity and
identified 17% as the optimal substitution level [50]. Several authors have also reported re-
ductions in water-accessible porosity, with decreases of 5% for a 10% substitution level [62],
25% for a 20% substitution level [56], and 8% for a 40% substitution level [63]. Studies
that evaluated this property using MIP tests likewise recorded porosity reductions ranging
from 7.8% to 21.7%, even at substitution levels of up to 30% [64]. Very few studies have
focused on examining other properties, such as electrical resistivity or resistance to chloride
penetration, and those that have done so report highly variable results [57,59,65-67]. These
variations can be attributed to differences in the mixed proportions, substitution levels, and
testing methodologies employed across studies. Conversely, other studies in the literature
address broader case scenarios, where mixtures incorporating RBP and additives such
as fly ash are investigated, or RBP is combined with other SCMs or powders (e.g., those
derived from the grinding of concrete blocks or stones), making it challenging to establish
a clear comparative framework [68-73]. In addition to the aforementioned factors, certain
studies present particular cases in which recycled brick powder is used as a supplementary
cementitious material (SCM), while simultaneously incorporating crushed brick as a partial
replacement for both coarse and fine aggregates [74,75]. This dual substitution further
complicates the interpretation and comparison of results across different investigations.

The limited number of studies focusing on the durability of mortars and concretes
incorporating a partial replacement of OPC with RBP, combined with the uncertainty
surrounding the data available in the literature, currently prevents this SCM from being
utilised on a larger scale. Furthermore, the fact that many studies investigate RBP alongside
other additions, such as FA or SF, or other waste materials used as SCMs, hinders the
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establishment of a clear comparative framework to distinctly identify the advantages or
disadvantages of RBP.

This study was conceived in response to these limitations and aims to address the
existing gap in the literature. The research presented includes an analysis of mortars in
which up to 45% of OPC was replaced with RBP, with its results compared to those of a
reference concrete made with 100% Portland cement. The tests conducted focused on eval-
uating various indirect durability-related properties, including the following: (a) porosity,
as it directly affects the penetration of aggressive substances into the concrete; (b) chlo-
ride penetration resistance; (c) carbonation resistance, since both chloride penetration and
carbonation contribute to reinforcement corrosion, one of the primary causes of deteriora-
tion in reinforced concrete structures; and (d) resistivity, which influences the material’s
capacity to transport electric charges, a key factor in the ohmic control of reinforcement
corrosion processes. Additionally, the effect of RBP incorporation on compressive strength
was examined, and the pozzolanic reactivity of the RBP was also evaluated.

2. Experimental Plan
2.1. Materials

To produce the mortars analysed in this study, 0/4 silica sand and CEM I 42.5 R/SR
cement (Lafarge) were used. The recycled brick powder (RBP) was obtained by grinding
ceramic bricks. This process was carried out in three stages. Each brick (7 cm hollow red
brick) was manually crushed into fragments smaller than 50 mm, which were subsequently
ground in a ball mill (model Ibertest Micro-Deval AIB-1250) in two cycles of 55,000 revolu-
tions, each lasting 480 min. The resulting material was sieved with a 1 mm sieve. It was
then subjected to a third grinding cycle lasting 30 min using a smaller mill (Speedy Nannetti
model). The obtained powder was sieved again, this time with a 0.5 mm sieve. The final
sample was analysed via laser diffraction using a Mastersizer 3000 (model MAL1203757).
The recycled brick powder (RBP) exhibited a particle size distribution similar to that of
cement, with an average particle size of 6.5 um, which is slightly smaller than that of
cement (10.5 um). The particle size distribution curves of RBP and OPC are presented in
Figure 1. Furthermore, Table 1 and Figure 2 provide detailed information on the chemical
composition and the findings derived from the X-ray diffraction (XRD) analysis of the
recycled brick powder, respectively.
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Figure 1. Grading curves: RBP and OPC.
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Table 1. Chemical composition of RBP.

SiO;

AL O3

Fe203 CaO SO3 MgO K20 NazO LOI *

61.05

17.04

6.92 5.56 0.88 1.86 249 1.05 0.29

3000+

2000+

Counts

1000

* LOI: loss on ignition.

