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Abstract: The construction industry involves some of the activities with the highest consumption
of raw materials and significant waste production. According to the European Commission, it
requires large quantities of resources, representing approximately 50% of all extracted materials,
and accounting for over 35% of the EU’s total waste production. In particular, the production
and use of concrete, as well as that of EPS (expanded polystyrene), largely exploited for energy-
efficient buildings, involve a substantial amount of extracted raw materials and waste. This study
focuses on the development of construction materials, such as lightweight and thermally efficient
mortars and concretes, incorporating recycled EPS (R-EPS) instead of fine aggregates. Mixtures were
designed by partially or completely replacing the fine aggregate with R-EPS on a volume basis. All
designed mortars exhibit compressive strength exceeding the minimum values required by Italian
legislation and show thermal performance improvements of up to 89.49% compared to the reference
mortar. Similarly, the concretes demonstrate strengths compliant with regulations and exhibit thermal
characteristic enhancements, ranging from 27.68% for structural lightweight mixes to 74.58% for
non-structural ones.

Keywords: concrete; recycled EPS; waste materials; material characterization

1. Introduction

In recent years, waste management issues have become highly relevant in boosting a
model of development and consumption that prioritizes sustainability in the use of new
resources and energy [1–5]. The construction industry involves some of the activities with
the highest consumption of raw materials, along with significant waste production [6–13].
According to the European Commission, the built environment requires large quantities of
resources and accounts for approximately 50% of all extracted materials. The construction
sector is responsible for over 35% of the total waste production in the EU. It is estimated
that greenhouse gas emissions resulting from material extraction, construction product
manufacturing, and building construction and renovation contribute to 5–12% of the total
national greenhouse gas emissions [14].

Specifically, according to data from the Global Cement and Concrete Association,
global concrete production amounts to approximately 14 × 1013 m3/year. This massive
utilization leads to the predominant extraction of raw materials for cement and concrete ag-
gregates, making them the most extracted mineral resources globally [15,16]. Consequently,
the need to reduce extraction from non-renewable sources becomes an essential imperative
to safeguard natural ecosystems for future generations [17–19].

Similarly, expanded polystyrene (EPS), used as packaging or thermal insulation in
85% of cases, generates a significant amount of plastic waste [20,21]. Globally, approx-
imately 32.7 × 109 kg/year of EPS is generated [22]. The widespread use of plastic in
construction/building applications, particularly EPS, necessitates the adoption of new envi-
ronmentally friendly approaches to optimize production processes and reduce by-product
generation [23,24]. In this context, recycling operations emerge as crucial tasks to improve
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the sustainability of a material that can be transformed into a new resource, commonly
referred to as secondary raw material. In this regard, expanded polystyrene, widely used
for its low cost, versatility, and performance properties, is completely recyclable [25].

Furthermore, in recent years, the construction sector has experienced a significant
increase in energy consumption, currently contributing to approximately 40% of the total
primary energy consumption in the United States and the European Union. This trend has
emphasized the importance of designing, constructing, and managing buildings efficiently
to achieve a net-zero energy balance. This goal is crucial for addressing the energy crisis,
reducing climate-altering emissions, and mitigating serious environmental threats [26].
This is particularly relevant considering the climate change, involving a long-term increase
in global energy demand [27].

Numerous studies and experiments have focused on the use of sustainable raw ma-
terials, particularly the valorization and reuse of waste materials in the production of
mortars and cements. This approach aims to optimize the properties of construction ma-
terials, especially mechanical and thermal ones, while reducing the extraction and use of
raw materials and minimizing landfill waste disposal [28–43]. In various studies, waste
products, such as fly ash (FA) [28,32], plastic waste [33], green pozzolan (GP) [34], waste
paper sludge ash (WPSA) [35], food waste [36,40], and wood biomass ash (WBA—wood
bottom ash) from power plants [38,39] have been added to concrete or mortar mixes. The
use of EPS and recycled expanded polystyrene (R-EPS), as a replacement for aggregate in
concrete and mortar formulations, has been extensively experimented with, successfully
achieving lightweight and thermally efficient mortars. Lightweight concrete with EPS
has been proposed for several decades. EPS is used to reduce the structural weight of
materials for both on-site and prefabricated constructions, resulting in improved thermal
and acoustic insulation. The experiments involve the partial replacement of both fine and
coarse aggregates with EPS beads. The EPS content in concrete and mortar mixtures can
vary from partial replacement to complete replacement (100%). Mechanical performance,
particularly compressive strength, progressively and linearly decreases with the increasing
percentage of replaced EPS. Additionally, discussions have covered the performance related
to moisture insulation, thermal insulation, and acoustic insulation of the material. The
primary advantages arising from the adoption of EPS concrete in civil engineering works
are not only the reduced own weight but also enhanced thermal and acoustic insulation
performance. This is crucial, as the construction and building sectors consume a significant
amount of energy, and this material could contribute to reducing it. In general, concretes
with thermal insulation characteristics must have very low densities. Lower densities result
in higher porosities, and larger air gaps lead to improved insulation performance. Thermal
conductivity is directly proportional to concrete density. These materials, with high thermal
insulation, can also be applied to plaster mortars to reduce heat transfer in walls with
plaster finishes in buildings. Recently, many similar studies have been conducted using
recycled EPS waste in concretes, with the aim of reducing environmental impacts [44–53].
Mixtures containing R-EPS can be effectively used in prefabricated components in the
building sector. This is particularly relevant, given that prefabrication of elements and the
automation of on-site construction techniques are recognized as fundamental requirements
to ensure the economic, social, and environmental sustainability of the building sector, both
for new constructions and renovations [54,55]. Moreover, several authors have addressed
the issue of energy optimization of prefabricated building components, focusing on the
selection of sustainable materials and the development of high-performance insulation
solutions, including R-EPS [56–60]. These approaches consider the life cycle of the material
and adopt principles of circular economy.

