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Abstract

The progressive depletion of natural aggregate resources and the increasing emphasis
on sustainable construction practices have intensified interest in incorporating recycled
concrete aggregate (RCA) into cement-based materials. This study provides a compre-
hensive evaluation of the influence of partially replacing natural fine aggregate with fine
RCA on the physical, mechanical, and durability properties, as well as the microstruc-
ture, of cement mortars. Mortar mixtures containing 25%, 50%, 75%, and 100% RCA
were tested and compared with a reference mix MC. The experimental program included
measurements of bulk density, compressive and flexural strength, water absorption, and
freeze-thaw resistance. Additionally, microstructural observations were performed to
assess the effect of RCA on the internal structure of matured mortars. The results demon-
strated that the intrinsic characteristics of RCA—particularly its higher water absorption
and lower density—significantly affected the pore structure and mechanical behavior of
the cement mortars. Mortars with RCA exhibited enhanced early-age compressive and
flexural strength, especially at substitution levels of 50-100%, attributed to the activation
of residual cement paste adhering to the recycled particles. However, increased porosity
and water absorption in RCA-based mixes led to a higher sensitivity to freeze-thaw cycles
compared with the reference mix. Overall, the findings indicate that incorporating fine RCA
up to 50% enables the production of mortars with performance comparable to conventional
mixtures under non-freezing conditions, while, under freeze-thaw exposure, comparable
performance is achieved at replacement levels up to 25%, contributing to improved resource
efficiency and reduced environmental impact. This study confirms the viability of fine RCA
in cement mortars, emphasizing the importance of controlling pore structure development
to maintain long-term durability. Additionally, it demonstrates that the use of recycled
concrete aggregates provides a sustainable alternative to natural sand in mortar production.

Keywords: recycled concrete aggregate (RCA); cement mortar; mechanical properties;
freeze—thaw resistance; microstructure

1. Introduction

Modern construction (civil engineering) is facing challenges related to the need to
reduce the impact of human activity on the natural environment. Intensive economic
development, urbanization, and the growing demand for infrastructure cause not only an
increase in energy consumption but also a significant increase in greenhouse gas emissions.
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Among the particularly energy-intensive and carbon-intensive sectors is the cement in-
dustry, which is responsible for about 5% of global carbon dioxide emissions. The entire
construction sector, on the other hand, generates nearly 40% of the world’s total greenhouse
gas emissions [1]. Such a high share is mainly due to the energy consumption of cement
and concrete production processes, the exploitation of natural resources, and the transport
of building materials. The effort to reduce CO; emissions in the construction sector is in
line with global sustainable development strategies, initiated, among others, in the Kyoto
Protocol (1997) and developed as part of the UN 2030 Agenda and the European Union’s
climate policy. The common goal of these initiatives is to achieve climate neutrality by
increasing energy efficiency, reducing the consumption of primary raw materials, and
implementing the principles of the circular economy (CE) [2—4].

In the context of the circular economy, the construction sector plays a key role as it
accounts for a significant portion of natural resource use. According to the European Com-
mission, this sector is responsible for approximately 50% of the total material consumption
and generates over 35% of the waste in EU Member States [5]. The implementation of the
principles of the circular economy in construction practice consists of the following:

e  Reuse of materials from demolition;

e  Minimizing the amount of construction waste sent to landfills;
e  Reduction in greenhouse gas emissions;

e  Optimization of the life cycle of materials [6,7].

Recycling construction waste, particularly concrete, is one of the most promising areas
of action. The use of recycled aggregates enables a reduction in the exploitation of natural
deposits, a decrease in the energy consumption required for the extraction and processing
of raw materials, and a decrease in the amount of construction waste [8,9]. Natural
aggregates (NAs) account for 75-80% of the volume of concrete mixtures and cement
mortars, making them a basic component of these materials [10]. Their massive extraction
leads to environmental degradation, including soil erosion and hydrological disturbances.
Recycled aggregates (RAs) are a viable alternative, allowing the construction sector to
reduce the use of raw materials and reduce the environmental impact of construction.

The most commonly used secondary materials are concrete aggregates (RCA—recycled
concrete aggregate) and fine aggregates (RFA—recycled fine aggregate) [11-13]. The litera-
ture emphasizes that the properties of these aggregates depend on several factors, including
the type of primary concrete, the method of crushing, and the methods used for cleaning
and sorting [14].

RAs are characterized by lower volume density and higher porosity than natural
aggregates, which results from the presence of cement mortar residues on the surface of
the grains [15]. Increased water absorption and a rough structure may adversely affect the
properties of the mixture, leading to an increase in the demand for production water and,
consequently, a decrease in the compressive strength and durability of the composite [16].
Despite these limitations, numerous studies indicate that with proper preparation and
selection of the proportions of secondary aggregate, it is possible to obtain mortars and
concretes with parameters similar to conventional materials. It has also been shown that
appropriate fractionation and rinsing of aggregate allows for reducing the amount of fine
impurities and improving the adhesion of cement slurry to recycle grains [17-19].

In recent years, numerous research studies have confirmed the potential effectiveness
of using recycled aggregates in cement mortars. Pawluczuk [20] conducted an analysis of
the possibility of using small fractions of concrete rubble as a filler in standard mortars.
Studies have shown that a filler roasted at 550 °C can replace some of the cement without
causing significant strength losses. Khoshkenari et al. [21] found that the use of fine
recycled aggregate (0-2 mm) results in a reduction in concrete density of 8-13.5%, which
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is attributed to the higher porosity and absorbency of the recycle. At the same time,
the introduction of silica dust as a mineral additive allowed for improving the strength
parameters of the mixture. Research by Ledesma et al. [22] has demonstrated that partial
replacement of up to 40% of natural sand with recycled concrete in M-5 grade mortars
yields favorable mechanical properties after 180 days of maturation. In turn, Mahmood,
Nanos, and Begg [23] found that cement mortars containing 50% recycled aggregate achieve
compressive strength comparable to reference mortars. Adesina and Das [24] noted that the
introduction of recycled aggregate leads to a reduction in the shrinkage of the mixture by
about 40%, but increases its permeability to chloride ions. It was indicated that modification
of the composition of the mortar through the appropriate selection of mineral additives
may limit this effect. Research conducted by Ruciriska [25] and Prosek [26] confirms that
fine fractions of concrete and ceramic materials can be successfully used in cementitious
mortars, but proper material preparation, including cleaning, drying, and grain size control,
is crucial.

Despite many positive research results, the widespread use of recycled aggregates in
construction practice still faces numerous limitations. The variability in the physical and
chemical properties of the recyclate, resulting from the diversity of waste sources and treat-
ment methods, makes it challenging to standardize technological parameters. Additionally,
the lack of unambiguous standards regarding the quality of secondary aggregates and the
permissible levels of their substitution in mortars and concretes warrants caution in their
use [27]. One of the primary technological challenges is the increased absorbency of fine
recycled aggregates, which impacts the rheological properties of mortars. To maintain the
required consistency and workability, it is necessary to increase the amount of working
water or use plasticizing admixtures. However, excessive water can lead to a deterioration
in pore structure and a decrease in strength. The solution may be pre-conditioning the
aggregate by rinsing, heat treatment, or the use of sealing and reactive additives (e.g., fly
ash, metakaolin, microsilica), which can reduce water absorption, improve the aggregate—
matrix interface, and enhance the mechanical and durability properties of the resulting
mortar [28-30]. The use of such techniques allows for reducing the absorbency of the
recyclate, improving the adhesion of the grains to the cement slurry, and increasing the
durability of the mortars. The literature increasingly emphasizes the need for a comprehen-
sive assessment of the influence of recycled aggregates on cementitious mortars, covering
both mechanical performance and durability-related parameters. In addition, environmen-
tal aspects such as life cycle assessment (LCA) and carbon footprint should be taken into
account. Based on the available research, the optimal performance-sustainability balance is
achieved when natural aggregate is replaced with recycled aggregate at a level of approxi-
mately 30-50% by volume. Higher replacement ratios generally result in a deterioration of
mechanical properties, whereas lower replacement ratios reduce the potential environmen-
tal benefits [31-33]. In the context of the Polish construction market, the use of recycled
aggregates remains limited; however, the dynamic development of material recovery tech-
nology and legislative pressure in the field of the circular economy are expected to increase
interest in this solution. The development of national and European standards for the
quality of secondary aggregates is currently a key direction for the industry’s growth [1-3].

