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ABSTRACT

Lightweight concrete is increasingly utilized in sustainable construction due to its reduced
weight and improved thermal performance. However, replacing conventional aggregates with
alternative lightweight materials may result in a reduction in concrete strength. To address
this issue, fiber reinforcement has been introduced to emhance the concrete’s overall
mechanical behavior. This study examines the mechanical properties of concrete mixes
incorporating recycled expanded polystyrene (EPS) granules and polypropylene (PP) fibers.
The effect of replacing crushed aggregate with EPS was evaluated by comparing a reference
mix with mixes including 25 % and 50 % EPS replacement by volume. Additionally, the
influence of fiber reinforcement was assessed by comparing a mix with 50 % EPS with mixes
containing 0.5 % and 1.0 % fiber by volume. Key properties including density, flexural
strength, compressive strength, and dynamic modulus were measured at 7 and 28 days. At 7
days, replacing conventional aggregate with 25 % EPS reduced density by approximately 21
%, flexural strength by 34 %, compressive strength by 57 %, and dynamic modulus by 37 %
relative to the reference mix. A 50 % EPS substitution further lowered these properties by
approximately 36 %, 54 %, 67 %, and 57 %, respectively. At 28 days, the relative reductions
remained consistent. Adding fibers to the 50 % EPS mix improved flexural performance: a 0.5
% fiber dosage increased flexural strength by roughly 10 % at 7 days and 13 % at 28 days,
while a 1.0 % dosage increased it by about 28 % at 7 days and 24 % at 28 days. The
incorporation of fibers had minimal impact on density, compressive strength, and dynamic
modulus.

1. INTRODUCTION
Reducing energy consumption for heating and warming is crucial for enhancing building
energy efficiency. Conventional concrete, the most important building material, exhibits
limited thermal insulation performance due to its high thermal conductivity, generally between
0.6 and 3.2 W/m-K. On the other hand, lightweight concrete typically exhibits thermal
conductivity values between 0.4 and 1.89 W/m-K, while insulating concrete with polystyrene
beads or a cellular structure can achieve as low as 0.07 to 0.33 W/m-K [1]. Properly composed,
lightweight concrete could prevent thermal bridges by ensuring a continuous insulating layer
and, with its low thermal conductivity and durability, further enhance energy efficiency and



building performance [2]. These high-thermal insulating materials are formulated using
lightweight aggregates, such as expanded polystyrene (EPS), cork, expanded clay, or silica
aerogel [3]. EPS is a lightweight, inert thermoplastic material composed of approximately 98
% air, widely utilized in packaging and thermal insulation applications [4]. Unmodified EPS
exhibits a cellular microstructure characterized by closed-cell membranes composed of
expandable polystyrene (PS), with typical densities below 50 kg/m3 [5]. Currently, EPS is
recycled in at least 38 countries, encompassing a population exceeding 4.2 billion people across
four continents [6]. Incorporating EPS as a lightweight aggregate in concrete mixtures has been
shown to reduce density and thermal conductivity. However, the reduction in density
negatively impacts mechanical properties, including compressive, flexural, and tensile strength
[7]. Fiber reinforcement is widely recognized as an effective technique to enhance the tensile
performance and energy absorption capacity of cement composite structures [8]. Synthetic
fibers manufactured from petroleum products, particularly polypropylene fibers (PP), are
favored due to their low cost, ease of application, high strength-to-weight ratio, and excellent
chemical resistance. PP fibers are also known for their resistance to acids and alkalis, which
makes them suitable for use with various types of Portland cement. Their simple production
and ease of integration into concrete mixes result in improved performance by effectively
inhibiting the propagation of microcracks, reducing permeability, and enhancing strength [9-
11].

While a significant body of research has focused on lightweight concrete and on polypropylene
fiber-reinforced concrete separately, relatively few studies have explored the combined use of
lightweight aggregates and fibers. This study aims to evaluate the mechanical performance of
lightweight concrete incorporating both recycled EPS granules and PP fibers, with the aim of
developing sustainable construction solutions that balance weight reduction and structural
integrity.

