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Abstract

:

This research focuses on the optimization of formulation, characterization, and damage analysis of plant fiber-reinforced polyester resin composites (jute and date palm). To better understand the characteristics and mechanical behavior of these materials, this study investigates the influence of resin content and plant fibers on the physico-mechanical behavior of the resin composites. Resinous composites consisting of polyester resin and raw earth were studied using a novel formulation based on an empirical method that follows the principle of earth saturation with polyester resin. Saturation was achieved with a 28% content of polyester resin, which appeared to be an optimal blend for the earth–resin composite. Plant fibers were randomly incorporated as reinforcement in the composites at various percentages (1%, 2%, and 3%) and lengths (0.5 cm, 1 cm, and 1.5 cm). Mechanical tests including bending, compression, and indentation were conducted to evaluate the mechanical properties of the composites. Analysis of fracture morphology revealed that the deformation and rupture mechanisms in bending, compression, and indentation of these composites differ from those of traditional concrete and cement mortar. The obtained results indicate that the composites exhibit acceptable performance and could be favorably employed in the rehabilitation of historic buildings.
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1. Introduction


The quantity, storage, and incineration of waste from different sources, which are constantly growing, threatening the ecology and health of living beings, are of concern to the world society [1]. The only way to solve this problem is to increase the recovery and recycling of these products [2]. Indeed, many works encourage the return to biodegradable ecological materials, not energy consuming and based on renewable energies [3].



Kalak T et al. [4] conducted a study focusing on the prospective utilization of industrial biomass waste as a sustainable energy source for the future. They explored various conversion technologies and their potential applications to harness these biomass wastes for energy production. Their research emphasizes the critical importance of sustainable energy solutions and waste management practices in addressing environmental and energy-related challenges.



Moshood D et al. [5] performed a thorough investigation into biodegradable plastics. They aimed to understand their production, various applications, sourcing aspects, and ecological impact. Additionally, the study analyzed the complex factors influencing the adoption of biodegradable plastics and proposed a carefully crafted sustainable framework to enhance their long-term viability and environmental friendliness.



In the field of civil engineering, the recovery of local waste and by-products from industry and agriculture in the development and characterization of building materials has been the subject of several studies.



Rahim o et al. [6] studied the influence of replacing cement with the by-products granulated slag waste and silica fumes to improve the physico-mechanical properties of high-performance cementitious composites. They concluded that the use of these additions is very beneficial in reducing environmental problems and improving the durability of cementitious composites.



According to Bourbia S et al. [7], materials of biological origin such as hemp, wood, date palm wood, cork, esparto, and straw exhibit significant potential for use in building envelope applications, with the aim of enhancing energy efficiency during their lifecycle. These materials possess distinct advantages, including renewability, low embodied energy, neutral or negative CO2 impact, and excellent thermal regulation properties.



Marczak et al. [8] developed an effective method for managing fiber waste that offers the possibility of manufacturing innovative and ecofriendly materials while respecting circular economy objectives and user expectations. They discovered that waste fibers provide the basis for innovative soil water storage technologies in the form of biodegradable water-absorbing geocomposites.



Biskri Y et al. [9] contributed to optimizing the formulation of the sand-based cementitious composite as part of the recovery of plastic waste extracted from polyethylene terephthalate bottles and packaging tapes. The experimental results of this study show that reinforcing the cement matrix with PET fibers improves the physico-mechanical properties of the composite.



Aboutair W et al. [10] demonstrated that the use of fibers from crimped steel improves the mechanical characteristics of cementitious composites as well as their durability.



All this research has led to satisfactory results from an economic and ecological point of view. These materials are not always intended for the load-bearing structure, but as masonry elements used to fill exterior walls and partitions, or else insulating materials, light materials and materials for the rehabilitation of the old building [11,12].



Among other things, earth and clay are the most abundant materials on our planet. These materials have been used since ancient times in civil construction. Great ancient constructions belonging to different civilizations throughout the world have been preserved and maintained to date and are the subject of great interest in the world of the ongoing search for a healthy life in a biological and biodegradable environment [13]. This process aims to preserve the historical and cultural character of these buildings while improving their durability, structural stability and ease of use [14,15].



