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ABSTRACT
This study is part of an initiative to valorize plastic waste for use in sustainable construction materials. Indeed, despite the growing interest in plastic-sand composites, a significant research gap remains regarding the optimization of plastic content to achieve a balance between mechanical performance and material durability. This study therefore hypothesizes that an optimal proportion of recycled plastic can improve interfacial adhesion and overall strength, while introducing an innovative approach for the formulation of eco-efficient composites for non-structural civil engineering applications.
The main objective is to evaluate the compressive and flexural mechanical properties of a composite material made from recycled plastic and sand, to analyze the influence of the plastic content on these properties, and to identify an optimal formulation suitable for civil engineering applications.
The methodology adopted is based on the production of three composite formulations containing 15%, 20%, and 25% recycled plastic by mass, respectively, combined with sand. Cylindrical and parallelepiped specimens were prepared and subjected to standardized mechanical tests using a Controlab hydraulic press. The tests performed included uniaxial compression and three-point bending, allowing the determination of the maximum stresses σC and σf, respectively.
The results show that in compression, the strengths obtained are 10.76 MPa, 11.66 MPa, and 9.36 MPa. The strengths obtained in the flexural test are 5.35 MPa, 7.80 MPa, and 7.13 MPa. These different strengths represent the maximum compressive and flexural stresses of the composites containing 15%, 20%, and 25% recycled plastic by mass, respectively.
The analysis highlights an optimal formulation with 20% recycled plastic, for which the material exhibits the best mechanical performance, thanks to improved interfacial cohesion and compactness. Beyond this threshold, a degradation of properties is observed, linked to an increase in porosity and a decrease in sand-sand contact.
These results confirm the potential of plastic-sand composites as an alternative material for non-structural applications in civil engineering.
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1. INTRODUCTION                                                                                                                         
The exponential growth in plastic production over the past few decades has become a major environmental challenge worldwide. A large proportion of this plastic waste is neither recycled nor recovered, leading to its accumulation in terrestrial and marine ecosystems, with significant impacts on the environment and human health (Islam, 2025; OCDE, 2024). Faced with this problem, scientific research is increasingly focused on innovative solutions to transform this waste into resources, particularly in the field of construction materials.
Among the approaches developed, the recovery of plastic waste in the form of composite materials appears as a promising alternative. Indeed, the integration of recycled plastics into mineral or granular matrices makes it possible to produce materials that are lightweight, durable, and environmentally advantageous. This approach aligns with a circular economy model aimed at reducing the consumption of natural resources and the carbon footprint associated with conventional materials (Kumar & Singh, 2025; P. Mukherjee et al., 2023). Numerous studies have focused on the mechanical characterization of recycled plastic composites, particularly in compression, tension, and bending. The incorporation of PET-type plastic waste into concrete significantly influences mechanical properties, improving ductility but decreasing strength at high plastic content (Saikia & de Brito, 2014). These results have been confirmed by more recent studies, indicating that the proportion of plastic is a key parameter in optimizing mechanical performance (Bai et al., 2021; Li & Kaewunruen, 2019; Wei & Sakai, 2021).
In the field of plastic-aggregate composites, several studies have highlighted the advantages of using recycled plastic as a binder or as a partial substitute for aggregates. For example, an experimental study showed that composite blocks made of multilayer plastic (MLP) and sand exhibit optimal mechanical strength when the plastic is combined with mineral fillers, achieving a compressive strength of approximately 9.43 Mpa (Salato & Mishra, 2024).  These results confirm that the addition of sand improves the stiffness and load-bearing capacity of the material, unlike composites made solely of plastic.
Furthermore, several recent studies have explored the use of recycled plastic as a substitute for sand in cementitious materials. It has been demonstrated that incorporating plastics such as PET or PVC allows for a reduction in material density while maintaining acceptable mechanical performance at low substitution rates (Alam et al., 2025; Haseebuddin et al., 2025). However, an excessive increase in plastic content leads to a degradation of mechanical properties due to poor interfacial adhesion between the plastic and the mineral matrix.
Studies show that recycled plastics such as HDPE, PET, and LDPE exhibit varying mechanical performance depending on their proportion and method of incorporation. The results indicate that optimal proportions between 10% and 30% provide a good compromise between mechanical strength and material lightness (de Jesus et al., 2023; Guo et al., 2026; Tariq et al., 2026). Beyond these thresholds, void formation and decreased internal cohesion result in reduced mechanical strength.
Along the same lines, several experimental studies have shown that adding recycled plastic to construction materials improves certain properties such as ductility, crack resistance, and energy absorption capacity. For example, using plastic aggregates in lightweight concrete makes it possible to obtain lighter materials with a significant reduction in density, while maintaining mechanical strengths suitable for non-structural applications (Magbool, 2025; Mohamed Omar Ibrahim et al., 2025). Similarly, blocks made entirely of recycled plastic can achieve high compressive strengths, but their behavior is highly dependent on the manufacturing process and the internal structure of the material (Rocha et al., 2025; Shahzada et al., 2024).
Despite these advances, several gaps remain. On the one hand, most studies focus on plastic composites incorporated into cementitious matrices, while composite materials made solely of recycled plastic and sand remain insufficiently explored. On the other hand, the interaction mechanisms between the plastic phase and the sand particles, as well as their influence on mechanical properties in compression and bending, require further investigation. Finally, identifying an optimal formulation that balances mechanical strength, ductility, and durability remains a scientific and technical challenge.
In this context, this study aims to contribute to the valorization of plastic waste through the development and mechanical characterization of a composite material based on recycled plastic and sand. More specifically, the objectives of this work are:
· to evaluate the mechanical properties in compression and bending of an environmentally friendly composite material made from recycled plastic and sand;
· to analyze the influence of plastic content on mechanical performance;
· to identify the optimal formulation for applications in the field of civil engineering.
This study is thus part of a sustainable materials development approach, aiming to offer alternatives to traditional materials while contributing to the reduction of plastic pollution.