2. MATERIALS AND METHODS
The samples were prepared using Portland cement type CEM IV/B-W 32.5 N, limestone
aggregate with a bulk density of 1600 kg/m?3 (with the particle size distribution provided in
Table 1), and tap water. The EPS granules were prepared by manually crushing a 50-mm thick
board and then sieving the material through a 4.0-mm mesh. The bulk density of EPS granules
was 12.97 kg/m®. The PP fibers (SikaFiber PPM-12), with a density of 0.91 g/cm3, and length
of 12 mm £ 1 mm were used in this study. Table 2 details the composition of the concrete
mixes used in this study. The designation R refers to the reference mix, which does not include
any EPS or fibers. In the R1 mix, one-quarter of the limestone aggregate volume is replaced
by EPS granules, while in the R2 mix, half of the limestone aggregate is substituted with EPS
granules. The PP1 mix comprises equal volumes of limestone and EPS aggregates with an
addition of 0.5 % polypropylene fibers by volume, whereas the PP2 mix, also containing equal
volumes of limestone and EPS aggregates, incorporates 1.0 % polypropylene fibers by volume.

To evaluate the impact of substituting crushed aggregate with EPS granules mixes R, R1, and
R2 were designed to ensure consistent workability across all variations. Since the incorporation
of EPS reduces the water demand of the mix, a lower water content was employed to achieve
the targeted consistency. To assess the effect of PP fiber addition, the mix designs for mixtures
R2, PP1, and PP2 were formulated with the fiber volume fractions 0 %, 0.5 %, and 1.0 %,
respectively. The content of fibers is calculated by multiplying its volume by its density,
according to the equation:

Vol. %PP x 1m3> kg (1)

0 -
Mas.% PP ( 100



The cement, aggregate, and fibers were
initially mixed for 30 seconds, after which
water was added and blended for another 60
seconds. Once a viscous mix was achieved,
EPS granules were gradually introduced
into the running mixer in portions to

mm) and prisms (40x40x160 mm) for
further testing. Finally, the specimens were
immersed in water maintained at 20 + 2 °C
until testing.

Table 1. Particle size distribution of aggregate

prevent overspill, with the complete Particle size (mm) | Total passing (%)
addition taking 60 seconds. Finally, the

mixture was blended for 180 seconds 683 918(1
before being discharged for fresh state 4.1 97"71
testing and specimen production, resulting 5 65.38

in a total mixing time of 5 minutes and 30 1 46.99
seconds. After mixing, the consistency of 0.7 3453

all fresh concrete specimens was evaluated 0.5 28.96
following BAS EN 12350-2 [12]. The 0.25 21.38
consistency test results are shown in Table 0.125 16.52

2, as well. The samples were then cast into 0.063 13.09
metal molds to form cubes (100x100x100 0 0.00
Table 2. Composition of concretes and fresh concrete consistency

Component R R1 R2 PP1 PP2
Cement (kg/m3) 4125 4125 4125 411.2 409.9
Aggregate (kg/m3) 1650 12375 825 822.4 819.5
EPS (kg/m3) - 2.50 5.0 4.97 4.97
PP Fibers (kg/m?) - - - 4.55 9.10
Water (kg/m3) 206.3 198.08 173.3 172.7 172.3
Total (kg/m3) 2268.8 1850.6 1415.8 1415.8 1415.8
Fresh Concrete Consistency (cm) 6.0 8.0 7.0 5.0 3.0

After curing, the concrete specimens were subjected to a series of tests to evaluate their
mechanical and physical properties: compressive strength (BAS EN 12390-3) [13], flexural
strength (BAS EN 12390-5) [14], water-saturated density (BS EN 12390-7) [15], and dynamic
modulus of elasticity (BAS EN 12504-4) [16].

3. RESULTS AND ANALYSIS

The experimental program was designed to distinguish the effects of aggregate replacement
and fiber reinforcement. The impact of substituting crushed aggregate with EPS granules was
evaluated by comparing mixes R, R1, and R2, while the influence of PP fibers incorporation
was assessed by examining the differences between mixes R2, PP1, and PP2. The experimental
results are presented in Tables 3-6. Table 3 summarizes the water-saturated density
measurements for all specimens at both 7 and 28 days, providing insights into the changes in
density over time. Table 4 details the flexural strength values, while Table 5 presents the
compressive strength results for the same curing periods. Finally, Table 6 reports the dynamic
modulus of elasticity, highlighting the stiffness characteristics of the concrete mixtures.