ICOD 9013321 0,Si Quartz
COD 9013722 ALH,KO,,Si, Illite

12774

COD 1100012 ALH,KO,,Si, Muscovite 2M1

12773
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2Theta (Coupled Two Theta/Theta) WL=1.54060

Figure 2. X-ray diffraction pattern of RBP.

Table 2 presents the manufactured mixtures of the ten mortars produced using both
the supplied cement and the RBP obtained through the grinding process. The nomenclature
refers to the percentage of cement replaced with recycled brick powder. The reference
mortar (C00) was prepared according to the mix proportions specified in the European
standard UNE-EN 196-1:2008 for cement strength testing: one part cement, three parts
standardised sand, and half a part water (1:3:0.5) [76]. In the remaining nine mix formu-
lations, the cement was partially replaced with RBP in proportions ranging from 5% to
45%, while maintaining a constant water-to-cement ratio. To achieve a plastic consistency,
a superplasticizer (Sika® ViscoCrete®—3425) was added to the reference mortar (C00).
This admixture was also incorporated into the other mortars, with its dosage adjusted
to maintain the same consistency. The reduced workability of mortars containing RBP
was also reported by other authors [47,48,51] and is likely due to differences in shape and
size between cement and RBP particles, as previously discussed. Table 2 also presents the
fresh-state flowability results for each manufactured mortar, determined in accordance
with the European standard UNE-EN 1015-3:2000 [77].

Different test specimens were prepared with each of the previously described mortars
to conduct this study. After casting, the specimens were kept in the moulds for the first
24 h, covered with plastic sheets for protection. They were then demoulded and stored in a
curing chamber at 20 £ 2 °C and a relative humidity above 95% until they reached 90 days
of age, at which point the tests described below were performed.

Table 2. Manufactured mixtures (kg/ md).

Ref.

% RBP
as Cement Substitute

Flowability

Sand sp!
(mm)

CEM RBP Water

Coo0
C05

1350.00
1350.00

3.375 126
4.050 149

450.00 0.00
427.50 22.50

225.00
225.00
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Table 2. Cont.
% RBP 1 Flowability
Ref. as Cement Substitute CEM RBP Water Sand SP (mm)
C10 10 405.00 45.00 225.00 1350.00 4.700 120
C15 15 382.50 67.50 225.00 1350.00 5.550 154
C20 20 360.00 90.00 225.00 1350.00 6.250 138
C25 25 337.50 112.50 225.00 1350.00 6.900 131
C30 30 315.00 135.00 225.00 1350.00 7.750 148
C35 35 292.50 157.50 225.00 1350.00 8.400 153
C40 40 270.00 180.00 225.00 1350.00 9.050 144
C45 45 247.50 202.50 225.00 1350.00 9.650 138

1 Superplasticizer Sika® ViscoCrete®—3425.

2.2. Methods

The compressive strength of each mortar was evaluated in accordance with European
Standard UNE-EN 196-1:2008 [76]. The test was conducted on six 40 x 40 x 40 mm cubic
specimens using an Ibertest MEH-1500SW testing machine. The loading rate was main-
tained at 2400 £ 200 N /s throughout the entire load application until failure. Additionally,
flexural strength was assessed following the specifications of UNE-EN 196-1:2008 [76]. This
test was performed on three 40 x 40 x 160 mm prismatic specimens using an Ibertest
IBMU-4 testing machine, with the load applied at a testing speed of 50 + 10 N/s until
failure. In both cases, the reported results represent the average values obtained for each
mixture.