2. MATERIALS AND METHODS
2.1 Materials
To perform the mechanical compression and bending tests, we used a Controlab-type press and specimens.

2.1.1 Hydraulic Press for Mechanical Testing:
The mechanical compression and bending tests were performed using a Controlab-type hydraulic press. This machine is commonly used for material characterization in civil engineering due to its ability to apply precisely controlled loads.
The main features of the press are:
· application of increasing static loads,
· control of the loading speed,
· data acquisition (force and displacement),
· compression platens equipped with ball joints to ensure proper specimen alignment.
The use of ball joints helps to limit the effects of misalignment and ensures a uniform distribution of stresses, in accordance with the recommendations of ASTM and EN standards (ASTM C39/C39M, 2021).
Figure 1 represents the hydraulic press for mechanical testing.
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Fig. 1. Press for mechanical testing.

2.1.2 Test specimens:
As part of the preliminary characterization study of composite materials made from plastic waste and sand, three types of materials were produced by varying the mass proportion of plastic relative to the mass of sand (Bazemo et al., 2026).
Table 1 shows the mass proportions of recycled plastic relative to the mass of sand.

Table 1. Mass proportions of recycled plastic and sand
	
	% plastic
	% sand

	Material 1
	15
	85

	Material 2
	20
	80

	Material 3
	25
	75


For these three types of materials, two types of specimens were used to perform the mechanical tests:
· Cylindrical specimens (Figure 2): They are used for the compression test. The diameter of the cylinder is 60 mm and its height is 120 mm.
These dimensions comply with the usual recommendations for compression tests on quasi-brittle materials (Talaat et al., 2021).




                                    [image: ]
Fig. 2. Cylindrical cross-section specimen
- The parallelepiped-shaped specimens (Figure 3): They are used for the bending test. The parallelepiped has a square cross-section with sides of 40 mm and a length of 160 mm.
These specimens are suitable for three-point bending tests according to EN 12390-5.
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Fig. 3.  Square cross-section specimen

2.1.3 Specimen Preparation:
Sample preparation is a crucial step in performing mechanical tests.
To conduct a compression test, the specimens must be surface-finished. The flat faces of the specimens in contact with the press platens must be perfectly smooth and parallel. The flatness of the specimen faces is critical to prevent premature failure due to eccentric loads. The specimens must be cleaned by removing any burrs from the edges before being placed in the press.
When preparing a specimen for a 3-point bending test, the following steps must be taken:
· Ensure that the faces in contact with the lower supports and the upper punch are flat and parallel, resurfacing them if necessary;
· Remove any burrs or surface defects that could initiate premature failure;
· Mark the center of the specimen, if necessary, to ensure precise positioning under the upper support point.