With reference to the outlined topics, this contribution describes the research by
addressing the following objectives:

1. Reducing the quantities of extracted raw materials, such as sand, for the production
of mortars and cements.

2. Reducing the amount of EPS waste disposed of in landfills.



Appl. Sci. 2024, 14, 1583 3 of 24

3. Testing construction materials with improved thermal performance that contribute to
the reduction in the energy demand of buildings.

These objectives have been addressed by this study throught the experimentation of
innovative mixtures for the production of mortars and concretes. It involves the substitution
of parts of aggregate with R-EPS to enhance thermo-energetic performance and utilize
innovative materials, thus recovering waste from the supply chain.

The innovation in this study lies in the approach to mix design, as well as the assess-
ment of the resulting characteristics. These characteristics have been compared with current
Italian regulations, identifying potential applications for the experimented products within
the construction sector, considering the performances for each mixture. The aim is to guide
the industry of construction and building materials towards innovative solutions for the
production of more sustainable mortars and cements through the use and valorization
of R-EPS.

2. Materials and Methods

2.1. Characterization of Raw Materials and Mix Design for Mortars

The raw materials used in the production of mortars are listed below, along with the
standard codes by which they have been characterized:

• Portland cement CEM I 52,5 R, conforming to the prescribed composition of UNI EN
197-1:2011 [61];

• Water: as required in UNI EN 1008:2003 [62];
• Aggregates: use of natural standard sand (according to CEN EN 196-1 [63]) and sieved

sand in three specific size fractions (Ø 1–2 mm, 2–4 mm and 4–6 mm);
• Recycled EPS: polystyrene beans resulting from grinding of industrial scraps, sifted in

the sieve fractions 1–2 mm, 2–4 mm and 4–6 mm.

On this basis, the composition of mortars was formulated by replacing fine aggregate
volume (sand)—partial or total aggregate—with recycled R-EPS grains.

The mortar selected as reference for the sampling and the testing phases is the reference
mortar, as introduced by UNI EN 196-1. The identification of samples M2, M3, M4, M5, M6,
M7, and M8 was conducted in accordance with the percentages indicated in Table 1, and
with a water–cement ratio of 0.5.

Table 1. Mortar. Mix design specifications, with indications of particle sizes (Ø 1–2 mm, 2–4 mm,
and 4–6 mm).

Samples

M1 Reference mortar (UNI EN 196-1)

M2 R-EPS (4–6) 100%

M3 R-EPS (2–4) 50% R-EPS (4–6) 50%

M4 R-EPS (1–2) 25% R-EPS (2–4) 25% R-EPS (4–6) 50%

M5 SAND (1–2) 25% SAND (2–4) 25% R-EPS (4–6) 50%

M6 SAND (1–2) 50% SAND (2–4) 25% SAND (4–6) 25%

M7 SAND (1–2) 50% SAND (2–4) 25% R-EPS (4–6) 25%

M8 SAND (1–2) 50% R-EPS(2–4) 25% R-EPS (4–6) 25%

Table 2 displays the quantity of each material used for each tested mixture.
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Table 2. Mortar. Mix design specifications, with indications of the quantity of each material.

Samples EPS (1–2) EPS (2–4) EPS (4–6)
Sand
(1–2)

Sand
(2–4)

Sand
(4–6)

Cement Water Densty

[kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg/m3]

M1 1.35 0.45 0.225 1716.572

M2 0.0081 0.45 0.225 579.057

M3 0.0061 0.0041 0.45 0.225 580.773

M4 0.0061 0.0030 0.0041 0.45 0.225 583.348

M5 0.0041 0.5580 0.6140 0.45 0.225 1569.094

M6 1.1159 0.6140 0.4961 0.45 0.225 2459.202

M7 0.0020 1.1159 0.6140 0.45 0.225 2040.359

M8 0.0030 0.0020 1.1159 0.45 0.225 1522.445

2.2. Characterization of Raw Materials and Mix Design for Concretes

The raw materials used in the production of concrete are listed below, along with the
standard codes by which they have been characterized:

• Portland cement CEM I 52,5 R, as in Section 2.1;
• Water: as in item 2.1;
• Aggregates: use of natural sand, as in Section 2.1, and gravel (according to UNI EN

12620 [64]) in specific size fractions, as indicated in Table 3, and with the following
mixture: sand 100 kg/mc, gravel 730 kg/mc;

• Recycled EPS: polystyrene beans resulting from grinding of industrial scraps. In
Table 4, the granulometric analysis is presented.