Table 3. Water-saturated density of concrete

Sample Density - 7 days (kg/m?) Density - 28 days (kg/m?)
R 2.32 2.39
R1 1.83 1.86
R2 1.48 1.50
PP1 1.46 1.48
PP2 1.45 1.47
Table 4. Flexural strength of concrete
Sample Flexural strength - 7 days Flexural strength - 28 days
(MPa) (MPa)
R 4.25 5.10
R1 2.80 3.30
R2 1.95 2.70
PP1 2.15 3.05
PP2 2.50 3.35
Table 5. Compressive strength of concrete
Sample Compressive strength - 7 days Compressive strength - 28
(MPa) days (MPa)
R 16.8 39.15
R1 7.3 24.2
R2 5.5 14.9
PP1 5.15 15.4
PP2 5.6 14.75
Table 6. Dynamic modulus of concrete
Sample Dynamic modulus - 7 days Dynamic modulus - 28 days
(GPa) (GPa)
R 31.09 45.68
R1 19.58 25.21
R2 13.48 17.10
PP1 11.73 15.61
PP2 12.49 15.50

Figure 1 displays concrete specimens after compressive strength testing, illustrating the internal
structure when EPS granules and PP fibers are incorporated. Figure 2 presents a chart that
summarizes the impact of these modifications on the properties of hardened concrete.



Figure 1. Concrete samples after the compressive strength test
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Figure 2. The effect of EPS granules and PP fibers on hardened concrete properties



The results indicate that substituting crushed aggregate with EPS granules leads, due to the
lightweight nature of EPS, to a reduced density accompanied by a corresponding decline in
mechanical performance. At 25 % EPS substitution (R1), the density at 7 days decreases by
approximately 21 % compared to the reference mix (R), and by around 36 % at 50 % EPS (R2).
Compared to the reference mix (R), a 25 % EPS replacement (R1) decreased flexural, and
compressive strengths, and dynamic modulus by roughly 34 %, 57 %, and 37 % at 7 days, with
similar trends observed at 28 days. A further increase to 50 % EPS replacement (R2) led to
additional reductions of about 54 %, 67 %, and 57 % in these properties relative to R, which
can be attributed to the low density, weak bonds between EPS granules and concrete matrix,
and inferior stiffness of EPS compared to traditional aggregates. Additionally, the effect of
fiber addition was evaluated by comparing R2 with fiber-reinforced mixes (PP1 and PP2). The
incorporation of fibers concrete containing 50 % EPS as an aggregate replacement had minimal
impact on density, compressive strength, and dynamic modulus. However, fiber reinforcement
notably enhanced flexural performance. At 7 days, a 0.5 % fiber addition (PP1) increased
flexural strength by approximately 10 % compared to R2, while a 1.0 % fiber addition (PP2)
improved it by about 28 %. A similar trend was observed at 28 days. This improvement is
likely due to the fibers' ability to bridge cracks and enhance tensile behavior, thus mitigating
some of the mechanical losses associated with lightweight aggregates. In contrast, the effect of
fibers on compressive strength was minimal, reflecting that fiber reinforcement predominantly
benefits tensile-related properties rather than compressive behavior. The dynamic modulus
decreased slightly with fiber addition, likely due to local discontinuities introduced by the
fibers.

4. CONCLUSIONS

This study demonstrates the potential of valorizing recycled EPS in conjunction with PP fibers
to produce lightweight concrete. Our results indicate that replacing conventional aggregates
with EPS granules effectively decreases water-saturated density by approximately 21 % at 25
% replacement and 36 % at 50 % replacement, while leading to significant reductions in both
flexural and compressive strengths, as well as in dynamic modulus. To counteract these adverse
effects, the incorporation of PP fibers was investigated. Although fiber addition had little
impact on density, compressive strength, and modulus, it notably enhanced flexural
performance—improving flexural strength by up to 28 % with a 1.0 % fiber dosage. It is
important to note that this study focused solely on the mechanical properties of the concrete
mixes; thermal properties, which are crucial for energy efficiency, were not investigated.
Future research should focus on optimizing the interfacial bonding between EPS and the
cementitious matrix, further refining fiber dosage and distribution, and extending the
investigation to include thermal performance. Such studies will be essential for developing
sustainable, high-performance lightweight concrete formulations that meet the rigorous
demands of modern structural applications.

5. REFERENCES

[1] T.S.Yun, Y.J. Jeong, T.-S. Han, and K.-S. Youm, “Evaluation of thermal conductivity for
thermally insulated concretes,” Energy Build., vol. 61, pp. 125-132, Jun. 2013, doi:
10.1016/j.enbuild.2013.01.043.