2.2 Methods
2.2.1 General Principle
The mechanical tests performed are:
· uniaxial compression test,
·  three-point bending test.
These tests allow us to characterize respectively:
·  compressive strength (
· bending strength ((.

2.2.2 Mechanical Compression Test
The experimental procedure consists of several steps:
· Cleaning the contact surfaces of the press platens with the specimen.
· Positioning the specimen. Figure 4 shows a cylindrical specimen placed between two compression platens of a hydraulic press. The lower platen is fixed, while the upper platen is mobile. Axial alignment is checked to avoid any parasitic stress.
· Gradual loading at a constant speed and recording of the load until failure.
· Calculation of the compressive stress  :
                                                 (1)
With :
·  : maximum load (N), 
· S : cross-sectional area of ​​the specimen (mm²). 
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Fig. 4. Specimen positioned for compression.

2.2.3 Three-point bending test
The experimental setup used on the hydraulic press for the three-point bending test has two lower supports and a central upper punch applying the load (Figure 5).
To perform this test, the following procedure must be followed:
· Cleaning the contact surfaces of the press supports with the specimen.
· Positioning the specimen on the lower supports.
· Gradual loading at a constant rate and recording of the load until failure.
· Calculation of the bending stress   :
                                                 (2)
With :
·   : maximum load (N), 
· L : distance between supports (mm), 
· b, h : section dimensions (mm). 
 

Upper central punch

Two lower supports

 
Test specimen

 

Fig. 5. Specimen positioned for the bending test.

3. RESULTS AND DISCUSSION
To ensure the validity of the results:
· several specimens were tested for each formulation,
· the experimental conditions were kept constant.
These precautions are essential to limit the variability associated with recycled materials (Georgiou et al., 2025).

3.1 Compression Test
3.1.1 Compression Test of the composite containing 15% recycled plastic
The compression curve (Figure 6) shows a gradual increase in load up to a maximum of 30.44 kN, corresponding to a stress of 10.76 MPa.
The linear phase of the curve reflects elastic behavior dominated by the granular skeleton, the sand. Fault occurs gradually, indicating a certain degree of ductility. However, the strength remains moderate because:
· the amount of plastic is insufficient to ensure optimal bonding,
· the sand-plastic interfaces are still discontinuous.
This behavior is consistent with the work of  Singh (2025) and Ronald Henry Kibiina (2026), which shows that a low polymer content, limits interfacial cohesion.



Fig. 6. Compression test curve of the composite containing 15% recycled plastic.

3.1.2 Compression test of the composite containing 20% ​​recycled plastic
The curve in Figure 7 reaches a maximum load of 32.96 kN. The maximum compressive stress is 11.66 MPa.
The initial slope is steeper than that of the curve in Figure 6, indicating greater material stiffness.
The material exhibits good ductile behavior, as we observe that the post-fracture phase remains gradual. At 20%, the plastic fully performs its role as a continuous binder, improving interfacial adhesion, compactness, and stress distribution. This result confirms the findings of Adeleke and al. (2025), Oluwole and al. (2025), who identified an optimal plastic content between 15% and 30%. This result is also consistent with the results obtained by Gu & Ozbakkaloglu (2016) and Lutego et al. (2026).





Fig. 7. Compression test curve of the composite containing 20% ​​recycled plastic.

3.1.3 Compression test of the composite containing 25% recycled plastic
Figure 8 below shows the shape of the compression curve of the specimen.
The curve in Figure 8 shows a maximum load of 26.46 kN corresponding to a maximum stress of 9.36 MPa.
We observe that the material has undergone a decrease in stiffness, as demonstrated by the fact that the initial slope of its compression curve is shallower than that of the curve in Figure 7.
The decrease in the maximum load also indicates a weakening of the material.
The decrease in maximum load is therefore due to a dominance of the polymer phase, a reduction in sand-sand contacts, and an increase in internal porosity. This phenomenon is widely reported in the literature (Awoyera & Adesina, 2020; Umasabor & Longe, 2024).



Fig. 8. Compression test curve of the composite containing 25% recycled plastic.