Table 3. Concrete. Granulometric analysis of sand and gravel.

Sieve Diameter Sand 0/6 S Gravel G Mix of Aggregates M
Theoretical Fuller

Curve C
Deviation M-C

[mm] % % % % %

20 100 92.2 96.9 100 −3.1

16 100 67.8 87.2 89.4 −2.3

14 100 51.0 80.5 83.7 −3.2

12.5 100 38.4 75.4 79.1 −3.6

10 100 12.9 65.2 70.7 −5.5

8 100 3.6 61.5 63.2 −1.7

6.3 98.7 3.6 60.7 56.1 4.6

5.6 95.5 3.6 58.8 52.9 5.9

4 83.6 3.6 51.7 44.7 7.0

2 61.8 3.6 38.6 31.6 7.0

1 43.4 3.6 27.5 22.4 5.2

0.25 25.4 3.6 16.7 11.2 5.5

0.063 15.3 1.5 9.8 5.6 4.2
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Table 4. Concrete. Granulometric analysis of recycled R-EPS, conducted on a total weight of 100 g.

Sieve Diameter Remain Remain % in Weight

[mm] g % %

8 12 12 12

4 54 54 54

2 24 24 24

1 6 6 6

0.5 2.5 3 2.5

0.25 1 1 1

0.125 0.5 1 0.5

0.063 0 0 0

In order to propose the use of recycled R-EPS as a lightweight material in concrete, its
apparent density was calculated according to the APPENDIX B of UNI 10667-12:2021 [65]
standard. The test showed an apparent density equal to 15.2 kg/mc.

In reference to the mix design of concrete with a characteristic compressive strength
(Rck) of 35 N/sqmm, the experimental process involved progressively replacing the volume
of sand with recycled expanded polystyrene (R-EPS). The experimental setup included the
preparation of 11 mixtures:

• S0, which corresponds to the mix design for concrete with Rck of 35 N/sqmm, consid-
ered as the reference.

• Mixtures from S1 to S4 with R-EPS, volumetrically replacing increasing percentages of
sand across the entire particle size distribution, as shown in Table 5.

• Mixtures from S5 to S10 with R-EPS, volumetrically replacing parts of the particle
size distribution of sand (particle sizes 1–2 mm, 2–4 mm, and 4–8 mm), as illustrated
in Table 5.

Table 5. Concrete. Composition of the mixtures.

Specimen Code EPS SAND

% volume % volume

S0 0 100

S1 25 75

S2 50 50

S3 75 25

S4 100 0

S5 V (1–2) V (0–1) V (2–8)

S6 V (2–4) V (0–2) V (4–8)

S7 V (4–8) V (0–4)

S8 V (1–4) V (0–1) V (4–8)

S9 V (2–8) V (0–2)

S10 V (1–8) V (0–1)

Table 6 displays the quantity of each material used for each tested mixture.
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Table 6. Concrete. Mix design specifications, with indications of the quantity of each material.

Samples
EPS
(0–1)

EPS
(1–2)

EPS
(2–4)

EPS
(4–6)

EPS
(6–8)

Sand
(0–1)

Sand
(1–2)

Sand
(2–4)

Sand
(4–6)

Sand
(6–8)

Gravel Cement Water Additive Density

[kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg] [kg/m3]

S0 6.491 4.307 1.652 0.915 0.0266 2267.500

S1 0.029 4.307 1.652 0.915 0.0230 1172.399

S2 0.007 4.868 4.307 1.652 0.915 0.0210 1993.725

S3 0.014 3.245 4.307 1.652 0.915 0.0114 1719.949

S4 0.022 1.623 4.307 1.652 0.915 0.0358 1449.174

S5 0.013 2.817 1.415 0.980 0.084 4.307 1.652 0.915 0.0358 2067.306

S6 0.007 2.817 1.194 0.980 0.084 4.307 1.652 0.915 0.0358 2028.900

S7 0.004 2.817 1.194 1.415 4.307 1.652 0.915 0.0358 2087.858

S8 0.013 0.007 1.194 0.980 0.084 4.307 1.652 0.915 0.0309 1828.706

S9 0.007 0.004 2.817 1.194 4.307 1.652 0.915 0.0286 1849.258

S10 0.013 0.007 0.004 2.817 4.307 1.652 0.915 0.0264 1649.064

The experimental procedure, both for mortars and concretes, employs two distinct
approaches: the incorporation of ground R-EPS, volumetrically replacing increasing per-
centages of sand across the entire particle size distribution; the introduction of R-EPS
through volumetric substitution of specific particle size ranges of sand. Both approaches
are utilized in similar studies [29–53], mainly focusing on the first approach.

During the experimental phase, in order to increase the cohesion of polystyrene
granules with the binding agent (cement), the granules have been hydrophilized. The
highest hydrophilization level is reached within the first 5 min. The R-EPS underwent the
addition of a hydrophobizing agent approximately 30 min before the preparation of the
mixtures (Figure 1).
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ment ratio, w/c = 0.55); 4. R-EPS previously treated with a segregating agent before mixing 
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characterization tests. The curing of all specimens was carried out according to UNI EN 
12390-2:2002 [66].