[2] Y. H. Lee et al., “Thermal Performance of Structural Lightweight Concrete Composites for
Potential Energy Saving,” Crystals, vol. 11, no. 5, p. 461, Apr. 2021, doi: 10.3390/cryst11050461.

[3] J. L. Parracha, A. R. Santos, R. Lazera, I. Flores-Colen, M. G. Gomes, and A. M. Rodrigues,
“Performance of lightweight thermal insulating mortars applied on brick substrate specimens and
prototype wall,” Constr. Build. Mater., vol. 364, p. 129954, Jan. 2023, doi:
10.1016/j.conbuildmat.2022.129954.



[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

L. S. Ledo, G. P. Spini, M. S. De Franca, and E. B. C. Costa, “Recycled expanded polystyrene
(EPS) as an eco-friendly alternative for sand in rendering mortars,” Constr. Build. Mater., vol.
414, p. 135018, Feb. 2024, doi: 10.1016/j.conbuildmat.2024.135018.

A.Kan and R. Demirboga, “A new technique of processing for waste-expanded polystyrene foams
as aggregates,” J. Mater. Process. Technol., vol. 209, no. 6, pp. 2994-3000, Mar. 2009, doi:
10.1016/j.jmatprotec.2008.07.017.

EPSA Australia, “The Truth About Expanded Polystyrene (EPS) Recycling: Debunking the
Myths.” Accessed: Mar. 20, 2025. [Online]. Available: https://epsa.org.au/the-truth-about-
expanded-polystyrene-eps-recycling-debunking-the-myths/

L. Prasittisopin, P. Termkhajornkit, and Y. H. Kim, “Review of concrete with expanded
polystyrene (EPS): Performance and environmental aspects,” J. Clean. Prod., vol. 366, p. 132919,
Sep. 2022, doi: 10.1016/j.jclepro.2022.132919.

S. P. Shah and C. Ouyang, “Mechanical Behavior of Fiber-Reinforced Cement-Based
Composites,” J. Am. Ceram. Soc., vol. 74, no. 11, pp. 2727-2953, Nov. 1991, doi: 10.1111/j.1151-
2916.1991.th06836.x.

A. Lakshmi, P. Pandit, Y. Bhagwat, and G. Nayak, “A Review on Efficiency of Polypropylene
Fiber-Reinforced Concrete,” in Sustainability Trends and Challenges in Civil Engineering, vol.
162, L. Nandagiri, M. C. Narasimhan, S. Marathe, and S. V. Dinesh, Eds., in Lecture Notes in
Civil Engineering, vol. 162., Singapore: Springer Singapore, 2022, pp. 799-812. doi:
10.1007/978-981-16-2826-9_50.

S. Yin, R. Tuladhar, F. Shi, M. Combe, T. Collister, and N. Sivakugan, “Use of macro plastic
fibres in concrete: A review,” Constr. Build. Mater., vol. 93, pp. 180-188, Sep. 2015, doi:
10.1016/j.conbuildmat.2015.05.105.

Y. Liu, Y. Yu, and L. Chen, “Material Properties Analysis of Acid-alkali Resistance
Geosynthetics for Highway,” IOP Conf. Ser. Mater. Sci. Eng., vol. 611, no. 1, p. 012040, Oct.
2019, doi: 10.1088/1757-899X/611/1/012040.

BAS EN 12350-2, “Test methods for fresh concrete — Part 2: Slump test,” Institute for
Standardization of Bosnia & Herzegovina, 2020.

[13] BAS EN 12390-3, “Test methods for hardened concrete — Part 3: Compressive strength of test

specimens,” Institute for Standardization of Bosnia & Herzegovina, 2009.

[14] BAS EN 12390-5, “Test methods for hardened concrete — Part 5: Flexural strength of test

specimens,” Institute for Standardization of Bosnia & Herzegovina, 2009.

[15] BAS EN 12390-7, “Test methods for hardened concrete — Part 7: Density of hardened concrete,”

Institute for Standardization of Boshia & Herzegovina, 20009.

[16] BAS EN 12504-4, “Test methods for concrete — Part 4: Ultrasonic pulse velocity,” Institute for

Standardization of Bosnia & Herzegovina, 2000.