The compression values ​​obtained are consistent and comparable to those reported by Kumi-Larbi Jnr et al. (2022) which range from 8 to 12 MPa, and Tambunan et al. (2024) which is approximately 9 MPa.

3.2 Flexural test
3.2.1 Flexural test of the Composite Containing 15% recycled plastic
Figure 9 below shows the shape of the flexural curve of the specimen.
The maximum breaking force is 2.28 kN, which gives us a maximum stress of 5.35 MPa. The gradual rise of the curve indicates a quasi-elastic behavior of the material. Failure occurs relatively early. This is explained by low interfacial cohesion and rapid crack propagation.
 


Fig. 9. Flexural test curve for the composite containing 15% recycled plastic.
  
3.2.2 Flexural test of the composite containing 20% recycled plastic
The maximum breaking stress on the flexural curve (Figure 10) is 3.33 kN, which gives us a maximum stress of 7.80 MPa. The flexural curve has a steeper slope. This material is therefore stiffer and stronger than the composite containing 15% plastic. 
The proportion of recycled plastic used in this material improves toughness, crack resistance, and stress redistribution (Kumi-Larbi Jnr et al., 2022).




Fig. 10. Flexural test curve for the composite containing 20% recycled plastic.
 
3.2.3 Flexural test of the composite containing 25% recycled plastic 
Figure 11 below shows the flexural curve of the test specimen.  
The maximum breaking load is 3.04 kN, which gives us a maximum stress of 7.13 MPa. 
We observe a slight decrease in strength compared to the composite containing 20% recycled plastic. The excess plastic leads to a decrease in stiffness and an increase in deformability. 


Fig. 11. Flexural test curve for the composite containing 25% recycled plastic.

3.3 Compression Behavior
The results of compression tests show that the strengths obtained for composites containing 15%, 20%, and 25% recycled plastic are 10.76 MPa, 11.66 MPa, and 9.36 MPa, respectively. This trend highlights an initial increase in strength followed by a decrease beyond an optimal threshold around 20%.
This trend can be interpreted through the mechanical behavior of the particulate composites. The improvement observed between 15% and 20% is explained by a better distribution of stresses within the matrix and by a filling effect of the plastic particles, promoting a certain compactness of the material (Choi et al., 2005). Conversely, the excessive introduction of plastic (25%) leads to a decrease in overall stiffness, as plastic is an intrinsically less rigid material than the mineral constituents.
These results are consistent with those of several recent studies. For example, Ohmer (2024) shows that increasing the recycled polymer content beyond a critical threshold leads to a significant decrease in mechanical strength due to poor interfacial adhesion. Similarly, (HAOUARA (2025) highlights that composites made from recycled plastics generally exhibit a mechanical optimum between 10% and 30%, beyond which their properties degrade.
Furthermore, the shape of the observed compression curves, characterized by a gradual downward phase after fracture, reflects a more ductile behavior of the material in the presence of recycled plastic. This phenomenon is also reported in studies where the addition of polymers improves deformation capacity but decreases overall stiffness (N’Tsule et al., 2025).



3.4 Flexural Behavior
Bending tests show a similar trend, with maximum stresses of 5.35 MPa, 7.802 MPa, and 7.13 MPa for 15%, 20%, and 25% recycled plastic, respectively. The maximum observed at 20% confirms the existence of an optimal percentage.
The improvement in flexural properties up to 20% can be attributed to the material's enhanced stress-dissipation capacity due to the presence of the plastic, which acts as a ductile element. This behavior is consistent with the work of (Aziz & Abdulkadir, 2022) which shows that the addition of recycled polymers increases the energy absorption capacity of composites.
However, the decrease in performance at 25% is linked to a loss of internal cohesion and degradation of the matrix-reinforcement interface. This observation is confirmed by (Elango et al., 2021), who emphasizes that flexural strength is highly dependent on the quality of the interface and the dispersion of the particles.
The flexural curves exhibit a gradual upward phase followed by abrupt fracture, reflecting pseudo-ductile behavior before brittle failure. This type of behavior is typical of composites containing polymer phases (Ohmer, 2024).