To evaluate the durability of the manufactured mortars, four distinct tests were
conducted: water-accessible porosity, carbonation resistance, chloride diffusion resis-
tance, and resistivity. Additionally, to assess the effectiveness of RBP as an SCM, its
pozzolanic reactivity was analysed by measuring the pH and electrical conductivity in
lime—pozzolana solutions.

e  Water-accessible porosity

Firstly, a study of water-accessible porosity was conducted on three cylindrical speci-
mens (100 mm in diameter and 50 mm in height). The test was performed in accordance
with the specifications of UNE 83980:2014 [78]. Prior to testing, the specimens were oven-
dried at 105 °C until reaching a constant mass (Mgyy). They were then vacuum-saturated
with demineralised water. After 24 h under these conditions, the post-vacuum saturated
mass (Msat) and hydrostatic mass (Mpyq) were determined for each specimen. The water-
accessible porosity percentage (P) was calculated according to the formula specified in the
test standard (Equation (1)). The result for each test and mix was taken as the arithmetic
mean of the recorded values.

P =100 x (Mt = Mary ) / (Msat = Myya) (1)

° Carbonation resistance

For each manufactured mortar, carbonation resistance was also assessed, as it is a
key parameter in material durability, affecting the time to reinforcement depassivation.
This test was performed in accordance with UNE 83993-2:2013 [79] on three prismatic
test specimens (40 x 40 x 160 mm). During the test, the specimens were subjected to
accelerated carbonation in a chamber with a 3.00 £ 0.6% CO; concentration (chamber
conditions: 20 £ 2 °C and 65 £ 5% RH). After 7 and 28 days of exposure, the specimens
were removed from the chamber and subjected to a flexural test to split them and determine
the penetration depth by applying a phenolphthalein indicator to the internal surfaces.
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The carbonation rate for each specimen (Vcop 3%, was calculated according to the formula
specified in the test standard based on the penetration depth (x) and exposure time (t) in
years (Equation (2)).

Vo, % = X/ Vi 2)

e  Chloride diffusion resistance

Chloride diffusion into the concrete is a major cause of reinforcement corrosion and
was therefore included as a key parameter in this study. Since this is a slow process,
laboratory studies commonly employ accelerated methods, such as the one described
in European Standard UNE-EN 12390-18:2021, which determines the chloride migration
diffusion coefficient (Dnssm) [80]. This test was conducted on three cylindrical specimens
(100 mm in diameter and 50 mm in height). The specimens were laterally sealed with epoxy
paint and vacuum-saturated with calcium hydroxide before being placed in a test cell,
ensuring that one exposed face was in contact with a 2-molar chloride solution, while the
other face was in contact with a 0.3-molar sodium hydroxide solution. Chloride diffusion
through the specimen was accelerated by applying a potential difference, with its value
and duration defined by the standard based on an initial calibration measurement. At the
end of the test, the specimens were split by indirect tensile failure, and their internal faces
were sprayed with a 0.1 N silver nitrate solution. This colouration technique allowed for
the determination of the chloride penetration depth (x4) in millimetres and the calculation
of the chloride migration diffusion coefficient (Dnssm, x10712 m?2/s) according to the
equation specified in the test standard (Equation (3)) [80]. This equation also considers the
applied voltage (U, in volts), the test duration (t, in hours), the average test temperature
(T, in Celsius), and the specimen thickness (L, in mm). For all the mortar samples tested,
cylindrical specimens with a thickness of 50 mm were employed. A constant potential
difference of 30 V was applied throughout the test, which was conducted over a period of
24 h. The temperature in the testing room was maintained at a constant level of 23 =2 °C
to ensure consistency in the test conditions. As previously mentioned, the average depth
of chloride penetration for each specimen was determined at the end of the test using a
colorimetric method with silver nitrate (0.1 N), which allowed for a clear visual demarcation
of the chloride penetration depth.

0.0239-(273 +T)-L
Dyssm = (U( — 2)~t ) | Xqg — 0.0238-

(273 + T)-L-xg4
u—2

e  Electrical resistivity

Lastly, electrical resistivity was studied as it reflects the material’s ability to transport
electric charges, which is crucial for the ohmic control of reinforcement corrosion processes,
one of the primary causes of durability loss in reinforced concrete structures [81]. To
determine this parameter, the procedure outlined in European Standard UNE-EN 12390-
19:2023 was followed [82]. The test was conducted on three 40 x 40 x 160 mm prismatic
specimens, which, at 90 days of age, were vacuum-saturated with demineralised water.
After 24 h under these conditions, the specimens were removed from the solution and
surface-dried. Using a conductivity metre (Crison GLP 32), the electrical conductivity of the
material was measured, which is the inverse of its electrical resistance. The measurement
was recorded for three minutes until a stable signal was achieved, and this final value was
considered for each specimen. At the end of the test, each specimen was re-immersed to
maintain saturation conditions, and weekly measurements were taken over one month to
monitor the evolution of this property. The result of each test and mix was expressed as the
arithmetic mean of the recorded values.
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e  Electrical conductivity and pH