Figure 1. Sample of R-EPS before (a) and after (b) the addition of the hydrophobic additive.

A superplasticizer additive for high-strength concrete was used, and the standard
quantity for each mixture was calculated. Additionally, a range (minimum and maximum)
was determined to ensure optimal workability conditions for the hypothesized mixtures.
Workability optimization was necessary for all mixtures to achieve a consistency class of S5.

The sand used in the mixtures underwent a drying process in an oven (T = 200 ◦C for
2–3 h). After the drying phase, it was cooled, weighed, measured, and screened as needed,
according to the established quantities.

In the preparation of each mixture, the same mixing order was consistently maintained,
as follows:

1. Aggregates; 2. Cement; 3. Water drawn from the water supply (fixed water-to-
cement ratio, w/c = 0.55); 4. R-EPS previously treated with a segregating agent before
mixing activities; 5. Superplasticizer additive (at the standard dosage, added after at
least 1 min of mixing); 6. Potential addition of an additional superplasticizer additive, in
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dosages aimed at improving workability and, in any case, up to the maximum allowed.
This addition was always made after at least 4–5 min of mixing the mixture.

2.3. Experimentation Activity

The experimentation activity was carried out to identify the performance resulting
from the use of R-EPS in the production of lighter mortars and concretes for the construction
industry. For this purpose, therefore, the materials necessary for the experimentation were
first characterized and then aggregated according to the designed mix designs, as described
in Sections 2.1 and 2.2.

For all prepared mixtures, whether for mortar or concrete production, during the
mixing phase, as soon as the desired workability was achieved, the flow test was imme-
diately conducted, followed by the preparation of specimens for mechanical and thermal
characterization tests. The curing of all specimens was carried out according to UNI EN
12390-2:2002 [66].

For mortars, workability was determined in accordance with UNI 7044:1972 [67],
using the shaking table, while for concretes, the mix flowability was measured using the
Abrams cone, according to the procedure outlined in EN 12350-2 [68]. Three specimens
were prepared and tested for each mixture (Figure 2).

    
(a) (b) (c) (d) 

λ ff α

Figure 2. Mixture and flow test of mortars M3 using a shaking table (a,b) and concretes S4, using the
Abrams cone (c,d).

Regarding the thermal property measurements, all samples, three for each mixture,
with dimensions of 175 × 150 × 30 mm, were initially dried in an oven at 50 ◦C until
reaching constant mass ±0.5%. Thus, they were cooled to room temperature, 20 ◦C, in
laboratory desiccators containing silica gel. Thermal conductivity measurements at dry
conditions (λdry [W/mK]) and thermal diffusivity at dry conditions (αdry [m2/s]) were
then acquired using an ISOMET 2104 apparatus from Applied Precision. The equipment
operates a dynamic thermal measurement using the flat-source method (Figure 3).

λ ff α

 

Figure 3. Isomet 2104 (Applied Precision).
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The vapor permeability measurement was conducted using a wet cup method in
a Perani AC520 climatic cell (T = 23 ◦C; R.H. = 50%), following the standard UNI EN
1015-19:2008 [69]. Cylindrical specimens with a diameter of 12 cm and a thickness of 1 cm
were used for this test (Figure 4). Three specimens were prepared and tested for each
mixture. Regarding the mechanical tests for mortars, bending and compressive strength
tests were carried out following UNI EN 196-1:2016 [70]. These tests were conducted on
prismatic specimens measuring 4 × 4 × 16 cm, prepared in standardized steel molds,
and cured according to UNI EN 196-1. In particular, the molds used in the experiment
were filled with two successive layers, each compacted with a shaking apparatus. Three
specimens were prepared and tested for each mixture.

  

Figure 4. Climatic chamber Perani AC520.

After hardening (28-day curing), the specimens were demolded and left in the air at
20 ◦C for a few minutes. The specimens were first subjected to bending tests and then to
compression tests on the two resulting specimens (Figure 5).

 

Figure 5. Preparation of mortar specimens: conditioning.

Regarding the concrete tests, the compressive strength was measured on cubic spec-
imens, prepared in accordance with UNI EN 12390-2 [71], after 28 days of curing. Three
specimens were prepared and tested for each mixture. These specimens underwent a
crushing test following the guidelines in UNI 12390, parts 3 and 4 [72,73]. At the time of
demolding and immersion in the water tank, the laboratory conditions were T = 23 ◦C and
R.H. = 74% (Figure 6).
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Figure 6. Preparation of concrete specimens, demolding, and conditioning in a tank.

After the completion of the curing phase, the specimens were measured, weighed, and
subjected to the compressive strength test (Figure 7).
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Figure 7. Compression test on concrete specimens.

3. Results and Discussion

3.1. Mortars

3.1.1. Mortars Workability

Figure 8 displays the results of fresh mortars and their respective percentage spread.
From the experimental results, it is observed that the traditional mortar M1 behaves more
like a plastic mortar compared to the others, whose behavior is fundamentally fluid.