The aim of this study is to conduct a comprehensive assessment of the impact of
replacing natural fine aggregate with aggregate derived from recycled concrete on the
physico-mechanical properties and microstructure of cement mortars. Samples containing
25%, 50%, and 75% recycled additive were analyzed until the river sand was fully replaced
by 100%. This made it possible to identify the limit values of its content, at which it is
possible to maintain the technological and performance parameters of mortars at a level
consistent with the application requirements, while reducing the environmental burden

https:/ /doi.org/10.3390/buildings16030466


https://doi.org/10.3390/buildings16030466

Buildings 2026, 16, 466

4 0f27

associated with the production of cement materials. The innovativeness of the work
stems from a holistic approach to the issue, which involves the simultaneous assessment
of bending and compressive strength, resistance to cyclic freezing and thawing, water
absorption, and microstructural analyses of mortars maturing in laboratory conditions,
without the use of chemical admixtures that modify the structure of the cement matrix.
This allowed for the clear capture of the real impact of fine fractions of recycled aggregate
on the properties of the cement composite and the preservation of the pore system under
operating conditions. This approach, oriented towards assessing the long-term durability
and behavior of the material under real-world environmental-impact conditions, remains
relatively rarely undertaken in previous work on fine fractions of RCA. The practical value
of the results lies in providing data that enable a rational selection of the level of substitution
of natural aggregate with a fine fraction of recycled aggregate in cement mortar technology,
taking into account both their functional properties. The research results can serve as the
basis for developing materials with a reduced raw material footprint, and the conclusions
obtained can be applied in designing durable and sustainable cement composites, as well
as in engineering practice, particularly in the context of sustainable construction and the
circular economy.

2. Materials
2.1. Cement

For the experimental program, Portland cement CEM I 42.5 R was used (Cement
Ozaréw S.A., Ozaréw, Poland), which meets the requirements of EN 197-1:2012 [34].
Tap water, in accordance with EN 1008:2004 [35], was used. The declared performance
properties of cement class 42.5 R are listed in Tables 1 and 2. The presented values represent
the average parameters guaranteed by the manufacturer for 2025. No chemical or mineral
additives were used in the conducted studies. This approach was intended to isolate the
effect of the recycled aggregate itself, avoiding factors that could distort the interpretation of
the results. The use of admixtures, such as plasticizers, superplasticizers, or sealing agents,
could significantly influence pore structure, water absorption, density, and compressive
strength, making it difficult to unambiguously assess the role of RCA in determining both
the mechanical and durability properties of the mortars.

Table 1. Physical properties and phase composition of CEM 142.5 R cement (according to data from
the manufacturer) [36].

Specific Surface Area Start of Setting Time Compressive Strength Compressive Strength
According to Blaine [cm?/g] [min] After 2 Days [MPa] After 28 Days [MPa]
3332 219 211 49.7
Proportion of CEM I mineral phases [%]
C35—55.64 C,5—14.57 C3;A—8.17 C4AF—6.82

Table 2. Chemical properties of CEM I 42.5R cement (data from the manufacturer) [36].

SOj; Sulphate Content [%]  Cl Chloride Content [%]  Alkali Content as Nay Oeq [%] SiO; [%]

297 0.05 0.77 20.21
Al,O3 Fe, O3 CaO CaOw MgO
4.40 243 64.36 1.99 1.98
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2.2. Fine Aggregate

For experimental research, fine aggregate was used—river sand with a fraction of
0-2 mm—coming from the Vistula River (Poland), and aggregate from recycled concrete,
coming from a construction site located in Warsaw (Poland). The RCA originated from
concrete elements, and the recycling process involved careful crushing, screening, and
removal of unwanted contaminants such as reinforcing steel, wood, plastics, and other
debris. The resulting aggregate was characterized by controlled grading, particle shape,
and physical properties, making it suitable for reuse in cement mortars.

Before the mortars were made, the aggregates were dried at 105 & 5 °C to a solid mass
to ensure reproducible humidity conditions. After drying, the absorption, grain density in
the dry state, and loose bulk density were determined. The results of aggregate properties
are presented in Table 3. In terms of physical properties, recycled aggregate is characterized
by higher porosity and lower bulk density compared to natural aggregate. This is due
to the presence of cement mortar residues on the surface of the grains. The particle size
distribution of the sand aggregate and recycled aggregate is presented in Figure 1.

Table 3. Properties of natural and recycled aggregate (fraction 0-2 mm).

Property River Sand (Vistula) Recycled Aggregate
Specific density [kg/m?] 2650 2450
Loose bulk density [kg/m?] 1550 1400
Porosity [%] 41.5 43.0
Water absorption [%] 1.0 5.0
Dust fraction content < 0.063 mm <3.0 45
Sand aggregate
100+ Sand aggregate ,
Recycled aggregate
__ 8o}
g
g
2 60}
2
v
2
% aof
=
£
>
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Figure 1. The particle size distribution of the sand aggregate and recycled aggregate.

3. Methodology
3.1. Preparation of Mortars

To conduct experimental research, the procedures contained in the applicable EU
regulations and standards were used. In order to determine the impact of aggregate from
recycled construction waste (concrete) on the flexural and compressive strength, frost
resistance, and microstructure of the material, two types of samples were prepared:
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o  MC—without additive—reference mortar;
e RCA (25,50, 75, 100%)—with the addition of recycled aggregate (fraction 0-2 mm) in
the amounts of 25, 50, 75, and 100% of the aggregate weight.

Aggregates in a dry state were used to prepare the mortars. Due to the higher ab-
sorbency of recycled aggregate, a correction of the amount of production water was planned.
For this purpose, the additional amount of water necessary to compensate for the differ-
ence in the absorption of aggregates was calculated. The composition of the mortars was
determined based on EN 196-1:2016-07 [37]. The quantitative ratio of cement to aggregate
was 1:3, and the water/cement ratio (W/C) was set at 0.50 for the reference mixture with
natural aggregate. The mortars were prepared in a mixer. A measured amount of water
was introduced into the mixer (increased by the AW correction in the case of recycled
aggregate). The additional water (AW) was calculated based on the difference in 24 h water
absorption between natural aggregate and recycled concrete aggregate, multiplied by the
mass fraction of RCA in each mixture. This correction was applied to compensate for the
higher absorbency of RCA used in a dry state and to ensure sufficient water availability for
cement hydration. The composition of individual mortars is presented in Table 4.

Table 4. Quantitative composition of individual cement mortars.