One method for assessing the pozzolanic reactivity of recycled brick powder (RBP)
is to measure the electrical conductivity and pH of lime-pozzolan aqueous suspensions
over a seven-day period [83]. When lime is introduced into water, Ca(OH); dissociates into
Ca?* and OH~ ions. The addition of a siliceous material to a saturated lime suspension
can lead to system undersaturation. If the silica in RBP can react with the ions in the
solution, insoluble reaction products will form and precipitate. Consequently, as the ion
concentration decreases, the electrical conductivity will also decrease. Similarly, a reduction
in OH™ concentration will result in a lower pH. According to Tashima et al., system
undersaturation occurs when the loss of conductivity exceeds 30% compared to a calcium
hydroxide-saturated suspension, as well as when the pH reduction exceeds 0.15 units [83].
In this case, the material can be considered pozzolanically reactive.

To apply this method, a lime-RBP mass ratio of 2:8 was tested, with the total solid
mass set at 2 g. Calcium hydroxide (95% purity), supplied by Scharlab (Barcelona, Spain),
was used to prepare the calcium hydroxide suspension. First, a container was filled with
100 mL of deionised water and hermetically sealed to prevent water loss due to evaporation.
It was then placed in a thermostatic cell until it reached the test temperature (60 °C), which
was chosen to accelerate the reactions. Next, 0.4 g of calcium hydroxide was added, and
the initial pH and conductivity readings were recorded. Subsequently, 1.6 g of RBP was
introduced, and measurements were taken over a seven-day period. Throughout the test,
the containers were maintained at a constant temperature of 60 °C £ 0.1 °C under an argon
atmosphere to prevent carbonation. Similarly, the solution was kept under continuous
stirring to facilitate pozzolanic reaction processes (Figure 3). Electrical conductivity and
pH measurements were performed using a Crison GLP-32 conductivity metre and a Crison
GLP-22 pH metre.

Argon
atmosphere

[

pH meter

~—

IThermostatic
cell

v

Exy

Figure 3. Thermostatic cell for conductivity and pH tests in solutions.

To analyse the potential influence of particle size on the pozzolanic reactivity of the
brick powder, electrical conductivity and pH measurements were also taken on a calcium
hydroxide solution containing crushed brick, but with a larger particle size than the RBP
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used in the mortar production for this study (mass ratio 2:8). In this case, the particle size
ranged between 100 and 250 um, which is approximately 10 to 25 times larger than that of
the RBP used in the mortars for this study.

3. Results
3.1. Compressive Strength

Figure 4 presents the average compressive strength of the specimens analysed for each
manufactured mix.

70 1

60 7

|
40 -
30 -
20 -
10 -
.
Cc00 C05 C10 C15 C20 C25 C30 C35 C40 C45

Figure 4. Compressive strength.

Compressive strength (MPa)

As shown in Figure 3, the partial replacement of OPC with RBP has a notable impact
on the compressive strength of the mortars. For replacement levels of up to 35%, strength
progressively increases with the substitution percentage, reaching a 51% improvement in
mortar C35 compared to the reference mortar C00 (61.7 MPa vs. 40.8 MPa, respectively).
However, for higher replacement levels, this trend reverses, and compressive strength
declines. Nevertheless, the strength of the mortar with 45% replacement (mix C45) remains
25% higher than that of C00 (51 MPa vs. 40.8 MPa, respectively).