In relation to this phenomenon, it is observed that, although all specimens are com-
posed of coarse aggregates with a large size (4–6 mm), only specimens M4, M5, M6, M7,
and M8 also include fine aggregates (1–2 mm). Additionally, the fraction below 1 mm is
not present in any of these mixtures, justifying the reduced aggregations of the proposed
blends. Consequently, it can be inferred that an improved hypothesis for the designed mix
could involve increasing the dosage of fine aggregates (Ø < 1 mm) or the overall quantity
of aggregates in the mixtures.
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Figure 7. Compression test on concrete specimens.

3. Results and Discussion
3.1. Mortars
3.1.1. Mortars Workability

Figure 8 displays the results of fresh mortars and their respective percentage spread. 
From the experimental results, it is observed that the traditional mortar M1 behaves more 
like a plastic mortar compared to the others, whose behavior is fundamentally fluid.

 

Figure 8. Mortar. Flow test results referring to the samples specified in Table 1.

In relation to this phenomenon, it is observed that, although all specimens are com-
posed of coarse aggregates with a large size (4–6 mm), only specimens M4, M5, M6, M7, 
and M8 also include fine aggregates (1–2 mm). Additionally, the fraction below 1 mm is 
not present in any of these mixtures, justifying the reduced aggregations of the proposed 
blends. Consequently, it can be inferred that an improved hypothesis for the designed mix 
could involve increasing the dosage of fine aggregates (Ø < 1 mm) or the overall quantity 
of aggregates in the mixtures.

3.1.2. Thermo–Hygrometric Tests
The results of the thermo–hygrometric tests are presented in Tables 7 and 8, showing 

their close correlation with the density of the specimens. As the density increases, accord-
ing to the R-EPS fraction replacing the sand, conductivity (Figure 9) and thermal diffusiv-
ity (Figure 10) increase, while vapor permeability (Figure 11) decreases.

Table 7. Thermal properties of mortars.
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Figure 8. Mortar. Flow test results referring to the samples specified in Table 1.

3.1.2. Thermo–Hygrometric Tests

The results of the thermo–hygrometric tests are presented in Tables 7 and 8, showing
their close correlation with the density of the specimens. As the density increases, according
to the R-EPS fraction replacing the sand, conductivity (Figure 9) and thermal diffusivity
(Figure 10) increase, while vapor permeability (Figure 11) decreases.

Table 7. Thermal properties of mortars.

Specimen Code D 1 TC 1 TD 1 VHC 1

[kg/m3] [W/mK] [10−6 m2/s] [106 J/m3K]

M1 2160 2.76 1.54 1.80

M2 870 0.48 0.30 1.63

M3 950 0.46 0.28 1.61

M4 870 0.29 0.18 1.58

M5 1460 0.98 0.56 1.78

M6 2280 1.40 0.79 1.79

M7 1720 1.22 0.67 1.82

M8 1570 0.94 0.57 1.65
1 D = density; TC = thermal conductivity; TD = thermal diffusivity; VHC = volumetric heat capacity.

Table 8. Hygrothermal properties of mortars.

Specimen Code D 1 WVP 1 WVRF 1

[kg/m3] [10−12 kg/(msPa)] [-]

M1 2160 1.17 164.3

M2 870 3.71 52.1

M3 950 4.23 45.6

M4 870 2.70 71.6

M5 1460 3.00 64.4

M6 2280 0.89 216.4

M7 1720 3.79 50.9

M8 1570 3.34 57.7
1 D = density; WVP = water vapor permeability; WVRF = water vapor resistance factor.
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Figure 9. Mortar. Relationship between conductivity and density in the samples.
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of the other blends. This is related to the absence of R-EPS within the mixture, leading to 
a subsequent increase in density.

Comparing mixtures M2, M3, and M4, in which the fine fraction has been completely 
replaced with R-EPS, it can be observed that specimen M4 has the lowest thermal conduc-
tivity value. This data is likely related to the most mixed particle size distribution of R-
EPS used in this specimen.

3.1.3. Compressive Strength Tests
With reference to the results of the compression tests, it is observed that the maxi-

mum achieved value, 65.38 MPa, results from specimen M6, made with graded sand, 
slightly higher than the strength of the reference mortar M1 (61.82 MPa). This can be jus-
tified by the presence, in sample M6, of sand with a larger particle size (2–4 mm and 4–6 
mm) compared to normal mortar (fine grains of 2 mm). The lowest compressive strength 
value (12.86 MPa) results from specimen M4, containing only expanded polystyrene: the 
presence of this material as an aggregate, in fact, causes a reduction, due to its hypothe-
sized particle sizes and high porosity, in the mechanical performance of the mortars in 
which it is incorporated. This is further confirmed for specimens M5, M7, and M8, where 
the different combination of aggregates, sand, and EPS, provides better mechanical 
strength values compared to specimens M2, M3, and M4, containing only expanded pol-
ystyrene (Figure 12).

Figure 11. Mortar. Trend of vapor permeability with respect to the density of the samples.

The EPS granules contribute to creating air voids within the microstructure of the
material, causing an increase in the insulating performance of the end product. Mixtures
M1 and M6, without EPS, exhibit higher thermal conductivity values compared to those of
the other blends. This is related to the absence of R-EPS within the mixture, leading to a
subsequent increase in density.
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Comparing mixtures M2, M3, and M4, in which the fine fraction has been completely
replaced with R-EPS, it can be observed that specimen M4 has the lowest thermal conduc-
tivity value. This data is likely related to the most mixed particle size distribution of R-EPS
used in this specimen.