Weight of Ingredients [g]

Specification iti
P Cement Water Aggregate Recycled Aggregate Ad‘il::::al wicC
MC 450.0 225.0 1350.0 - - 0.50
RCA25 450.0 225.0 1012.5 337.5 13.5 0.53
RCA50 450.0 225.0 675.0 675.0 27.0 0.56
RCA75 450.0 225.0 337.5 1012.5 40.5 0.59
RCA100 450.0 225.0 - 1350.0 54.0 0.62
Experimental studies were carried out in the Construction Laboratory at the Faculty
of Civil and Environmental Engineering, in the Laboratory of Physical Processes at the
Aquatic Centre of the Warsaw University of Life Sciences, and in the Concrete Laboratory
at the Institute of Building Technology in Warsaw. Figure 2 shows a diagram of the
experimental research.
Raw materials Blending and Mixing Testing
Flexural strength
MC Compressive
RCA2S strength
RCAS0 Frost resistance
RCAT75 Water absorption
RCAl00 SEM
microstructure

—

Figure 2. Diagram of the experimental research.

The procedure for mixing cement mortar was carried out in accordance with the
requirements of the EN 196-1:2016-07 [37] standard. Standard proportions were used
for preparing the mortar, consisting of one part cement, three parts standardized sand,
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and water in an amount equal to 0.5 of the cement mass. Before mixing, the individual
components were measured. The process was carried out in a planetary mixer. All the
water was added to the mixing bowl, followed by the cement, and the mixer was operated
at low speed (140 £ 5 rpm) for 30 s. Then, with the mixer running, the sand (and recycled
aggregate) was gradually added over 30 s. Mixing continued for an additional 30 s at low
speed, after which the mixer was stopped for 90 s; during the first 15 s of the pause, the
mortar was scraped from the sides of the bowl toward the center, and it was left at rest for
the remaining 75 s. In the final stage, the mixer was operated at high speed (285 + 10 rpm)
for 60 s. The total mixing time was 4 min.

3.2. Fresh Mortar Properties

The consistency of the cementitious mortars was tested using the flow cone method
according to EN 1015-3:2000, and the bulk density of the fresh mortar was determined
according to EN 1015-6:2000 [38,39]—Figure 3.

(@)
Figure 3. Fresh mortar testing: (a) consistency, (b) density.

After checking the properties for each type of mortar, samples were prepared—Figure 4.

Figure 4. Preparation of samples for testing: (a) Sample formation, (b) samples after demolding.

3.3. Flexural and Compressive Strength

To assess the effect of recycled aggregate on the properties of cementitious mortars,
the bending strength was evaluated. Each of the individual specimens was placed in the
testing machine on two supports so that the bending force on the specimen was at the
center of the beam and perpendicular to the direction of its formation. The test was carried
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out in accordance with EN 1015-11:2020-04 on 40 x 40 x 160 mm samples after 2, 7, 14, 21,
and 28 days of maturation [40] using the following formula.
1.5 Fl
Rf= 5 (MPa)

where

Ry—Flexural strength (MPa); Fi—failure load of the specimen (N);

I—distance between supports (mm); b—lateral length of the beam section (mm).

Figure 5 shows the point load diagram during the flexural strength test.

10+0.
rn-
. Y,
) )
7777777777777
27277 0 4/{4 200007777777 ‘,
Nl /7 A
7 7 7/ F,“ o A SIS "/’
7777777 %ﬂf/f 777777
IS, S SIS 7, /Z//J’,ﬁ,
W/A////////éz,z, /';;/////] 7% 7777777222
10£0.5 10£0.5
H 100£0.5 1 30
= 160

Figure 5. Load system for flexural strength determination.

Subsequently, the two halves obtained after the flexural test (each with nominal
dimensions of 40 x 40 x 80 mm) were used for the compressive strength test. The load was
applied at a speed of 2400 £ 200 N/s until crushed. Compressive strength was determined
based on EN 1015-11:2020-04 [40]. Compressive strength was calculated according to the

following formula:
Fe

Re = 600

(MPa)

where

R.—Compressive strength (MPa); F.—highest load when the sample is crushed (N);

1600—Compression area (mm?).

The ZD-40 hydraulic press (produced by the GDR), shown in Figure 6, was used for the
research. Flexural strength tests for each curing period were conducted on three specimens,
while the compressive strength was determined using six specimens, in accordance with
the relevant standard.

Figure 6. Testing of strength: (a) flexural, (b) compression.
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3.4. Water Absorption

The test was carried out in accordance with EN 1015-10:2001 [41] on samples measur-
ing 40 x 40 x 160 mm and was performed on three specimens, as specified by the applicable
standard. Measurements of mortar absorbency were carried out at four intervals: 0.5h, 24 h,
7 days, and 28 days. After the test, the mortars were dried to a solid mass and weighed,
and then their water absorption was determined by weight. The dry matter percentage at
14 days was used to calculate water absorption according to the following equation:

(M — M)

WA =
M,

x 100%
where
Mj;—Mass of wet samples (g); M—mass of dried samples (g).

3.5. Frost Resistance

The frost resistance test was conducted after 28 days of maturation of the mortars,
which underwent 25 freezing and thawing cycles, as specified in PN-B/06250 [42]. Each
cycle involved freezing the samples in water at —20 °C for 4 h, followed by thawing in
a water bath at approximately 20 °C. The freeze-thaw resistance test was performed on
twelve specimens, as specified by the applicable standard. Three criteria were used to
assess the degree of frost resistance, the fulfillment of which determines the degree of frost
resistance achieved:

e No cracks on samples after all freezing and thawing cycles;

e  Not exceeding the value of 5% of the weight difference of samples soaked in water
before and after the frost resistance test;

e A decrease in the compressive strength of frozen samples in relation to witness samples
of no more than 20%.

3.6. Optical Microscopy and Scanning Electron Microscopy (SEM)

The aim of microscopic research was to assess the changes in the microstructure of
mortars resulting from the addition of recycled aggregate.

From the middle section of the MC, RCA50, and RCA100 samples, a 5 mm slice was
cut perpendicularly to the throwing surface. Edges of the received surface were cut around,
and the dimensions of the final samples were about 25 mm x 25 mm. After cutting, the
samples were dried in an oven at a temperature of 40 °C for 24 h. Next, the samples were
immersed in resin under a vacuum. After hardening the resin, samples were ground and
polished to receive a smooth and even surface. Details of sample preparation are described
in one of the previous publications [43]. Examples of prepared samples are presented
in Figure 7.

At the first step, the surface of each sample was analyzed in reflected light using a
stereoscopical microscope, Stemi 508, produced by ZEISS (Carl Zeiss Microscopy GmbH,
Koln, Germany). In the second step, after gold evaporation, samples were investigated
using a scanning electron microscope (SEM) model Sigma 500 VP produced by ZEISS
(Carl Zeiss Microscopy GmbH, Koln, Germany). Backscattered electron (BSE) images were
collected. Elemental compositions in micro-areas and maps of element distributions were
carried out using an energy X-ray dispersive analyser (EDX) model Ultim Max 40 produced
by Oxford Instruments (Oxford Instruments, High Wycombe, UK).
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Figure 7. Polished sections of mortars prepared for microstructural investigations.

4. Results
4.1. Properties of Fresh Mortars

In order to assess the impact of the degree of substitution of natural sand with recycled
concrete aggregate (RCA) on the rheological properties of cementitious mortars, studies of
consistency, density, and air content were carried out (pressure method according to EN
1015-7). The results are summarized in Table 5.

Table 5. Fresh mortar results.