The increase in compressive strength observed in mortars with partial cement replace-
ment by RBP is attributed to the pozzolanic reaction of the brick powder. The pozzolanic
reactivity of RBP was assessed by measuring the electrical conductivity and pH of calcium
hydroxide/RBP aqueous suspensions. The results are presented in Figure 5 (brown line).
The suspension, initially saturated with calcium hydroxide, showed a notable reduction in
electrical conductivity within the first few hours of testing, decreasing by 60% after 7 days
(168 h). According to Tashima et al. [83], when the conductivity loss is higher than 30%, it
means that unsaturation of the suspension has been reached, which in turn indicates that
a pozzolanic reaction has taken place. The silica in RBP reacts with ions in the solution,
resulting in the formation of insoluble reaction products that precipitate. Consequently,
as the ion concentration declines, electrical conductivity also decreases. Simultaneously,
a notable change in pH values occurs due to the reaction of OH™ groups (from calcium
hydroxide) with RBP (Figure 5, right). After 7 days of testing, the pH decreased by 0.8 units,
which is significantly greater than the 0.15-unit threshold proposed by Tashima et al. as an
indicator of pozzolanic activity [83]. The significant decrease in pH recorded in the solution
confirms the results obtained in the electrical conductivity loss test.
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Figure 5. Loss of electrical conductivity (left) and pH (right) values for suspensions made with
recycled brick powder and coarser brick particles, tested during 7 days at 60 °C.

In summary, due to the pozzolanic nature of recycled brick powder (RBP), its high
silica dioxide (SiO,) content reacts with the calcium hydroxide (Ca(OH);) released during
cement hydration, promoting the formation of C-5-H gels and, consequently, enhancing
compressive strength. However, at higher cement replacement levels, the availability of
Ca(OH); becomes limited, thereby restricting the pozzolanic reaction of RBP. Consequently,
when cement replacement with RBP exceeds 35%, the increasing trend in compressive
strength reverses and begins to decline (Figure 4).

Electrical conductivity and pH measurements were also taken in a calcium hydroxide
solution containing crushed brick with a larger particle size, ranging from 100 to 250 pm
(Figure 5, grey line). In this solution, no significant changes were observed in the electrical
conductivity or pH after 7 days of testing. This suggests that coarser brick particles
are considerably less reactive than finely ground ones, which may explain the substantial
differences in mechanical performance reported by various authors in mortars and concretes
incorporating partial cement replacement with RBP [83-85].

Figure 6 presents the average flexural strength of the specimens analysed for each
manufactured mix. As observed, unlike the compressive strength study, no clear trend was
identified. In all cases, the flexural strength ranged between 3.93 MPa and 4.83 MPa.

6

3 <
1 <
0 .
coo €05 C10 C15 Cc20 C25 C30 C35 C40 C45

Figure 6. Flexural strength.
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3.2. Porosity Accessible to Water (Water Absorption)

The results obtained from the porosity accessible to water tests are shown in Figure 7.
In this figure, the thresholds established by different authors for classifying the material’s
durability are indicated [86,87].
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Figure 7. Porosity accessible to water.

The results obtained exhibit a similar trend to that observed in the compressive
strength tests. For cement replacements of up to 40%, porosity decreases as the replacement
percentage increases, reaching a 43% reduction in mortar C40 compared to the reference
mortar C00 (11.2% vs. 20% porosity, respectively). For higher replacement levels, the trend
reverses, and porosity begins to increase. Nevertheless, even with a 45% replacement,
the porosity of the mortar remains substantially lower than that of the reference mortar,
showing a 34% reduction (13.2% vs. 20% porosity, respectively).

The reduction in porosity observed in mortars with partial cement replacement is
attributed to the denser cementitious matrix produced by the pozzolanic reaction of RBP,
as previously described. This reaction leads to the formation of C-S-H gel while also
consuming part of the calcium hydroxide generated during cement hydration. The crystals
of calcium hydroxide (portlandite) negatively impact porosity, as they act like microcracks,
generating additional voids within the matrix [88]. In fact, according to [78], a refinement
of the porous network takes place, decreasing the percentage of larger capillary pores and
increasing the percentage of pores smaller than 100 nm. However, as with compressive
strength, an excess of cement substitution limits the production of CaOH, and therefore
also the pozzolanic reaction of the RBP, which justifies that for cement substitutions higher
than 40%, the porosity stops decreasing (Figure 7).