3.1.3. Compressive Strength Tests

With reference to the results of the compression tests, it is observed that the maximum
achieved value, 65.38 MPa, results from specimen M6, made with graded sand, slightly
higher than the strength of the reference mortar M1 (61.82 MPa). This can be justified by the
presence, in sample M6, of sand with a larger particle size (2–4 mm and 4–6 mm) compared
to normal mortar (fine grains of 2 mm). The lowest compressive strength value (12.86 MPa)
results from specimen M4, containing only expanded polystyrene: the presence of this
material as an aggregate, in fact, causes a reduction, due to its hypothesized particle sizes
and high porosity, in the mechanical performance of the mortars in which it is incorporated.
This is further confirmed for specimens M5, M7, and M8, where the different combination
of aggregates, sand, and EPS, provides better mechanical strength values compared to
specimens M2, M3, and M4, containing only expanded polystyrene (Figure 12).

 

ff
ff

−

−

ff

Figure 12. Mortar. Results of compressive strength tests on mortars.

The one-way ANOVA tests were performed for each tested mix on each investigated
property. The results, consistent across all tests, led to rejecting the null hypothesis H0,
which posits that the means are different due to natural statistical fluctuation rather than
actual differences. Therefore, the tests confirm the initial hypothesis that variations in the
mixture composition result in variations in the measured properties. The results of the
ANOVA for some of the investigated properties are reported (Tables 9 and 10).

Table 9. Mortars. ANOVA test for thermal conductivity.

Source of Variation SS 1 Df 1 MS 1 F p-Value F Crit

Between groups 0.20505 7 0.029293 29.38468428 5.53907 × 10−8 2.657197

Within groups 0.01595 16 0.000997

Total 0.221 23
1 SS = sum of squares; Df = degree of freedom; MS = mean square.
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Table 10. Mortars. ANOVA test for compressive strength.

Source of Variation SS 1 Df 1 MS 1 F p-Value F Crit

Between groups 8411.71 7 1201.673 235.8753609 6.25658 × 10−15 2.657197

Within groups 81.5124 16 5.094525

Total 8493.223 23
1 SS = sum of squares; Df = degree of freedom; MS = mean square.

As for the formulation of mortars, the experimental results reveal that all specimens
exhibit a much more fluid behavior compared to the reference sample due to the absence
of fine fraction (Ø < 1 mm), which contributes to aggregative phenomena. From the
compression tests, it was observed that the highest values of mechanical strength were
obtained from the reference sample and the sample with only sand, while conglomerates
based on only polystyrene, a porous material, proved to be the most fragile. A compromise
can be achieved in the case of mortars where both lightweight and traditional aggregates
are present, with results not too different from standardized mortar.

The trend of thermal tests aligns with what was obtained from the perspective of
mechanical strengths, meaning that the sample with the highest thermal conductivity is
the reference specimen, while the lowest values were obtained in the case of complete
sand replacement with EPS. Intermediate values were obtained with mixed aggregates,
where the contribution of sand is observed for mechanical strengths, while the lightweight
and thermal insulation properties are due to polystyrene. A particular result is the high
insulation performance provided by sample M6 (containing only sand) compared to the
reference, considering that its strengths are also higher. This result is due to a decrease
in density, with a consequent increase in internal porosity, which is compensated by the
presence of aggregates with larger dimensions than normal mortar.

Based on the compression strength values, a comparison was made with the classifica-
tion of masonry mortars according to UNI EN 998-2:2016 [74], as outlined in Figure 13. The
graph shows that all designed mortars, even those with no sand content, can be used as
masonry mortars, falling within the various classes identified by the regulations.

ff

Figure 13. Trend of mechanical strength values with identification of the classification of masonry
mortars according to UNI EN 998-2:2016.
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3.2. About Concrete

3.2.1. Concrete Workability

The workability of the mixtures is tested by evaluating their consistency class. The
mixtures were prepared in the laboratory, at T = 23.9 ◦C and RH = 78%. Each mixture
was treated with a superplasticizer additive at different percentages, depending on the
workability requirements (Figure 14).
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Figure 14. Concrete. Flow test results.

For all the mixtures, workability was optimized to achieve a consistency class of S5,
specifically, a superfluid consistency with a slump (S) greater than or equal to 220 mm [75].
A superplasticizing additive for high-strength concrete was employed, and the standard
quantity calculated for each mixture was 0.91% by weight of the cement. Additionally, a
range (0.3–2.17%) was determined within which to operate, ensuring optimal workability
conditions for the envisaged mixtures.

All mixtures, except for S6, exhibited a very good slump in the Abrams cone test
(Figures 15 and 16).
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Figure 15. Concrete. Flow test S0 (a), S1 (b), S2 (c), S3 (d), and S4 (e).
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Figure 16. Concrete. Flow test S5 (a), S6 (b), S7 (c), S8 (d), S9 (e), and S10 (f).

For mixture S6, it was observed that, despite using the maximum quantity of super-
plasticizer additive, it resulted in a very dry consistency, with portions of the mix remaining
unmixed. The sticky consistency and lack of fluidity in the mixture also resulted in no
slump in the flow test.

