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Abstract

This paper investigates the potential of utilising recycled clay brick powder, recycled con-
crete powder and limestone filler as supplementary cementitious materials at replacement
ratios of 10% and 20%. The experimental programme encompassed an analysis of rhe-
ological behaviour, compressive strength, open porosity and durability, with a focus on
resistance to chloride penetration (NT Build 492). The results confirm the superiority of
recycled clay brick powder, with the mixture containing a 20% proportion of this powder
retaining 87% of the reference strength whilst improving chloride resistance by approxi-
mately 25%. In contrast, recycled concrete powder and limestone filler cause degradation
of mechanical properties alongside a reduction in resistance to chloride penetration. In
conclusion, recycled clay brick powder represents a sustainable alternative for structural
concretes, whilst recycled concrete powder requires additional activation.

Keywords: recycled mineral fillers; supplementary cementitious materials; rheological
behaviour; durability

1. Introduction
The global demand for concrete, the second most used material on the planet after

water, results in annual production reaching a remarkable 27 to 30 billion tonnes [1–3]. This
scale of production generates unsustainable environmental pressure, primarily through
intensive exploitation of natural resources and greenhouse gas emissions like CO2. Cement
is therefore ranked among the most energy-demanding industrial products, after steel and
aluminium [4,5]. Alongside the issue of emissions, the industry also faces a critical shortage
of natural aggregates. The United Nations Environment Programme warns that the rate of
exploitation of sand and gravel significantly exceeds their natural rates of renewal [5].

In this context, the transition from a linear model to the principles of the circular
economy has become imperative [5–8]. Scientific research demonstrates that recycled
powders are not merely inert fillers but can be used as active additions that contribute
to the properties of the whole cementitious matrix. Replacing a portion of the cement
and natural aggregates with recycled brick powder (RCBP), recycled concrete powder
(RCP), and limestone filler not only offers a solution for reducing the CO2 footprint but
also provides a means of preserving natural primary raw materials and closing the life
cycle of building materials. The use of recycled powder as a mineral addition (SCM)
enables the production of so-called “green concrete”, which according to some life cycle
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analyses, can reduce the global warming impact by up to 40% per unit of strength com-
pared with some conventional mixtures [1,9]. Recycled clay brick powder demonstrates
significant potential as an SCM owing to its pozzolanic activity, which comes from the
thermal treatment of clay minerals at temperatures of 600 ◦C to 900 ◦C during the firing
process [4,10,11]. The amorphous aluminosilicate phase in RCBP reacts with calcium hy-
droxide, a product of cement hydration, forming secondary calcium silicate hydrates and
calcium aluminate hydrates, which contribute to the densification of the microstructure
and long-term strength development [4]. On the other hand, recycled concrete powder
contains a certain proportion of unhydrated cement particles, which could enable reactivity
and contribute to the hydration process. Although higher replacement percentages of RCP
can adversely affect early strength due to the presence of inert phases, it remains a key
component for reducing concrete waste [1,12]. Alongside recycled materials, limestone
powder represents one of the most commonly used mineral additions, acting not only as
an inert filler but also as an active participant in early hydration [13].

The quality of recycled material, i.e., concrete, brick, and similar, also needs to be
considered because such materials may contain various impurities and other substances
that can worsen the properties of concrete or completely disrupt cement setting. Most
authors use waste from strictly controlled laboratory conditions or from a single specific
location [4,14–17]. Authors rarely address the problem of the high variability in the com-
position of C&D waste on real construction sites and how that variability affects the
concrete mixture.

Although numerous studies exist in which silica fume, metakaolin, and fly ash are
used as additions, these are often too costly and energy-demanding. Recycled materi-
als utilise waste paths that do not require primary extraction, and their synergy enables
the production of sustainable “green concrete” that satisfies mechanical and durability
requirements. This paper is focused on investigating the mechanical and durability prop-
erties of concrete produced with recycled clay brick powder, recycled concrete powder
and limestone powder serving as Portland cement replacements. It should be noted that
limestone filler, unlike RCBP and RCP, does not originate from construction and demoli-
tion waste streams. It was included in this study primarily as a reference material. The
aim of this paper is to determine how these materials affect individual properties when
used as a cement replacement. A review of the available literature concluded that cement
replacement is most effectively manifested at a replacement ratio of 10% and 20%, and
this principle has been verified in the present study. Whilst each of these materials has
been studied individually, their systematic comparison under controlled and identical mix
proportions—with the simultaneous assessment of rheological, mechanical, and durability
properties—has received limited attention.