Mortar Series Consistency [mm] Density [kg/m®] Air Content [%]
MC 127.5 1967 3.0
RCA25 126.5 1945 3.5
RCA50 118.1 1927 4.0
RCA75 116.1 1908 4.5
RCA100 115.0 1900 5.0

Based on the results obtained, it can be concluded that an increase in the share of
recycled aggregate in the mortars leads to a systematic decrease in the consistency of the
cement mortar. The reference mortar (MC) had a flow of 127.5 mm, which is a benchmark.
At 25% substitution (RCA25), the decrease was small, amounting to only 1.0 mm, which
suggests that the small proportion of RCA does not significantly affect the rheological
properties. In the case of 50% replacement (RCA50), the reduction in consistency reached
9.4 mm compared to the reference sample, representing an approximate decrease of 7.4%.
Further increase in the proportion of RCA (RCA75 and RCA100) resulted in a further
decrease in consistency, but the differences were less pronounced (116.11 and 115.0 mm,
respectively). The observed trend can be linked to the characteristic properties of recycled
aggregate: the higher water absorption of RCA—the presence of a porous cement slurry
on the surface of the grains causes increased absorption of the production water, which
leads to a decrease in the fluidity of the mixture; rough and irregular grain texture—unlike
natural aggregate, RCA grains have a more developed surface area, resulting in greater
internal friction and reduced workability; the increased content of fine fractions in RCA
can further affect the water requirement and, thus, the consistency.
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Volumetric density studies have shown a systematic decrease in value with an increase
in the proportion of recycled concrete aggregate (RCA). The reference sample (MC) had the
highest density (1967 kg/m?). With the partial replacement of sand with RCA, a gradual
decrease in density was observed—with a 25% share of RCA, this value decreased to
1945 kg/m?, which corresponds to a decrease of approximately 1.1% compared to the MC.
For the RCA50 and RCA75, the decline was more noticeable and amounted to 2.0% and
3.0%, respectively, compared to the reference sample. The lowest density was recorded
for the RCA100 mortar, at 1900 kg/m?, representing a 3.4% reduction compared to the
reference mortar. Based on the conducted research, it was found that the decrease in density
is influenced by the porosity of the recycled aggregate (RCA). RCA grains contain residues
of cement slurry, which is characterized by lower density and higher absorbency than
natural sand. Higher micropore content—due to the rough texture of the beans, more
air can be retained in the fresh mortar—which lowers the volume density. In addition,
a decrease in consistency—with the increase in the proportion of RCA, a decrease in
workability was noted—could have favored a worse thickening of the mixture and further
reduced the density.

The results confirm the close relationship between consistency and density. Mortars
with higher fluidity (MC, RCA25) obtained higher densities, while a decrease in workability
with higher RCA shares (>50%) resulted in lower densities. This phenomenon is also corre-
lated with an increase in the content of air trapped in the mixture, typical of materials with
porous and irregular aggregates. The obtained values of air content in the tested mortars
reflect the expected increase in aeration with the increase in the share of recycled aggregate
(RCA), resulting from the higher porosity of RCA grains and the presence of old mortar
residues. Studies of rheological and physical properties of cement mortars with various
shares of recycled concrete aggregate (RCA) have shown a clear impact of this aggregate on
the consistency, volume density, and estimated air content. It was found that an increase in
the proportion of RCA causes a systematic decrease in consistency—from 127.5 mm for the
reference sample to 115.0 mm with 100% sand substitution. This observation confirms that
the presence of a more porous and coarse aggregate limits the workability of the mixture,
which results from the higher absorbency and increased internal friction of the grains. A
similar trend was observed for volume density, which decreased from 1967 kg/ m3 (MC) to
1900 kg/m? (RCA100). This reduction was partly correlated with a decrease in consistency
and partly with a higher porosity of the recycled aggregate. Replacing sand with RCA leads
to a deterioration in workability, a decrease in density, and an increase in the air content of
cement mortars, and this effect becomes particularly pronounced with >50% substitution.
These results are consistent with observations from the literature and confirm the need for
appropriate correction of the composition of the mixture (e.g., regulation of w/c, use of
liquefaction admixtures) to minimize the negative effects of RCA use.

The non-linear relationship between density reduction and consistency loss observed
in Table 5 is primarily related to the specific characteristics of recycled concrete aggregate
(RCA), rather than density alone. While a reduction in density is generally associated with
decreased workability, in the present study, the decrease in consistency is disproportion-
ately higher, particularly for RCA replacement levels of 50% and above. This behavior
can be attributed to the higher porosity, rougher surface texture, and angular shape of
RCA particles, which increase internal friction within the fresh mortar and intensify water
demand. Despite the applied water correction to compensate for RCA absorption, part
of the mixing water is rapidly absorbed into the porous structure of the recycled aggre-
gate during mixing, reducing the amount of free water available for lubrication. As a
result, consistency decreases more sharply than density, leading to a non-linear trend.
From an application perspective, this effect becomes particularly relevant for mortars
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with an already low initial density, such as lightweight mortars. At higher RCA contents
(>50%), the pronounced loss of workability may limit the practical use of these mortars
in applications requiring high flowability, ease of placement, or good surface finishing.
Additional measures—such as the use of plasticizers, viscosity-modifying admixtures, or
pre-saturation of RCA—may therefore be necessary to maintain adequate workability with-
out further increasing the water-to-cement ratio, which could negatively affect mechanical
performance and durability.

Overall, the observed non-linear trend highlights the need for careful mixture design
when incorporating high volumes of RCA, especially in lightweight mortar systems, where
workability requirements are often critical.

4.2. Properties of Hardened Mortars
4.2.1. Flexural Strength

Figure 8 shows the results of flexural strength tests of reference mortars (MCs) and
mortars in which river sand was partially or completely replaced with fine recycled concrete
aggregate (RCA).

W7 days M14days M21days W28 days
4.0

Flexural strength [MPa]

mcC RCA25 Type of sample RCAS0 RCA75 RCA100

Figure 8. Flexural strength of mortars.

During the initial maturation period (after 7 days), the reference mortar achieved
a flexural strength of 1.9 MPa, indicating an intensive course of the hydration process.
In the following days, a decrease in this value was observed—to 1.5 MPa after 14 days
and 1.1 MPa after 21 days of hardening—which may be associated with uneven moisture
distribution or microcracks in the structure of the mortar. After 28 days, however, a return
to 2.0 MPa was observed, indicating further progress in the hydration and stabilization
of the microstructure. For RCA25 mortar, the initial strength after 7 days (1.7 MPa) was
close to the value obtained for the reference sample. Within the following days, however,
a clear increase was observed—after 28 days, the strength reached 2.9 MPa, representing
an improvement of approximately 45% compared to MC mortar. Later on, the values
fell slightly to 2.1-2.3 MPa (14-21 days), but after 28 days they rose again to 2.8 MPa,
maintaining a clear advantage over the reference mortar (around +40%). For the RCA75
series, the highest values were obtained in the initial phase—after 7 days the strength was
3.0 MPa. In the following weeks, a gradual decrease to 2.2-2.4 MPa was observed, and
after 28 days, the results stabilized at 2.3 MPa, indicating no further increase in the longer
maturation period. RCA100, on the other hand, had stable results throughout the study
period, ranging from 3.1 MPa on day 7 to 3.4 MPa on day 28. The final value obtained was
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the highest of all series, representing an increase of approximately 70% compared to the
reference mortar.