This result was replicated across all three tests conducted on the same mixture.
For mixture S4, despite having a good slump, a similar situation is encountered,

namely, a pasty mix with lower workability compared to the other mixtures, despite the
addition of the entire additive (Figure 17).

 
(a) (b) (c) (d) 

ff

ff

Figure 17. Concrete. Flow test S4 (a,b) and S6 (c,d).

3.2.2. Thermo–Hygrometric Tests

Below are the results of the tests for density, thermal diffusivity (Figure 18), volumetric
heat capacity (Figure 19), and conductivity (Figure 20) of the concrete mixtures.

ff

 

ffFigure 18. Concrete. Variation of thermal diffusivity and conductivity.
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Figure 19. Concrete. Variation of volumetric heat capacity and conductivity.

 

σ

Figure 20. Concrete. Variation of conductivity and heat capacity.

For mixtures with partial replacements of the entire aggregate, it is evident that the
best thermal properties are achieved with mixture S4, where sand is completely replaced
by R-EPS. In this case, the conductivity is 25.42%, compared to the conductivity of the
reference mixture. Similarly, in mixtures that involve the replacement of parts of the sand
granulometric mix with R-EPS, the best thermal performance is observed with specimens
S8 (1.15 W/mK), S9 (1.28 W/mK), and S10 (1.02 W/mK), which are the mixtures with a
higher presence of EPS. In these cases, the conductivities are, respectively, 64.97%, 72.32%,
and 57.63%, compared to the conductivity of the reference mixture (Figure 20).

Figure 21 shows how thermal conductivity decreases with an increasing % of R-EPS
content. Here, the thermal conductivity values range from 1.77 W/mK for S7, correspond-
ing to 100% replacement compared to the reference sample S0, to 0.45 W/mK for S4,
corresponding to 25% compared to S0.
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Figure 21. Concrete. Variation of conductivity in relation to the % of EPS.

3.2.3. Compressive Strength Tests

In Table 11, the results of the compressive strength tests are summarized. The results
obtained for three samples of each mixture (R1, R2, R3), the average (Rm), and the standard
deviation (σ) are reported.

Table 11. Results of compressive strength tests on concrete.

Specimen Code R1 1 R2 1 R3 1 Rm 1
σ

[MPa] [MPa] [MPa] [MPa] [MPa]

S0 50.42 44.86 48.77 48.02 2.019

S1 31.28 28.11 27.81 29.07 1.360

S2 13.25 13.58 13.42 13.42 0.117

S3 11.59 10.43 10.84 10.95 0.416

S4 5.27 4.91 5.18 5.12 0.132

S5 36.73 35.51 35.7 35.98 0.464

S6 32.73 37.53 34.97 35.08 1.698

S7 41.1 37.27 41.49 39.95 1.649

S8 18.21 20.13 18.78 19.04 0.697

S9 18.55 20.82 18.08 19.15 1.036

S10 16.24 14.85 14.95 15.35 0.548
1 R1, R2, R3 = compressive strength of the samples; Rm = average compressive strength; σ = standard deviation.

The sample S4, where the sand is entirely replaced by R-EPS, has the lowest strength
value (5.12 MPa). Similarly, among the mixtures involving the replacement of parts of the
sand granulometric mix with R-EPS, sample S10, which replaces all three identified parts of
the mix, has the lowest mechanical strength (15.35 MPa), although higher than sample S4
due to the presence of a certain amount of sand.

From the comparison between the achieved mechanical performances and the content
of R-EPS in the mixture (Figure 22), it is evident that the compressive strength of the
specimens decreases with the increasing content of R-EPS in the mix.
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Figure 22. Concrete. Trend of mechanical strength values in relation to the content of R-EPS.

In analogy to what was done for the mortars, an ANOVA test was also conducted for
the concrete. In this case as well, the results confirm that the differences in means are not
due to natural statistical fluctuation but because, as the composition of the mixture varies,
the measured quantities also vary (Tables 12 and 13).

Table 12. Cements. ANOVA test for thermal conductivity.

Source of Variation SS 1 Df 1 MS 1 F p-Value F Crit

Between groups 4.767764 10 0.476776 218.5225 1.26919 × 10−19 2.296696

Within groups 0.048 22 0.002182

Total 4.815764 32
1 SS = sum of squares; Df = degree of freedom; MS = mean square.

Table 13. Cements. ANOVA test for compressive strength.

Source of Variation SS 1 Df 1 MS 1 F p-Value F Crit

Between groups 5640.797 10 564.0797 224.6765 9.38832 × 10−20 2.296696

Within groups 55.23387 22 2.51063

Total 5696.031 32
1 SS = sum of squares; Df = degree of freedom; MS = mean square.

With regard to the formulation of concretes, it is highlighted that for all mixtures,
except for S6, it was possible to achieve the S5 consistency class, according to UNI EN
206:2021 [75]. Thermo–hygrometric tests generally showed (Figure 18) that the decrease
in density, generated by the use of R-EPS (Figure 18) replacing sand, corresponds to a
significant improvement in the thermal properties of concretes, caused by the increase in
air voids within the base mixture.