2. Materials and Experimental Programme
2.1. Materials

Portland cement CEM II/A-LL 42.5R with a density of 3.15 kg/dm3, manufactured
by Cemex Hrvatska d.d. (Kaštel Sućurac, Croatia), was used for the preparation of the
laboratory mixtures. According to the product specification, the cement achieves an early
compressive strength of 27 MPa after 2 days and a standard compressive strength of
52 MPa after 28 days.

The powdered materials used as cement replacements were collected from controlled
industrial sources. The brick powder (RCBP) was obtained as a by-product of the man-
ufacture of brick elements, whilst the concrete powder (RCP) was obtained by process-
ing construction waste generated during the grinding of reinforced concrete elements.
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In order to achieve uniform granulation, both materials were additionally prepared in
the laboratory.

Prior to use, RCP was dried and ground in a laboratory ball mill for 2.5 h at a ratio of
1 kg of material to 3 kg of steel balls. Following grinding, the material was sieved through a
100-micron aperture sieve, where it was established that approximately 95% of the particles
passed through the sieve, indicating a very small proportion of coarser particles. RCBP
was only sieved through a 100-micron aperture sieve, and the portion of material that
passed through the sieve was used in the mix designs. Limestone filler (LF) was obtained
from a local quarrying and separation plant. The material was used in the fraction below
100 microns, consistent with the sieving criteria applied to RCBP and RCP. Figure 1 shows
the powder form of the supplementary cementitious materials used in this study.

Figure 1. Supplementary cementitious materials in powder form: (a) recycled concrete powder (RCP);
(b) limestone powder (LF); (c) recycled clay brick powder (RCBP).

Fine and coarse aggregate were sourced from a local quarrying plant of limestone
origin. Prior to the preparation of mixtures, the moisture content and water absorption
of the aggregate were determined in accordance with standards EN 1097-5 [18] and EN
1097-6 [19]. Since the aggregate was not completely dry and absorbed a portion of the water
during mixing, a correction of the effective water quantity was carried out in accordance
with the measured moisture content and water absorption of the aggregate. The specific
densities of the powdered materials RCBP, RCP and LF were tested in accordance with
standard EN 1097-7 [20] and are as follows: 2.62 kg/dm3—RCBP, 2.57 kg/dm3—RCP, and
2.63 kg/dm3—LF. Ordinary tap water was used for the preparation of all mixtures.
To achieve adequate workability, a polycarboxylate ether-based superplasticiser, MC-
PowerFlow 5695 (MC-Bauchemie Müller GmbH & Co. KG, Bottrop, Germany), was
applied at a dosage of 0.8% of the binder mass.

2.2. Mix Design and Specimen Preparation

In order to analyse the effects of RCBP, RCP and LF in detail, a total of seven mix
designs were produced, presented in Table 1. The mixtures were designed with a total
binder content of 350 kg/m3 to enable a better comparison of the influence of replacement
materials on mechanical and durability properties relative to the reference mixture.

The concrete preparation procedure was carried out by first homogenising the dry
constituents: aggregate, cement and mineral additions. Once a homogeneous mixture had
been achieved, two thirds of the total water quantity was added, after which the mixture
was mixed for 4 min. The remaining water, previously combined with the superplasticiser,
was then added and mixing was continued for a further 4 min. The water-to-binder ratio
was maintained constant at 0.49 for all mixtures in order to enable a reliable comparison of
the mechanical and fresh properties of the mixtures, irrespective of the water content.
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Table 1. Concrete mix proportions (kg per 1 m3 of concrete).

Mix ID Binder
(Cement) RCBP RCP LF Water Fine

Aggregate
Coarse

Aggregate SP (%) w/b

REF 350 / / / 172 1004.73 854.71 0.8 0.49

C10 315 / 35 / 172 1001.60 852.06 0.8 0.49

C20 280 / 70 / 172 997.97 848.96 0.8 0.49

O10 315 35 / / 172 1001.98 852.44 0.8 0.49

O20 280 70 / / 172 998.73 849.74 0.8 0.49

B10 315 / / 35 172 1002.06 852.38 0.8 0.49

B20 280 / / 70 172 998.87 849.61 0.8 0.49

Note: MixID10—10% replacement; MixID20—20% replacement; O—recycled clay brick powder
(RCBP); B—limestone filler (LF); and C—recycled concrete powder (RCP). SP means superplasticizer.

2.3. Methods

The experimental programme covered tests carried out in two phases—on the fresh
concrete mixture and on hardened concrete—with the aim of evaluating the fresh, mechani-
cal and durability properties of the mix designs.