Algeria is a vast country with a rich array of historically and culturally significant architecture. These buildings require rehabilitation and maintenance in order to preserve this architectural heritage [16,17]. The rehabilitation project of Timimoun, Adrar (southern Algeria), was carried out by the Algerian center for cultural heritage, built in CAPTERRE land. The realization of this project was entirely made by natural products of local origin: sand, clay, date palm and the reuse of the rubble from the old building [18]. The use of these recycled materials allows these buildings to retain their natural appearance, characteristics and color [19].



The incorporation of plant fibers into raw earth exhibits several notable enhancements in material behavior. Reinforcement with these fibers tends to improve the strain energy and yield to ductile behavior in bending and compression as well as reducing the conductivity.



Mabrouk Y et al. [20] studied the influence of waste from hemp for the manufacture of rammed earth. They found that the addition of hemp improves the mechanical performance of the rammed earth and its thermal properties, linked to the thermodynamic behavior of the building in terms of efficiency and durability.



Tarhan y and Perrot A [21] highlight the positive impact of reinforcing earth-based composites with natural jute fabric textiles, resulting in a structural material with improved compressive strength, good tensile strength and ductile behavior.



Fattahi M et al. [11] showed that the use of waste corn husk fibers as sound absorption and thermal insulation materials has aroused great interest with excellent noise-reduction coefficients and conductivities.



The incorporation of polyester resins into mortars and composites signifies a notable breakthrough in the realm of construction materials, with a particular focus on applications related to structural repair and rehabilitation [22]. These hybrid composite materials, arising from the amalgamation of polyester resins with other matrices and fibers, present distinctive prospects for enhancing crucial attributes of construction materials, including strength, durability, flexibility, and various other fundamental properties [23,24]. The increasing attention directed toward this approach arises from the persistent pursuit of energy-efficient, sustainable, and resilient building solutions within the construction industry [25].



The objective of this study concerns the experimental optimization of an eco-material based on raw earth stabilized by a water-repellent binder and reinforced with plant fibers intended for the rehabilitation of enclosures built in earth. Indeed, the vulnerability of old earthen architectures results from negligence with regard to maintenance and sometimes from poor rehabilitation which does not take into consideration the adequacy of the association of an old material with the cementitious materials. Therefore, it is essential to take into account the specific characteristics of the materials used as well as the construction techniques during the rehabilitation. This guarantees a respectful approach to the architectural and cultural heritage while offering appropriate technical solutions to meet current safety standards and guarantee ecological, economic, environmental, and socio-cultural comfort.



For the elaboration of the composites, the local raw earth was used as a base material reinforced by the vegetable fibers of date palm and jute, which were used to provide certain ductility and prevent cracking of the product. Polyester resin was used as a binder to guarantee the water-repellent nature of the earth composite and increase the mechanical resistance, which gives it excellent adhesion between the matrix and the fibers, resistance to chemical attacks and a reduced drying time. To guarantee the efficiency of the material selection, several tests were carried out on test specimens to achieve an optimal bio-sourced and energy-efficient formulation.




2. Materials and Experimental Approach


2.1. Materials


2.1.1. Raw Earth


The raw earth studied comes from the region of Seraidi, Annaba, north-eastern Algeria. This soil was used historically for the construction of adobes. It is a fine-grained clay-sandy soil. The characteristics of the raw earth used and the particle size curve are represented, respectively, in Table 1 and Figure 1. The experimental tests were carried out at the laboratory level (LMGE-Annaba) following the methodology outlined by Bekkouche, S.R et al. [26].




2.1.2. Polymer


The polymer used is a liquid polyester resin requiring an additive whose role is a hardener supplied in the colorless liquid state. The characteristics of this resin are mentioned in Table 2.




2.1.3. Plant Fibers


For the reinforcement of the elaborated composites, two vegetable fibers were used separately. These are jute fibers and date palm fibers.