The greatest strength gains were recorded for the RCA25 and RCA50 mortars, which
may indicate the beneficial effect of the partial introduction of recycled aggregate, which
improves adhesion at the aggregate—cement matrix interface due to a more developed grain
surface. A further increase in the share of RCA (up to 75% and 100%) no longer caused a
deterioration in properties, but, on the contrary, it maintained or slightly increased strength,
which proves the good compatibility of this aggregate with the mortar matrix. This may
be due to the secondary hydration of the unbound cement grains present in the recycled
aggregate and the internal curing effect associated with the higher absorbency of RCA (5.0%
compared to 1.0% for river sand). The increase in strength can also be attributed to the
more favorable combination of the porous and rough surface of the recycled aggregate with
the cement slurry, as well as its ability to fill micropores in the mortar structure, leading to
its compaction. The results obtained indicate that recycled aggregate can effectively replace
natural aggregate, particularly in composites subjected to a longer maturation period.
Similar observations were also presented by the authors of this publication, in which
samples containing 100% recycled aggregate achieved the highest flexural strength values
of all samples with the addition of recyclate, and at the same time, they were comparable
to the results of reference samples. The exception was a sample containing 40% recycled
fine aggregate, which showed a marked decrease in strength compared to the reference
sample with natural fine aggregate [23].

4.2.2. Compressive Strength

Figure 9 shows the results of compressive strength tests of cement mortars after 7, 14,
21, and 28 days of hardening.

H7days M14days W21days M 28 days

RCA25 Type of sample RCAS0 RCAT7S RCA100

Figure 9. Compressive strength of mortars.

On the basis of the conducted research, it was found that the reference mortar reached
a compressive strength of 18.8 MPa after 7 days, which systematically increased with
the maturation time to 22.0 MPa after 14 days, 22.4 MPa after 21 days, and 22.2 MPa
after 28 days. The increase in the initial period was noticeable, while after the 21st day,
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the strength growth process slowed down, which is typical for cement mortars with a
stabilized hydration process. For the mortar with a 25% recycled aggregate content, a
slightly lower strength was reported at day 7 (19.6 MPa) compared to the MC sample;
however, further maturation resulted in a marked increase to 29.1 MPa after 28 days.
This represents an improvement of about 31% compared to the reference sample. This
result confirms the beneficial effect of a moderate proportion of RCA on the subsequent
development of strength. With a 50% replacement of river sand with RCA aggregate,
a compressive strength of 23.2 MPa was achieved after 7 days, increasing to 30.3 MPa
after 28 days. An increase of about 37% over MC indicates that a half-change of natural
aggregate may be optimal in terms of compressive strength. The high final value indicates
good adhesion of RCA aggregate to the cement matrix and a favorable microstructural
effect. For RCA75 mortar, the compressive strength was 20.4 MPa after 7 days, after which
it steadily increased to 28.0 MPa on day 21 and 26.9 MPa after 28 days. Compared to the
reference sample, an improvement of +21% was achieved after 28 days. The results indicate
that a higher proportion of RCA may cause a slight weakening of the structure over the
long-term maturation period, probably due to its higher porosity and absorbency. The
highest strength values were obtained for RCA100 mortar, reaching 27.4 MPa after 7 days
and as high as 36.4 MPa after 28 days. This represents an increase of approximately 62%
compared to the MC sample.

The temporary decrease in both the flexural and compressive strength of the reference
mortar (MC) at 21 days, followed by recovery at 28 days, is indeed an atypical trend and
requires further clarification. Several factors may contribute to this behavior. First, normal
test variability should be considered. Despite strict compliance with EN 196-1:2016-07 [37]
procedures, mortar strength tests are inherently sensitive to minor variations in specimen
preparation, compaction, demolding, and testing conditions. Small differences in moisture
condition at the time of testing may lead to temporary fluctuations in measured strength,
particularly at intermediate ages such as 21 days. Second, moisture redistribution during
curing may play a role. After 7 and 14 days, the specimens were subjected to ongoing
hydration and internal moisture migration. At approximately 21 days, partial surface
drying or non-uniform internal moisture distribution may occur, especially if specimens
are removed from curing water for testing and storage. This can temporarily reduce the
measured strength due to an increased microcrack sensitivity under load, particularly in
flexural testing. Third, early-age microcracking related to shrinkage cannot be excluded.
Although the reference mortar does not contain recycled aggregate, cement paste shrinkage
and restrained moisture gradients may induce fine microcracks that temporarily affect
strength measurements. Continued hydration and pore structure refinement between
21 and 28 days may subsequently lead to partial crack healing and densification of the
cement matrix, resulting in strength recovery at 28 days. Importantly, the observed strength
reduction at 21 days was relatively small and within the expected scatter range for standard
mortar testing. Therefore, it is most likely a combined effect of normal experimental
variability and transient moisture-related phenomena rather than a systematic material-
related degradation. To reflect this more clearly, the manuscript has been revised to
explicitly acknowledge test variability as a plausible explanation and to present the 21-day
results as part of normal strength development scatter rather than a distinct anomaly.

High and stable strength throughout the maturation period indicates a strong bond
between the recycled aggregate and the cement matrix, as well as the internal maturation
effect resulting from the increased absorbency of the RCA, which promotes secondary hy-
dration of the cement. The observed improvement in the strength of the mortars containing
recycled concrete aggregate (RCA) can be attributed to better adhesion at the aggregate—
matrix interface and to the internal curing effect, resulting from the possibility of reusing the
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water absorbed by the RCA. In addition, the relatively low strength of the reference mortar
may have contributed to the comparatively large increase in strength. While the strength of
the original high-strength RCA could also play a role, the main factors in this study appear
to be the improved adhesion and internal curing effects. The results obtained confirm
the potential for the full replacement of natural sand with recycled concrete aggregate in
cementitious mortars without loss or even with improvement of mechanical properties.

The best compressive strength results were achieved for composites with a content
of more than 50%, but further research is necessary due to decreasing trends, such as
composites with 25% and 100% recycled aggregate content on day 21 of care. The results
obtained were confirmed by the Dworzanczyk-Krzywiec study [44]. It has been confirmed
that secondary aggregate can be used as a component of new cement concrete. The study
revealed that the differences in compressive strength between concrete with aggregate,
both partially and fully recycled, were minimal. Concrete with the addition of recycled
aggregate with a fraction of 2-16 mm achieved compressive strength comparable to that
of concrete made exclusively of natural aggregate. The highest strength after 28 days was
obtained in samples containing 50% recycled aggregate, while in this study, the best effects
were observed in composites with over 50% recycled material [44].

Influence of Aggregate Density and Porosity

The recycled aggregate had a lower grain density (2450 kg/m?) and bulk density
(1400 kg/m?) compared to river sand (2650 kg/m3 and 1550 kg/m?). The reduced density
and higher porosity of RCA grains favored their better adhesion to the cement slurry. The
increased surface roughness, resulting from the presence of cement mortar residues, created
favorable conditions for mechanical anchoring in the matrix. This effect was particularly
evident in the case of the RCA75 and RCA100 samples, for which the highest values of
both bending (3.0-3.4 MPa) and compressive strength (30.3-36.4 MPa after 28 days) were
obtained for the RCA50 and RCA100 samples.

Effect of Absorbency and Internal Ripening Effect

An important factor turned out to be a much higher absorbency of recycled aggregate
(5.0%) compared to natural sand (1.0%). Part of the water absorbed by RCA during
mixing was gradually released during the maturation process of the mortar, performing
the function of internal curing. This phenomenon promoted the secondary hydration of
the unbound cement grains, reducing the risk of microcracks, which explains the higher
strength values observed in later periods (21-28 days). As a result, mortars with a high
proportion of RCA were characterized by greater durability of the microstructure and a
more favorable stress distribution during bending.

4.2.3. Frost Resistance

The next stage of the assessment involved analyzing the behavior of the tested cement
mortars in variable temperatures, ranging from negative (in the range of —18 & 2 °C) to
positive (in the range of +18 & 2 °C), with simultaneous exposure to water. After 25 cycles,
the surface appearance of the samples, the change in mass, and the mechanical properties
were evaluated. In all the cases studied, no visible surface damage was found during the
evaluation of the samples “with the unaided eye”. Table 6 presents the results of other tests
performed after 25 test cycles, i.e., changes in the weight of the samples.
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Table 6. Average decrease in strength and average loss in mass of samples subjected to 25 cycles of
freezing /thawing.