Based on the compression strength and density values, a comparison was made
with the classification of concretes from UNI EN 206:2021 and NTC2018 [76], as outlined
in Figure 23.
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Figure 23. Trend of mechanical strength values in relation to density with identification of
concrete classifications.

This allowed the evaluation of which mixtures can be considered lightweight concretes
(LC) (800 kg/m3 ≤ ρ≤ 2000 kg/m3) and non-lightweight concretes (NLC) (ρ > 2000 kg/m3),
as well as structural concretes (SC) (Rck,cube ≥ 15 MPa) and non-structural concretes (NSC)
(Rck,cube < 15 MPa).

Out of the eleven samples, three do not fall into the lightweight concrete category,
including the reference concrete (S0, S6, S7). Among the lightweight concrete samples, four
are suitable for structural purposes (S1, S5, S8, S9), while the remaining four (S2, S3, S4,
S10) are suitable for non-structural purposes (Figure 24).
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Figure 24. Concrete. Classification of mixes based on mechanical strength and density.

Furthermore, it is observed that the volumetric percentage replacement of sand with
R-EPS for the entire grain size distribution (S1, S2, S3, S4), although more advantageous
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in terms of preparation time and resources for operators, leads to a decrease in density
and mechanical properties, making the mixes lightweight and non-structural, except for
S1, which has the lowest percentage (25%) of replacement. Finally, for the qualification of
the achieved performances, the values obtained were compared with those required by
the Italian Technical Standards for Constructions for structural lightweight concrete and
relative Circular [77].

In particular, in the Technical Standards for Constructions, with reference to the design
specifications for seismic actions, paragraph 7.4.2.1 states that the use of concretes lower
than C20/25 is not allowed. Mechanical resistance must be associated with appropriate
considerations regarding the density of lightweight concrete products defined in paragraph
C4.1.12 “lightweight aggregate concrete” of the Circular. In conclusion, concretes suitable
for use in seismic applications must simultaneously satisfy the following performances:

• Rck > 25 MPa;
• 1400 < ρ ≤ 2000.

In relation to these regulatory constraints, it is found that, among all the compos-
ites, two in particular, S5 and S1, are suitable for use in seismic applications. Moreover,
the two concrete samples are also suitable for structural uses, as required by paragraph
4.1.12 (Lightweight aggregate concrete) and Table 4. 1. II of the Technical Standards for
Constructions, as they have a strength higher than the minimum required (20 MPa).

The results obtained are of particular interest when compared to the performances
achieved for other concretes with a similar content of R-EPS in the mix, such as S7 and
S6. For them, the replacement of sand with recycled lightweight aggregate involved
different grain size fractions and, therefore, different weights. In the S5 mix, in fact, the
replacement of the portion of sand with a grain size between 1 and 2 mm (about 18% of
the entire granulometric range) allowed, on the one hand, for the reduction of the density
of the starting concrete and on the other hand, for the preservation of good mechanical
strength characteristics.

In Figure 25, it can be observed that among the lightweight mixes for structural use,
mixes S9 and S8 exhibit the best thermal characteristics (1.28 W/m; 1.15 W/mK), while
among the lightweight mixes for non-structural use, S3 and S4 show the best thermal
characteristics (0.84 W/m; 0.45 W/mK).

 

 

 

 

 

 

Figure 25. Concrete. Classification of mixes based on the volume percentage of R-EPS and conductiv-
ity with indications of the classification obtained for each sample.
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4. Conclusions

In this study, the possibility of producing lightweight mortars and concretes with
improved thermal performance by introducing R-EPS into the mix as a substitute for
aggregate in various proportions and approaches was investigated. After the preparation
of the mixtures, analyses were conducted to verify their fluidity, density, thermal, and
mechanical characteristics. Based on the objectives of this experimental study, the main
conclusions are summarized below:

• All designed mortars exhibit compressive strength higher than the minimum specified
by regulations. Therefore, all designed mortars, even those with no sand content, can
be used as masonry mortars.

• All mortars show an improvement in thermal characteristics ranging from 49.28%
(M6) for mixtures where there is no sand replacement but only an improvement in its
granulometric range, up to an improvement of 89.49% (M4) for mixtures where the
replacement is complete across all granulometric ranges.

• All designed concretes have strengths that are appreciable and compatible with the
regulations. Therefore, all of them, each in relation to their specific characteristics, can
be used as construction concretes, either structural (S0, S6, S7), lightweight structural
(S1, S5, S8, S9), or non-structural (S2, S3, S4, S10).

• All concretes show an improvement in thermal characteristics in relation to the quantity
of introduced R-EPS.

• Among structural concretes, improvements in terms of conductivity, compared to the
reference mix, can be observed up to 27.68% (S8), where 40.2% of sand is replaced
with R-EPS.

• Among non-structural lightweight concretes, improvements in terms of conductivity,
compared to the reference mix, can be observed up to 74.58% (S4), where 100% of sand
is replaced with R-EPS.

These results have proven to be extremely interesting, as they provide a comprehensive
overview of the potential of the concretes both in terms of mechanical strength and thermal
insulation. Therefore, based on the obtained performances, it will be possible to choose the
product that best suits the required characteristics.
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