Jute Fibers


In this study, the jute fibers used were extracted from jute bags recovered from the dried vegetable market in the city of Annaba. The jute bags were washed and cut into fibers at different lengths. Energy dispersive spectrometry (EDS) coupled to SEM allows the determination of the chemical composition of the examined surface, as shown in Figure 2 and Figure 3. The characteristics of the fibers are detailed in Table 3.




Date Palm Fibers


This study relates only to the fibers extracted from the leaflets of the date palm trees. The date palm fibers tested originate from the Biskra region (Algeria). The date palm leaflets were dried in the air under the sun then washed with plenty of tap water to remove dust, then they were dried in the oven. Their ends were cut and the remains were shredded to have more or less uniform long fibers. The cutting of the fibers was performed in a shredder with parallel cut knives. The length of the fiber depended on the shredding speed (adjustable) [26,36] (Figure 4). Energy-dispersive spectrometry (EDS) coupled to SEM is illustrated in Figure 5. Fiber characteristics are summarized in Table 3.



The method used to determine the tensile strength of fibers is based on the experimental protocol used by Benzerara et al. [16] and Derdour et al. [37], adapted to the study of single ultimate fibers. Fiber cross-sections were measured using an optical microscope, as shown in Figure 6a. Subsequently, the fibers were attached to a hollow paper support, as shown in Figure 6b. Once prepared with their paper support, the fibers were attached to a direct tensile testing machine, as shown in Figure 7.



Figure 7 depicts the stress–elongation curve derived from direct tensile testing conducted on individual date palm and jute fibers. The results indicate that date palm fibers exhibit a linear elastic response, characterized by a maximum breaking stress of 263 MPa and a corresponding elongation of 2.37%. These fibers demonstrate an elastic modulus of 130 GPa, indicative of brittle fracture behavior. Conversely, jute fibers, composed of microfibrils, display a ductile response, owing to the sequential breakage of microfibrils under increasing tensile loads. Jute fibers exhibit a tensile strength of 345 MPa, an elastic modulus of 70 GPa, and a unit elongation at break of 8.55%.





2.2. Mixture Design


The formulation approach that was used to make the different mixtures in this study is an empirical method developed from an experimental methodology based on the saturation point of the earth with the resin. The value of the resin content is set according to the saturation necessary to obtain a compact and manageable paste. The general principle of determining the optimum resin content by mass substitution of the soil is adopted by gradually increasing the resin dosage in steps of 2%, starting with a rate of 10% in the fresh state.



Three extreme changes are distinguished in the development of the various composites: at 10% and 12% resin: a dry mix; the adhesion between the constituents of the composite is insufficient, and the mixes are difficult to handle and friable (Figure 8a). From 20 to 28% resin: the workability of the mixtures is increasingly improved, and the adhesion between the constituents of the composite is highlighted in the fresh state (Figure 8a,b). Nevertheless, a liquid paste was obtained, indicating oversaturation of the earth at the rate of 30% resin (Figure 8c).



In the first stage, it is evident to eliminate composites with resin contents of 10%, 12%, and 30%. The choice of resin content was thus set at 28% in order to guarantee the optimal coating of the earth material [38]. The reinforcement of the composites studied by plant fibers was carried out to prevent cracking of the elaborated material. In this research, two fibers were used separately: jute fiber and date palm fiber. The introduction of these fibers is performed randomly using mass substitution of the earth at rates of 1%, 2% and 3%.




2.3. Experimental Methods


Before proceeding with the fabrication of the composites, preliminary steps are necessary. The constituent materials are stored under favorable conditions. The earth is dried at 60 °C for 48 h [16]. The polyester resin and the hardener are stored in a temperature-controlled conservator. The manufacture of the specimens is carried out according to a process beginning with the preparation of the binder: a mixture of the polyester resin and the hardener, whose dosage is adjusted to the percentage of resin; it is set at 2.4% according to the study by Mirouzi et al. [38]. It consists of mixing the earth with an optimal water content determined by the proctor test by the prepared binder. The mixture is mixed for 3 min to avoid sudden crystallization. The filling of the mixtures in metal molds is carried out in 3 layers by vibration for 2 min. The samples are stripped after drying in the surrounding area under laboratory conditions at temperature T = 25 °C and relative humidity RH = 50%) for 24 h (Figure 9).