The workability of the fresh mixture was assessed by the slump method in accordance
with EN 12350-2 [21], which provides an indirect evaluation of the suitability of the concrete
for placement.

On hardened specimens, cured under water in a room at a relative humidity of RH 95%
and a temperature of 20 ◦C for 28 days, mechanical and durability tests were carried out.
Capillary water absorption was determined in accordance with EN 13057 [22] (Figure 2b)
on cylindrical specimens with a diameter of 150 mm. Total open porosity was determined
by the hydrostatic weighing method based on Archimedes’ principle, following the general
principle of EN 12390-7 [23]. The compressive strength of concrete was determined on
cube specimens with dimensions of 150 × 150 × 150 mm, in accordance with EN 12390-
3 [24]. The resistance to chloride penetration was tested by the accelerated migration
method in accordance with the Nordic standard NT Build 492 [25] (Figure 2a), which uses
an applied external electrical potential to determine the chloride migration coefficient as
the key durability indicator for concrete exposed to an aggressive chloride environment.
As noted by Noushini et al. [26], NT Build 492 eliminates the influence of temperature
(Joule heating effect) and the fact that all ions and not only chlorides pass through the
specimen—a common issue with ASTM C1202 [27]. Furthermore, voltage adjustment is
critical for preventing the overheating of highly conductive specimens.

Figure 2. (a) Chloride penetration resistance test by the accelerated migration method according to
NT Build 492. (b) Capillary water absorption per EN 13057.
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3. Results and Discussion
3.1. Workability

The results of the concrete slump test are presented in Figure 3. The results demonstrate
a pronounced sensitivity of workability to the type and proportion of the supplementary
cementitious material. The reference mixture achieved a slump of 13.5 cm, whilst mixtures
with cement replacement using LF and RCP showed an increase in consistency with values
of up to 18.5 cm, suggesting improved particle packing within the concrete itself and a
possible reduction in internal friction in the fresh concrete at higher proportions.

Figure 3. Consistency of concrete mixtures determined by slump test.

However, mixtures with the addition of RCBP exhibit a significant reduction in worka-
bility (O10 and O20, 8.0 cm and 6.5 cm, respectively), which can be attributed to the greater
water demand and potential porosity and water absorption of fine particles. This non-linear
relationship between replacement proportion and slump confirms that the mineral compo-
sition and physical properties of the replacement materials dominate the fresh properties
of concrete.

3.2. Compressive Strength

Figure 4 presents the compressive strength results after 28 days, showing significant
differences depending on the replacement material used. The reference mixture achieved
a compressive strength of 60.39 MPa (baseline). The strength decreased in all modified
mixtures, to an extent depending on the addition type and replacement ratio. Mixtures
with RCP show the most pronounced reduction in strength. At a 10% replacement ratio,
the strength is 41.73 MPa, representing a reduction of approximately 31%, whilst at 20%
replacement it falls to 28.12 MPa, equating to approximately 53% relative to the reference
mixture. This trend indicates an unfavourable interaction of this addition with the cementi-
tious matrix, particularly at higher proportions. RCP, as such, significantly compromises
structural integrity, making it suitable for concretes of lower strength classes or requiring
additional activation (finer grinding or thermal treatment).

Figure 4. Compressive strength at 28 days. Note: Error bars represent standard deviation, n = 3.
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Mixtures with LF (B10 and B20) show a more moderate reduction, corresponding to a
decrease of approximately 15% and 23%, respectively.

The most favourable behaviour was recorded for RCBP, with values of 55.37 MPa
(O10) and 52.69 MPa (O20)—a modest reduction of approximately 8% and 13%—indicating
better compatibility with the cementitious matrix. Comparing the compressive strength
and workability (slump) results, it is noted that the mixtures with the greatest slump (C20
and B20) have the lowest strength values, which is a classic indicator that high fluidity
does not necessarily correlate with the quality of the microstructure. Other researchers
report that the replacement of cement with RCBP of up to 20% is optimal for mechanical
properties [10], which is in direct agreement with the present results where O20 retains a
high 87% of the reference specimen’s strength.

3.3. Chloride Migration Test (NT Build 492)

The durability of reinforced concrete structures is directly conditioned by the ability
of the concrete cover to prevent the ingress of aggressive substances. The penetration
of chlorides through the porous matrix of concrete initiates corrosive processes on the
reinforcement by disrupting the passive oxide layer that naturally forms on steel [28].