3.5 Influence of Microstructure and Interface
Although this study does not include a microstructural analysis, the results can be interpreted in light of existing research. The mechanical performance of composites is highly dependent on the adhesion between the matrix and the plastic particles.
Poor adhesion leads to:
· void formation,
· stress concentration,
· and rapid crack propagation (Babou, 2020; Ohmer, 2024).
According to Al-Akhras & Sezen (2025), when the plastic volume fraction becomes significant, load transfer becomes inefficient, which explains the performance decrease observed at 25%. Furthermore, the hydrophobic nature of plastic limits its interaction with mineral matrices, which is a critical factor.

3.6 Comparative Analysis with the Literature
The results obtained in this study are generally consistent with those reported in recent literature.
On the one hand, the compressive strength values ​​obtained (9.36 to 11.66 MPa) are comparable to those obtained in sand-plastic composites, which are generally between 10 and 30 MPa depending on the formulation (Iftikhar et al., 2023). However, these values ​​remain lower than those of conventional concrete, which range from 25 to 40 MPa, thus limiting the use of these materials to non-structural applications.
On the other hand, the observed trend and improvement up to an optimal threshold followed by degradation, is largely confirmed. For example, Ismail & Al-Hashmi (2008) reports an improvement in mechanical properties up to approximately 20 to 30% recycled polymer, followed by a drop due to loss of stiffness.
Regarding flexural strength, the values ​​obtained (5.35 to 7.8 MPa) are consistent with those observed in similar composites, although some reinforced formulations (with natural fibers or additives) can achieve superior performance (Yin et al., 2015).
Thus, this study confirms that composites made from recycled plastic offer a compromise between:
· mechanical performance,
· lightness,
· and environmental sustainability.

3.7 Scientific Contribution
This study highlights several important contributions:
· the identification of an optimal recycled plastic content of around 20%,
· the demonstration of the critical role of the matrix-plastic interface,
· the confirmation of the non-linear behavior of mechanical properties.
These results are consistent with current research on the valorization of plastic waste and the circular economy (Saikia & De Brito, 2012). They show that these materials can constitute a viable alternative for applications such as paving stones, bricks, and non-structural elements.

4. CONCLUSION
This study characterized the mechanical behavior of an innovative composite material made from recycled plastic and sand, highlighting the decisive influence of the plastic content on its performance.
The experimental results clearly show that :
· mechanical strength increases between 15% and 20% plastic content, reaching a maximum of 11.66 MPa in compression and 7.80 MPa in flexure; 
· beyond 20%, a decrease in performance is observed. Performance at 25% is 9.36 MPa in compression and 7.13 MPa in flexure;
· the material exhibits generally ductile behavior, with a progressive post-failure phase, particularly pronounced for intermediate formulations.
Internal comparative analysis of the results reveals that :
· At low content (15%), cohesion is insufficient due to a lack of plastic binder;
· At optimal content (20%), the balance between the polymer matrix and the granular phase ensures better stress transfer; 
· at high content (25%), excess plastic leads to increased porosity, reduced sand-to-sand contact, and decreased stiffness. 
The compression values obtained are consistent and comparable to those reported by (Kumi-Larbi Jnr et al., 2022; Tambunan et al., 2024). The results confirm the existence of an optimal plastic content ranging from 15% to 30%, as reported by  Gu & Ozbakkaloglu (2016), Lutego and al. (2026).
However, the performance remains inferior to that of conventional concrete, limiting its use to non-structural applications.
Despite the satisfactory results obtained, this study has several limitations, including:
· The limited number of formulations studied, as the study only considers three recycled plastic content levels (15%, 20%, and 25%). These levels do not allow for the precise determination of the exact optimal threshold, nor the material's behavior outside this range;
· Partial mechanical properties. Other important properties such as tensile strength, impact resistance, fatigue, and hardness are not addressed.
The perspectives arising from these limitations are:
· Optimization of the recycled plastic content. The results clearly show an optimum around 20%. Testing intermediate values ​​(18%, 22%) will allow for refining the optimal threshold ;
· Expansion of mechanical testing. Conducting additional tensile, impact, fatigue, and hardness tests will allow for a complete characterization of the material.
Thus, this composite material shows great potential for applications such as pavers, bricks, lightweight blocks, or infill elements, contributing to the reduction of the environmental footprint and the promotion of eco-friendly and cost-effective materials.
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