Compressive Strength, Average

Average Increase/Decrease in Mass of Samples Subjected to 25

Mortar Series Value [MPa] Strength of Samples Freeze/Thaw Cycles, Mean Value [g] Mean WSight
Reference After 25 Freezing  Subjected to 25 Freeze/Thaw Before Aging After Aging Loss [%]
Samples Cycles/Thawing Cycles [%] Cycles Cycles
MC 24.5 28.4 +15.9 521.2 520.2 —0.2
RCA25 26.8 222 —-17.2 517.8 514.0 -0.7
RCA50 28.6 214 —25.2 522.7 521.2 -0.3
RCA75 274 20.8 —24.1 518.8 515.7 —0.6
RCA100 26.1 20.4 -21.8 522.2 519.0 -0.6

The analysis of the results indicates a clear differentiation in the behavior of mortars
depending on the type of aggregate used. For the MC reference mortar, after 25 freeze—
thaw cycles, an increase in compressive strength was recorded from 24.5 MPa to 28.4 MPa,
corresponding to a 15.9% increase. Although this behavior may appear counter-intuitive,
similar effects have been reported for cementitious materials tested at relatively early
ages. The freeze—thaw tests were initiated at 28 days, when cement hydration is still
ongoing. Repeated water saturation and thawing phases may promote further hydration of
unhydrated cement particles, leading to matrix densification and pore structure refinement.
Consequently, the strength gain should not be interpreted as a direct strengthening effect of
freezing, but rather as a result of continued hydration under favorable moisture conditions,
combined with the relatively young age of the specimens. Mortars containing recycled
concrete aggregate, on the other hand, showed a decrease in strength after freezing cycles,
the intensity of which increased as the share of RCA increased. Thus, RCA25 samples
showed a decrease of 17.2%; RCA50, a decrease of 25.2%; RCA75, a decrease of 24.1%; and
RCA100, a decrease of 21.8%. The greatest loss of strength was observed for the RCA50
and RCA?75 samples, while the RCA100 mortar, despite fully replacing sand, showed a
slightly smaller decrease in strength. This indicates that the impact of recycled aggregate
is not linear, and the final effect also depends on the porosity structure and the degree of
moisture saturation of the mortar. The changes in the weight of the tested mortars after
25 freeze—thaw cycles were small, indicating good resistance of the material to frost damage.
For the MC sample, the weight loss was —0.2%, while for RCA mortars, it was in the range
of —0.3% to —0.7%. The largest weight loss was recorded for RCA25, suggesting that in the
initial range of replacing sand with recycling, the aggregate may have formed a slightly
less compact structure with higher absorbency.

The deterioration of the frost resistance of RCA mortars is mainly due to the higher
water absorption of recycled aggregate (5.0%) compared to river sand (1.0%). A larger
number of capillaries and open pores in the RCA grain structure facilitated the penetration
of water, which expanded in volume during freezing and resulted in microcracks at the
aggregate—cement matrix contact zone. In addition, the lower density and higher surface
roughness of the RCA could promote local water accumulation, leading to micro-damage
with repeated thermal-load cycles. An interesting phenomenon is a slightly smaller decrease
in strength in the case of the RCA100 compared to the RCA50 and RCA75. This may be
due to a more homogeneous mortar structure, resulting from the complete replacement of
natural aggregate and the “internal maturation” effect, which leads to a better binding of
free water spaces within the cement structure.

The obtained results demonstrate that mortars with recycled fine aggregate, character-
ized by higher water absorption and porosity, are not suitable for use under conditions of
exposure to periodic freezing and thawing. The use of RA in frost-resistant mortars requires
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special care for proper aeration. In addition, RA has been found to affect the distribution of
pores in the leaven by reducing the content of small macropores, which are responsible for
frost resistance.

The results indicate that while increasing the content of recycled concrete aggregate
(RCA) generally improves compressive and flexural strength, it has a noticeable negative
impact on frost resistance and increases water absorption. This trade-off can be explained
by the intrinsic properties of RCA. The higher porosity and water absorption of RCA
compared to natural sand lead to greater saturation of the mortar matrix, which makes
it more susceptible to freeze-thaw damage. At the same time, the rough and porous
surface of RCA contributes to improved adhesion with the cement matrix, resulting in
higher strength values, especially for partial replacement levels (25-50%). The observed
strength gains for the RCA25 and RCA50 mortars suggest that moderate RCA content
enhances the aggregate—matrix interface and promotes internal curing, as absorbed water
in RCA is gradually released, aiding the secondary hydration of cement. For higher
replacement levels (75-100%), strength remains high or slightly increases, indicating good
compatibility of RCA with the mortar matrix. However, the same high RCA content
contributes to reduced frost resistance due to the greater capillary porosity, which facilitates
water ingress and ice formation during freeze-thaw cycles. These results highlight a
clear need for feasible improvement measures to mitigate the reduction in frost resistance.
Potential strategies include the use of chemical admixtures (e.g., air-entraining agents),
mineral additives (e.g., fly ash or silica fume), or pre-saturation techniques to control water
content in RCA. Such approaches are widely applied in contemporary practice and could
enhance the durability of mortars containing higher RCA contents without compromising
mechanical properties.

To evaluate the reliability and repeatability of the mechanical performance results,
a statistical analysis was conducted using the standard deviation and the coefficient of
variation (CV). The analysis was performed separately for flexural strength, compressive
strength, and compressive strength after the freeze-thaw test, as summarized in Table 7.

Table 7. Statistical analysis of strength test results for cement mortars modified with recycled aggregates.

Flexural Strength

Specification
MC RCA25 RCA50 RCA75 RCA100
Standard deviation 0.1 0.5 0.4 0.9 0.2
Index of variation [%] 4.0 20.0 144 28.8 6.4
Compressive strength
Standard deviation 0.6 25 3.1 2.8 2.2
Index of variation [%] 2.5 8.6 10.1 10.6 6.1
Compressive strength after frost resistance test
Standard deviation 49 25 3.8 2.8 3.5
Index of variation [%] 17.3 11.1 17.7 13.5 174

For flexural strength, the reference mortar (MC) exhibited the lowest variability, with
a CV of 4.0, indicating very stable and repeatable test results. Mortars containing recycled
concrete aggregate showed higher dispersion, particularly at higher RCA contents. The
highest variability was observed for the RCA75 series (CV = 28.8), which may be associated
with increased heterogeneity of the microstructure, uneven stress distribution during
bending, and the presence of microcracks related to recycled aggregate. Nevertheless,
all CV values remained within acceptable limits for cementitious materials, confirming
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adequate repeatability of the flexural strength tests. In the case of compressive strength
before freeze—thaw exposure, all mortars exhibited low coefficients of variation, ranging
from 2.5 for the reference mortar to approximately 10.6 for RCA75. This indicates good
consistency of compressive strength results despite the increased material heterogeneity
introduced by RCA. The slightly higher variability observed for mortars with recycled
aggregate can be attributed to differences in aggregate quality, porosity, and aggregate—
matrix interaction. After the freeze-thaw test, an increase in variability was observed for
all mortar series, particularly for MC, RCA50, and RCA100, where CV values exceeded 17.
This increase reflects the more complex and heterogeneous damage mechanisms induced by
cyclic freezing and thawing, including localized microcracking and moisture redistribution.
Nevertheless, the CV values remained within the typical range reported for freeze-thaw
durability testing of cement-based materials, indicating that the observed strength changes
are statistically reliable. Overall, the statistical analysis confirms that the mechanical test
results are reproducible and that the observed trends in strength and frost resistance are
not a consequence of random scatter but reflect systematic effects associated with recycled
aggregate content and freeze-thaw exposure.