Two types of specimens are used for the mechanical tests: prismatic specimens of dimensions 40 × 40 × 160 mm3 in accordance with standard NF EN 12390-1 (2001) [39] for the three-point bending tensile test according to standard NF EN 12390-5 (2019) [40]. This test was carried out on a bending machine with a capacity of 20 kN, equipped with a specific three-point bending assembly. The half-samples obtained after the bending test are reintroduced into a suitable metal device fitted with standard steel plates to regulate the crushing surfaces 40 × 40 mm2 in contact with the plates of the compression machine with a compression capacity of 2000 kN for compression tests according to standard NF EN 12390-3 (2000) [41]. This procedure is adopted in order to have specimens manufactured and molded under the same conditions for the two types of stress [38].



The indentation test consists of applying a load to a pyramid-shaped indenter on the surface of the material to be tested under the action of an increasing load up to the target value [42], as shown in Figure 10.



The test consists of driving the indenter into the material, producing deformations in the contact zone on a microscopic scale, which can be elastic and (or) plastic. As soon as the maximum fixed load is reached, the indentation force is maintained for the time chosen by the operator (15 s). The measured load is then gradually reduced until partial or complete relaxation of the sample occurs. Load and displacement are recorded continuously throughout this process to produce a load–displacement curve. At the end of the test, a residual footprint visible under the microscope is recorded. The Vickers force was employed to gain insights into the mechanical properties and mechanisms contributing to the brittleness of the studied composites. This test also enables the determination of the elastic modulus (E). The Vickers hardness by the relationship according to the standard NF EN ISO 6507-1 (2018) [43]:


    H   V   =   F   S    



(1)






  S =     d   2     2 s i n   α   2       with   α = 136 °  



(2)







HV: Vickers hardness;



F: strength;



S: area of the footprint;



d: middle diagonal;



α: angle of the indenter pyramid.



It is the empirical relationship that allows for the conversion from hardness to the mechanical resistance of plastic deformation, ultimately resulting in the residual imprint on the material’s surface. The reduced modulus of elasticity of the material, as well as its hardness, are determined from an indentation curve following a standardized procedure NF EN ISO 14577-1 (2015) [44].





3. Results and Discussion


3.1. Influence of Resin Content on the Physico-Mechanical Characteristics of Composites


Figure 11 illustrates the effect of the resin content on the physico-mechanical properties of the composites examined. This influence is manifested by a notable increase in compressive and tensile strengths in bending. It is interesting to note that the growth of these resistances seems to follow an almost linear trend with respect to the variation in the resin content. As the resin content increases, there is a reduction in material density, which results in improved mechanical performance. For example, the compressive strength increases significantly, increasing from 8.7 MPa for the composite containing 14% resin to 52.67 MPa for the one with 28% resin.



Regarding the flexural strength, the values vary from 1.49 MPa for the composite with 14% resin to 19.07 MPa for that with 28% resin. However, it should be noted that the density of composites decreases as the resin content increases. This behavior can be attributed to the filling of the voids between the soil particles by the infiltration of the resin, which results in the clogging of the pores and, consequently, a decrease in the density of the material. This explanation also justifies the higher density observed in the material composed of 100% resin, due to the use of the same vibration conditions as those applied to other composites, consisting of both earth and resin.




3.2. Influence of Fibers Addition


The composite with the optimal resin content (28%) was reinforced with fibers using mass substitution, the content of which was fixed at values of 1, 2 and 3% with the lengths 0.5, 1 and 1.5 cm. The addition of fibers to the optimal formulation is essentially performed to prevent cracking of resin composites tested in three-point bending and compression.