Water-accessible porosity is a key parameter closely related to concrete’s resistance to
the ingress of aggressive agents and, therefore, serves as an indirect indicator of durability.
In this regard, based on the thresholds established by some authors for classifying material
durability [86,87], replacing 40% of cement with RBP improves durability, transforming a
very low-durability mortar (mix C00) into a high-durability mortar. Even at 45% cement
replacement (mix C45), the resulting mortars still fall within the average durability range
(Figure 6).

3.3. Carbonation Resistance

Figure 8 shows images of various test specimens following a phenolphthalein staining
of each analysed mixture. Figure 9 presents data on the carbonation depth in each mortar
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at 7 and 28 days. The reported values represent the arithmetic mean of the measurements
taken on each face.

C25 [C35]

Figure 8. Carbonation depth analysis (7 days).
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Figure 9. Carbonation depth results.

As observed, the carbonation in the analysed samples exhibits highly variable results.
Up to a substitution level of 35%, the carbonation depth remains practically similar across all
samples compared to CO0 at both 7 and 28 days (with variations of less than £9%). However,
samples C40 and C45 demonstrated lower resistance to carbonation, with penetration rates
between 30% and 60% faster, reaching carbonation rates exceeding 40 mm/year! /2. Very
few authors have investigated the carbonation resistance of mortars in which OPC is
partially replaced by RBP. Researchers who have conducted similar experimental plans
have reported findings consistent with those observed in this study. Both Schakow et al.
and Zou et al. recorded comparable carbonation front penetration in reference samples and
in mixes with up to 25% OPC replacements by RBP. However, at higher substitution levels
(between 40% and 60%), they observed an increased carbonation rate [63,89].

As described in Section 3.2, increasing the proportion of RBP in the mixture leads to a
reduction in the material’s pore network (noticeable when analysing porosity results or
chloride diffusion data), thereby improving its resistance to carbonation. This reduction in
porosity limits the ingress of carbon dioxide (CO,), which is a key factor in the carbonation
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process. However, at higher levels of substitution—specifically above 35%, as observed
in this study—there is a pronounced tendency for the formation of a substantial amount
of calcium silicate hydrate (C-S-H) gel because of the pozzolanic reaction. Additionally,
a proportion of unreacted calcium silicates remains within the matrix, as discussed in
Section 3.1 and corroborated by other studies [90]. In such cases, the increased presence
of these reactive phases enhances their interaction with carbonic acid (H,COs3), which
is generated when CO, penetrates the material and reacts with pore water (H,O). This
chemical environment consequently promotes a more rapid progression of carbonation, as
supported by findings in the existing literature [91].

3.4. Chloride Diffusion Resistance

The results obtained from the chloride diffusion migration tests are presented in
Figure 10. This figure also presents the thresholds established by other authors for classify-
ing the material’s durability based on its resistance to chloride diffusion [86,87].
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Figure 10. Apparent chloride diffusion coefficient results measured by migration test.

The results obtained follow the trend observed in the previous tests. Using RBP as
an SCM for OPC partial substitution reduced the apparent chloride diffusion coefficient.
In this case, the optimal mixture was again the one with a 35% substitution, yielding an
average value of 4.97 x 10~12 m2 /s, which falls below the 5.00 x 10~12 m?/s threshold for
classifying the material as highly durable. The value obtained for the C35 mix is four times
lower than that of the reference mix (19.94 x 10712 m?/s), indicating low durability. This
trend in the results aligns with the observations from the accelerated carbonation study
and is closely related to the accessible porosity data presented in Section 3.2. Ortega et al.
reported a similar trend, noting a decrease of between 40% and 50% for substitution rates
between 10% and 20% [92]. In contrast, Tremifio et al. also observed a significantly greater
variation, but in tests conducted at 1500 days of age [62].