4.2.4. Water Absorption

A water absorption test was conducted on mature cement mortars, in which natural
river sand was partially or completely replaced with fine recycled concrete aggregate (RCA).
Volume absorbency (no) and weight absorbency (nw) were evaluated after the full period
of mortar maturation. The lowest absorbency was obtained by the reference mortar MC,
with values of 22.6% (by volume) and 12.4% (by weight). In the case of mortars with the
addition of recycled aggregate, a clear increase in absorbency was recorded with an increase
in its share in the mixture:

e RCA25: 25.9% (no), 14.5% (nw);
e  RCA50: 24.9% (no), 14.0% (nw);
e RCA75: 24.7% (no), 13.8% (nw);
e RCA100: 30.2% (no), 17.3% (nw).

The largest increase in water absorption was found for the RCA100 mortar, in which
river sand was completely replaced with recycled aggregate. The increase compared to the
reference sample was about +34% (volume) and +40% (weight), respectively—Figure 10.

The results obtained clearly confirm the influence of recycled aggregate on the ability
of mortars to absorb water. As shown in Table 3, RCA was characterized by a lower grain
density (2.45 g/cm?) and significantly higher water absorption (5.0%) compared to river
sand (1.0%). The structure of this aggregate contains cement slurry residues and micropores
that result from the previous concrete hydration process, leading to an increased water
absorption capacity. With the increase in the share of RCA, a systematic increase in the
absorbency of mortars was observed, confirming the hypothesis of an increase in the total
porosity of the system. However, it is worth noting that these changes are not fully linear.
The RCA25-RCA75 samples showed relatively similar water absorption values, which may
indicate that even a small addition of recycled aggregate (25%) introduces a significant
amount of open pores into the system, and that further increasing the proportion of RCA
has a limited impact due to the stabilization of the pore structure in the mortar. The highest
water absorption values in the RCA100 series, on the other hand, can be attributed to the
complete replacement of natural sand with a material of much higher absorbency, which
increases the proportion of capillaries and micropores in the cement matrix. This effect
is further enhanced by the greater roughness and irregularity of the RCA grains, which
make it difficult to achieve a compact mixture structure and promote the formation of local
air voids.
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Figure 10. Weight and volume absorbency of mortars.

The increase in absorbency has a direct impact on other functional properties of
the mortars. As previous studies have shown, mortars with higher absorbency were
characterized by lower resistance to freeze/thaw cycles, which confirms the correlation
between water absorption and frost resistance. Increased porosity promotes the accumu-
lation of water, which causes local stresses and microcracks during freezing. At the same
time, a moderate increase in water absorption (e.g., in the RCA25-RCAS5O0 series) did not
lead to a significant deterioration in mechanical properties—these mortars achieved even
higher compressive and bending strengths than the reference sample. This may be due
to the beneficial effect of “internal maturation”, which consists of the gradual release of
water from the pores of the aggregate and the continuation of cement hydration in the
mortar microstructure.

The use of recycled aggregate in cement mortars increases the absorbency of mature
mortars; however, with the appropriate selection of the RCA share (up to 50%), this increase
does not negatively affect the mechanical properties and durability of the material to a
disqualifying degree. The high water absorption of the RCA100 mortar, on the other hand,
indicates the need to modify the mortar in a fresh state.

From a practical perspective, absorption by volume is more relevant for durability-
related phenomena such as freeze-thaw resistance, moisture transport, and susceptibility
to internal damage, as it directly reflects the volume of pores that can be saturated and
subjected to ice formation. On the other hand, absorption by weight provides useful
comparative information on material quality and compactness, especially when assessing
changes in mixture composition. The observed increase in both volumetric and gravimetric
water absorption with increasing RCA content indicates a higher open porosity of the mor-
tar matrix, which explains the reduced frost resistance observed in RCA mortars. Therefore,
considering both measures together provides a more comprehensive assessment of the
moisture-related performance and durability of mortars containing recycled aggregates.

4.2.5. Density

The analysis of the density of the hardened mortars revealed slight differences between
the individual batches, indicating that the material structure was relatively compact despite
the use of recycled aggregate. The density value of the reference mortar MC was 2.05 g/cm?,
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while mortars containing RCA reached values in the range of 2.01-2.064 g/cm3. The
highest density was recorded for the RCA25 mortar (2.06 g/cm?), which may be related to
the beneficial effect of filling the spaces between the grains by finer fractions of recycled
aggregate and the effect of the so-called “internal maturation”, which reduces the formation
of air voids. With the increase in RCA content (RCA50-RCA75), a slight decrease in
density was observed to around 2.01 g/cm?, which is a consequence of the higher porosity
and lower specific density of recycled aggregate (2.45 g/cm3) compared to river sand
(2.65 g/cm?). In the case of the RCA100 mortar, despite the complete replacement of sand
with recycled river aggregate, a density of 2.04 g/cm® was achieved, suggesting that with
the right selection of water and cement proportions, it is possible to obtain a structure
with satisfactory compactness and good mechanical properties. These results confirm
that the use of recycled aggregate in fine-grained mortars does not lead to a significant
reduction in the volume density of the material, which is beneficial in terms of its strength
and durability.

4.3. Microstructure of Mortars
4.3.1. Microstructure—Optical Microscopy

Examples of the microstructures of the MC, RCA50, and RCA100 samples received
using optical microscopy are presented in Figure 11.

Figure 11. Microstructures of MC, RCA50, and RCA100 samples (optical microscopy).

Examinations of the microstructure of the reference mortar, MC, have shown the
presence of natural fine aggregates with a clearly observable proportion of crushed grains.
Some macro pores were observed with mostly spherical shapes and diameters of less than
2 mm. Analysis of the RCA50 sample has shown that recycled aggregate (RA) was very
similar to the new mortar, and differences were hard to notice. In the RCA100 mortar,
which contains only RA, it was also hard to notice where exactly the transition zone lies
between the old mortar and the new cement grout.

4.3.2. Microstructure—Scanning Electron Microscopy
MC Sample

The image of the investigated area of the MC sample is presented in Figure 12 as
stitched SEM images.
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Figure 12. Analyzed area of the MC sample.

Analysis of the microstructure of the MC sample has revealed fine aggregates com-
posed primarily of quartz grains, with the addition of aluminosilicate grains. In the cement
matrix, several macropores, mostly with spherical shape, were observed. However, their
size, amount, and distribution do not indicate deliberate action to produce a frost-resistant
composite. It is more likely they were formed during the mixing of the mortar without
air-entraining admixture. Figure 13 presents an example of images collected during further
investigation of the MC sample.

EHT=20004Y  Signal A= HDBSD
WD= 8.4 mm Mag= 120

Figure 13. Microstructure of RO MC sample and analysis of cement matrix compounds.
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Microstructural analysis of the RO MC sample has shown that the grains of fine
aggregate were well-integrated into the cement matrix. The transition zone between the
aggregate and cement grout was mostly sealed and free from discontinuities. In the cement
matrix, some grains of siliceous fly ash were observed, which is a constituent of cement.
Grains of Portland cement relics were noticed.

RCA50 Sample
Figure 14 presents stitched SEM images of the analyzed area of the RCA50 sample.

Figure 14. Analyzed area of RCA50 sample.