A particular research challenge is presented by the heterogeneous nature of concrete,
which consists of cement paste and aggregate, but also a critical third region—the interfacial
transition zone (ITZ). The ITZ is a zone of high porosity surrounding aggregate particles
(20–30 µm in thickness) and often acts as a preferential pathway for the ingress of aggressive
ions. The authors note that the application of pozzolanic SCMs, such as RCBP, can dra-
matically reduce the width and porosity of the ITZ, whilst inert fillers such as limestone or
porous additions such as RCP may have the opposite effect, creating continuous pathways
of high permeability [28]. Therefore, the aim of the present paper is not only to examine
macroscopic properties (strength and slump), but to carry out an in-depth analysis of how
three different materials modify ionic migration under non-steady-state conditions.

Based on the testing carried out, clear differences can be observed depending on
which SCM material is used (Table 2, Figures 5 and 6b). The most significant result was
achieved by the O20 mixture, whose migration coefficient of 17.34 × 10−12 m2/s represents
a reduction of 25.8% relative to the reference mixture (REF, 23.37 × 10−12 m2/s).

Figure 5. Photograph of a sample highlighting the measurement profile for determining the chloride
penetration depth; sample C20 shown.

https://doi.org/10.3390/engproc2026161008

https://doi.org/10.3390/engproc2026161008


Eng. Proc. 2026, 161, 8 7 of 11

Figure 6. (a) Capillary sorptivity coefficient of tested mixtures. (b) Chloride migration test.

Table 2. NT Build 492 chloride migration test results.

Mix ID REF O10 O20 B10 B20 C10 C20

Penetration depth (mm) 32.46 36.68 30.52 35.51 34.70 39.68 36.99

Voltage (V) 20 20 25 20 15 25 15

Thickness of specimen (mm) 50.31 49.65 50.18 49.84 49.87 50.39 50.16

Duration (h) 24 24 24 24 24 24 24

Non-steady-state migration
coefficient (×10−12 m2/s) 23.37 26.26 17.34 25.47 33.61 23.00 36.21

In contrast, mixtures with LF and RCP showed a drastic degradation in resistance,
with migration coefficients exceeding 35 × 10−12 m2/s. In the B20 mixture, the increase in
chloride migration is 44% greater than in the reference mixture, which can be attributed to
the fact that limestone acts in an inert manner, i.e., more as a filler. The high values in RCP
mixtures suggest highly porous ITZs within the mixture itself.

For context, chloride migration coefficients below 8 × 10−12 m2/s are generally
considered to indicate good resistance to chloride penetration, whilst values above
16 × 10−12 m2/s indicate low resistance. It should therefore be emphasised that all tested
mixtures, including the best-performing O20, remain above both of these limits. The im-
provement achieved by RCBP is thus relative in nature, and the absolute level of chloride
resistance of the tested mixtures remains limited for applications in severely aggressive
chloride environments.

It is also important to note the rheological influence on the test results. Mixtures with
the greatest slump (B20 and C20) show the poorest resistance to chlorides, whilst O20, with
the smallest slump (6.5 cm), achieved the best durability. On the other hand, it can be
observed that O20 was tested at a voltage of 25 V, and C20/B20 at only 15 V, which further
explains the difference in matrix quality. The chloride penetration depth was measured on
split specimens (Figure 5).

3.4. Open Porosity and Capillary Water Absorption

To provide additional macrostructural context for the workability, mechanical and
durability trends discussed in the preceding sections, the total open porosity of each
hardened mixture was determined as described in Section 2.3. The results are presented in
Table 3.
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Table 3. Total open porosity of tested mixtures, determined by hydrostatic weighing.

Mix ID REF O10 O20 B10 B20 C10 C20

Open porosity (%) 5.99 7.91 5.34 8.06 9.12 6.29 8.04

The reference mixture (REF) exhibited an open porosity of 5.99%. Mixtures containing
LF and RCP show a progressive increase in porosity with increasing replacement ratio,
reaching 9.12% for B20 and 8.04% for C20, in agreement with the higher chloride migration
coefficients and lower compressive strengths of these mixtures. RCBP mixtures exhibit the
opposite trend: porosity decreases from 7.91% at 10% replacement (O10) to 5.34% at 20%
replacement (O20)—the lowest value recorded among all the tested mixtures—coinciding
with the lowest chloride migration coefficient obtained in this study (17.34 × 10−12 m2/s).