3.5. Electrical Resistivity

Resistivity is also an indirect indicator of durability. It gives information about pore
connectivity and resistance to electric transfer, essential in electrochemical processes such
as rebar corrosion [93]. The results obtained from resistivity monitoring are presented
in the graphs in Figure 11. This figure also presents the thresholds established by other
authors for classifying the material’s durability based on its electrical resistivity [86,87].
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Figure 11. Resistivity evolution.

The results exhibit a similar trend to those obtained in the previously described tests.
The addition of RBP as a partial substitute for OPC significantly increased the resistivity of
the mortar, reaching values eight and nine times higher than those of the reference mortar
(C00) in mixes C45 and C40, respectively, indicating high durability [86,87]. The C30 and
C35 mixes exhibited resistivities between four and five times higher than those of C00,
while the C15, C20, and C25 mixes showed resistivities between two and three times higher
than CO00, reaching values typical of concrete with medium to high durability. In contrast,
the C05 and C10 mixes showed little to no difference compared to the reference mortar
(C00), indicating low or even very low durability [86,87].

As described in the analysis of RBP’s pozzolanic activity and according to Bertolini
et al,, the use of pozzolanic materials promotes the reaction of the pozzolan with calcium
hydroxide in the presence of water. This reaction, which occurs after cement hydration,
leads to the formation of C-S5-H gels [94]. This secondary reaction generates more solid
substances that block the capillary pore network, and this obstructs the flow of the electric
current, producing a higher resistivity [95,96]. Furthermore, the filler effect densifies
the matrix and accelerates hydration reactions, resulting in pore refinement and a more
tortuous pore network [96]. Mortars and concretes including these characteristics have
shown reduced permeability and higher chloride ion penetration resistance [97], which
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reduce the risk of the corrosion of the reinforcement, which is in accordance with the results
described in Sections 3.2 and 3.3.

4. Conclusions

In this study, the durability-related properties of eight different mortars in which
Ordinary Portland Cement (OPC) was partially replaced with recycled brick powder (RBP)
at substitution levels ranging from 5% to 45% were analysed. The results obtained led to
the following conclusions:

(1) RBP was identified as an effective supplementary cementitious material due to its
pozzolanic reactivity, which was evaluated by measuring the electrical conductivity
and pH of aqueous calcium hydroxide/RBP suspensions. When RBP partially replaces
Ordinary Portland Cement (OPC), it reacts with the calcium hydroxide (Ca(OH);)
released during cement hydration, leading to the formation of C-S5-H gels. This
secondary reaction produces additional solid phases that obstruct the capillary pore
network, resulting in pore refinement and a more tortuous microstructure.

(2) The formation of additional C-S-H gels resulted in an increase in compressive strength
when OPC was partially replaced with RBP. In mixtures where the substitution level
was 35%, compressive strength increased by more than 50%. However, no significant
effect on flexural strength was observed.

(38) The partial replacement of OPC with RBP resulted in a reduction in water-accessible
porosity, with a decrease of up to 43% observed at a substitution level of 40%.

(4) Carbonation resistance remained virtually unaffected by the introduction of RBP at re-
placement levels of 35% or lower. However, at higher replacement levels, carbonation
resistance decreased by 30% to 60%.

(5) Chloride diffusion resistance improved with the partial replacement of OPC by RBP.
In this case, at a substitution level of 35%, the chloride diffusion values were four times
lower than those of the reference specimens.

(6) The partial replacement of OPC with RBP also influenced the electrical resistivity of
the material, increasing as the substitution level rose. At substitution levels of 40%
and 45%, electrical resistivity increased by a factor of eight to nine, while at levels of
30% and 35%, the increase ranged from four to five times compared to the reference
mixture (without RBP).

Based on the results obtained, a substitution level of 35% was identified as the optimum
in this study. This substitution level not only resulted in the highest compressive strength
but also led to notable improvements in durability-related properties, such as water-
accessible porosity, resistance to chloride penetration, and electrical resistivity. Although
higher substitution levels may still provide benefits compared to mixtures without any
replacement, carbonation resistance can be significantly reduced, potentially affecting the
long-term durability of the material.
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