Analysis of the microstructure of RCA has shown that the sample contains a smaller
amount of small macropores than RO MC mortar, which is preferable for frost-resistant
mortars. RA grains were present in the cement matrix, mostly well-covered by new mortar.
Example images collected during deeper investigations into the microstructure of RCA50
mortar are presented in Figure 15.

— WD= 8.8 mm Mag= 120X I

Figure 15. Microstructure of RCA50 sample observed by SEM.
Observations of RA grains used in mortars have shown that they are formed from
natural aggregates, primarily quartz, with the addition of aluminosilicates and old mortar.

The composition of the old mortar was different than the new one. Clinker relics and fly
ash particles were also present; however, additional grains of GGBS with various ratios of
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hydration were noticed. The observed C-5-H phase in the old mortar was denser and more
sealed than in the new one, and had a higher concentration of calcium. The water-cement
ratio in the old mortar was probably lower than in the new one, or the cement content was
higher. Several microcracks were observed in RA grains, which might have been formed
during the shrinkage of the old mortar or during its crushing to receive aggregate. Analysis
of the microstructure surrounding grains of RA has shown that they are well-covered by
cement matrix; however, their presence disrupts the composition and morphology of the
C-5-H phase in the transition zone compared to those observed around natural aggregates.
The transition zone is more porous and contains less calcium, which might suggest that
water balance has been disrupted by a water demand of RA grain.

RCA100 Sample
Figure 16 presents stitched SEM images of analyzed area of RCA100 sample.

Figure 16. Analyzed area of RCA100 sample.

The microstructure of the RCA100 mortar, in which all natural aggregate was replaced
by RA, contains fewer macropores than the RO MC reference sample and also fewer than
the RCA50 sample. This might suggest that the addition of RA seals the microstructure by
entrapping a smaller amount of air during mixing. It might also be caused by the different
content of fine particles in RA. Grains of RA were mostly well-bonded in the new cement
matrix, and in some areas, the transition zones between the old mortar and the new cement
matrix were difficult to notice. Figure 17 presents an example of images collected during
further investigations into the microstructure of the RCA100 sample.

Analysis of the microstructure of the RCA100 mortar has shown that RAs are similarly
built in the cement matrix, as was observed in the RCA50 sample; however, the difference
between the calcium concentration in the transition zone and further from it was not so
obvious. The amount of fine particles in the cement matrix was greater than in other
observed mortars, which may absorb excessive water from the grout and make the calcium
concentration more uniform. Several microcracks were observed in the RCA100 sample in a
greater amount than in both other examined mortars, which might be caused by shrinkage.
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Figure 17. Microstructure of RCA100 sample observed by SEM.

Micro-Macro Relationships Between Microstructure and Macroscopic Properties

The microstructural observations provide a coherent explanation for the macroscopic
behavior of the mortars. The reference mortar (MC), composed of dense quartz and alu-
minosilicate aggregates, exhibited a relatively homogeneous cement matrix with isolated
spherical macropores formed unintentionally during mixing. This microstructure corre-
sponds to moderate water absorption, stable mechanical strength, and good frost resistance,
as the limited connectivity of pores restricts water ingress and ice-induced damage. In the
RCAS50 mortar, a reduced number of macropores was observed, which could potentially
enhance frost resistance by limiting large, water-filled voids. However, the introduction of
recycled aggregate led to a more porous interfacial transition zone (ITZ) between the aggre-
gate and cement matrix, as well as microcracks originating from the old adhered mortar and
aggregate crushing. These microstructural features explain the increased water absorption
and the observed reduction in frost resistance despite relatively high compressive and flex-
ural strength. The rough and porous surface of RCA improves mechanical interlocking and
contributes to strength development, but simultaneously promotes moisture accumulation
and local stress concentration during freeze-thaw cycles. The RCA100 mortar exhibited
the lowest macroporosity and well-bonded recycled aggregate grains, indicating improved
matrix sealing and a more uniform aggregate distribution. This dense structure explains the
relatively high mechanical strength. Nevertheless, a higher number of microcracks, most
likely induced by shrinkage and the higher moisture content associated with RCA, was
observed. These microcracks provide preferential pathways for water penetration, which
accounts for the increased water absorption and reduced frost resistance compared to the
reference mortar. Overall, increasing RCA content leads to a reduction in macroporosity
and improved aggregate-matrix bonding, which favors strength development. At the same
time, the higher intrinsic porosity of RCA and the presence of microcracks and a porous ITZ
increase water absorption and vulnerability to freeze-thaw damage. These micro-macro
relationships confirm that the mechanical performance and durability of RCA mortars
are governed by a balance between improved matrix sealing and the adverse effects of
microstructural heterogeneity and cracking.
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5. Conclusions

The results of this study demonstrate that the incorporation of recycled concrete aggre-
gate (RCA) significantly affects the mechanical performance, moisture-related properties,
and durability of cement mortars, and that these effects strongly depend on the replacement
level. Moderate substitution of natural sand with RCA (25-50%) provides the most favor-
able balance between strength and durability, while higher replacement levels introduce
limitations that must be carefully managed.

At moderate RCA contents, both compressive and flexural strength were enhanced
compared to the reference mortar. This improvement is primarily attributed to the rough
and porous surface of RCA, which promotes better aggregate-matrix bonding and mechan-
ical interlocking, as well as to the internal curing effect associated with water stored in the
recycled aggregate. These mechanisms compensate for the increased porosity of RCA and
result in stable mechanical performance despite changes in mixture composition.

As the RCA content increases, water absorption rises systematically, reflecting the
higher porosity and water uptake capacity of recycled aggregate. While this increase
remains limited and acceptable at 25-50% replacement, full replacement of natural sand
leads to a pronounced increase in absorption, exceeding 30%. This higher open porosity
directly affects durability-related properties, particularly resistance to freeze—thaw cycles.

Freeze-thaw testing revealed a clear distinction between the reference mortar and RCA-
modified mortars. The reference mixture exhibited a slight increase in compressive strength
after freeze-thaw exposure, which can be attributed to continued cement hydration under
favorable moisture conditions. In contrast, mortars containing RCA experienced strength
losses of up to approximately 25%. These losses are mainly associated with increased
moisture uptake, a more porous interfacial transition zone, and the presence of microcracks,
which facilitate internal damage during cyclic freezing and thawing. Although all RCA
mortars retained more than 75% of their initial strength, the results indicate that durability
becomes a limiting factor at higher RCA contents, particularly above 50% replacement.

Microstructural observations support these macroscopic findings. Increasing RCA
content reduces macroporosity and improves matrix sealing, which favors strength devel-
opment. However, the presence of a more porous transition zone and shrinkage-related
microcracking increases water transport pathways and reduces frost resistance. This ex-
plains why high-strength RCA mortars may still exhibit inferior durability performance.

It should also be emphasized that the interpretation of the results is influenced by
the increase in the nominal water-to-cement ratio resulting from water correction applied
to compensate for RCA absorption. Although the base mixing water was kept constant,
the effective w/c ratio increased with RCA content due to absorption-related corrections.
Consequently, direct comparison between mixtures must consider that part of the observed
changes in strength and durability are linked to differences in effective w/c ratio rather
than aggregate replacement alone. This highlights the importance of careful mixture design
when incorporating RCA.

Overall, this study confirms that recycled concrete aggregate can be successfully
used in fine-grained mortars, particularly at moderate replacement levels (25-50%), where
mechanical benefits are achieved without significant durability penalties. Higher RCA
contents remain technically feasible but require additional measures—such as aggregate
pre-saturation, air-entraining or sealing admixtures, and strict control of water balance—to
ensure adequate frost resistance and long-term durability.
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