The results of the capillary sorptivity test are presented in Figure 6a. The sorptiv-
ity coefficient of the reference mixture (REF) was 0.145 g/cm2·h0.5, used as the base-
line. Mixtures containing limestone filler (B10 and B20) recorded coefficients of 0.155 and
0.152 g/cm2·h0.5, respectively—a slight increase relative to the reference sample. A sim-
ilar trend was observed in mixtures with RCP (C10 and C20), with values of 0.150 and
0.121 g/cm2·h0.5, where the reduction at 20% replacement may be attributed to the pore-
filling effect of fine RCP particles rather than pozzolanic activity. Mixtures incorporating
RCBP (O10 and O20) showed sorptivity values of 0.145 and 0.133 g/cm2·h0.5, with O20
achieving the lowest value among the RCBP series. These findings are in general agreement
with the chloride migration results, where RCBP mixtures also demonstrated superior
resistance, further supporting the hypothesis that RCBP refines the pore structure of the
cementitious matrix. The mixture C20 represents a small anomaly within the research
data. Despite recording the lowest compressive strength among all the tested mixtures
(28.12 MPa), it showed a relatively low sorptivity coefficient of 0.121 g/cm2·h0.5, which is
the lowest value recorded across all mixtures.

This distinction is critical—it highlights that a low sorptivity value does not necessarily
reflect a high-quality microstructure and that the transport and mechanical properties of
concrete can be governed by different and at times opposing mechanisms as well. In
contrast, the reduction in sorptivity observed in the O20 mixture is accompanied by a
simultaneous improvement in compressive strength retention and chloride resistance.

4. Conclusions
This study conducted a comprehensive evaluation of three different powder

materials—recycled clay brick powder, recycled concrete powder and limestone filler—as
supplementary cementitious materials. Based on the results obtained for fresh properties,
mechanical resistance and durability indicators, the following conclusions can be drawn:

1. Recycled clay brick powder proved to be the most effective mineral addition in
terms of mechanical performance and durability. Even at a 20% cement replacement
ratio (O20), the mixture retained as much as 87% of the compressive strength of
the reference specimen (52.69 MPa compared with 60.39 MPa), whilst reducing the
chloride migration coefficient by approximately 25.8%, from 23.37 × 10−12 m2/s
to 17.34 × 10−12 m2/s, and achieving the lowest open porosity of all the tested
mixtures (5.34%).

2. In contrast to studies reporting beneficial reactivity of unhydrated clinker in recy-
cled concrete powder, the untreated material used here showed the poorest perfor-
mance: at a 20% replacement ratio (C20), the compressive strength fell by 53% (to
28.12 MPa) and the chloride migration coefficient increased by approximately 55%
(36.21 × 10−12 m2/s). Limestone filler occupied an intermediate position, with moder-
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ate strength reductions (15% and 23%) but a substantial increase in chloride migration
at 20% replacement (approximately 44%).

3. Limestone filler and recycled concrete powder increased fluidity but produced lower
strength and higher chloride migration, whereas recycled clay brick powder reduced
slump (to 6.5 cm) yet produced the strongest, most chloride-resistant concrete, consis-
tent with the open porosity results (Section 3.4), which increased for limestone filler
and recycled concrete powder (up to 9.12%) and decreased for recycled clay brick
powder (to 5.34% for O20). Neither slump nor capillary sorptivity alone reliably indi-
cated microstructural quality: mixture C20 combined the lowest sorptivity coefficient
in the study with the lowest compressive strength and highest chloride migration,
whereas O20 combined low porosity with simultaneous gains in strength retention
and chloride resistance.

4. All the tested mixtures, including the best-performing O20, exhibited chloride mi-
gration coefficients above the commonly cited threshold of 8 × 10−12 m2/s for good
chloride resistance. Recycled clay brick powder can therefore be used in structural
concretes in moderately aggressive environments—with a superplasticiser to com-
pensate for workability—whilst severely aggressive chloride environments would
require further mix optimisation (e.g., a lower water-to-binder ratio or higher binder
content). Recycled concrete powder, in the form used, remains suitable for lower
strength classes or requires thermal or mechanical activation to promote the reactivity
of unhydrated clinker.

The results are based on a single source of each recycled material, and the variability
inherent to real construction and demolition waste paths was not addressed. Furthermore,
testing was limited to the 28-day curing period. Total open porosity provides only a global
measure of the pore system; the pore-size distribution, the particle-size distribution of the
powders and the particle packing density were not determined. Future research should
focus on microstructural analysis to better understand these mechanisms. In conclusion,
the integration of waste brick, concrete, and limestone in powder form offers a sustainable
path towards a circular economy.
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