3.2.1. Influence of Fibers Content and Length on Composite Density


Figure 12 shows the results of the variation in the density of the composites as a function of the lengths and contents of plant fibers used. It is observed that the density of composites reinforced with date palm fibers is generally lower than that of composites reinforced with jute fibers. This converges with the porous state of these date palm fiber composites. This porosity can be attributed to the rigidity of the date palm fiber, which can entrain air in the matrix during the mixing of the material in the fresh state. The jute fiber being soft and flexible does not prevent good mixing and compaction of the composite. This reduces the porosity by increasing the density.




3.2.2. Influence of Fiber Content and Length on Compressive Strength


Figure 13 shows the influence of fiber content and length on the compressive strength of the composites studied. It is found that for the length of the fibers of 0.5 cm, the compressive strength goes from 41.02 for the fibered jute composites to 37.85 MPa for the fibered palm composites in the case of the 1% fiber dosage. For the same length (0.5 cm), this resistance increases, respectively, from 33.54 to 30.11 MPa at a fiber content of 3%. Hence, a drop in stress of around 7.73% for the jute fiber against a low of 10.23% for the palm fiber. This highlights that the short fiber lengths create a better bond in the material to give high compressive stresses.



A decrease in compressive stresses with the addition of fibers and the increase in their content and length is observed. For a content of 1%, the falls are lower than for the other contents.



Towards the 2 and 3% fiber percentages, the compositions containing jute fibers gave high compressive stresses compared to the compositions containing date palm fibers. This is explained by the morphology of jute fibers, which is completely different from that of palm fiber (Figure 5 and Figure 7).



It is noted that the compressive strength is inversely proportional to the fiber content on the one hand and that the composites reinforced with jute fibers perform better than those reinforced with date palm fiber on the other hand. This can be attributed to the flexibility of the jute fiber, which opposes the entrainment of air during the mixing of the material and the filling of the molds, which ensures a less porous material.




3.2.3. Influence of Fiber Content and Length on Bending Tensile Strength


Contrary to the behavior in compression, the compositions containing the various contents and lengths of fibers see their bending stresses increase with the increase in the lengths and the contents of fibers. Jute fiber with a length of 1.5 cm gives high tensile bending stresses compared to other compositions.



Figure 14 illustrates the results of the three-point bending tests of the composites as a function of the lengths and the fiber contents used. At a fiber content of 1% and for a length of 0.5 cm, the stress is reduced from 12.08 MPa for the composite reinforced with jute fibers to 11.01 MPa for that reinforced with palm fibers. This trend continues when increasing the length to 1.5 cm and the fiber content to 3%, where the stresses increase from 24.31 to 20.87 MPa for the jute and palm-fiber-reinforced composites, respectively. These observations reveal that the 1.5 cm lengths promote increased bonding within the material, resulting in higher levels of tensile bending stress.





3.3. Failure Modes


3.3.1. In Compression Test


Figure 15 illustrates the specimens’ condition following the completion of the compression test, providing a clear depiction of the failure mechanisms.



Figure 15a (unfibered composite) reveals the presence of cracks that progressively widen with increasing applied load, extending at a 45° angle throughout the full height of the specimen. This failure mechanism exhibits inherent brittleness, characterized by the absence of discernible plastic deformation. Nevertheless, fiber composites exhibit a failure mode characterized by the formation of vertical or interlaminar cracks, as illustrated in Figure 15b. In contrast to non-fibered composites, they demonstrate a more ductile response when subjected to compressive loading conditions. This enhanced ductility can be attributed to the plant fibers’ capacity to inhibit crack formation and promote plastic deformation within the material.




3.3.2. In Bending Tensile Test


The failure modes observed during the bending tests (Figure 16) affirm the positive influence of fibers in general, and more specifically, jute fibers. In the case of the non-fiber composite, a brittle fracture occurs, resulting in the separation of the two halves of the tested specimen (Figure 16a). Conversely, a ductile fracture characterized by cracking without the separation of the two broken specimen parts is evident (Figure 16a,b). The extent of crack propagation is notably reduced in composites reinforced with jute fibers compared to those reinforced with date palm fibers.




3.3.3. Fracture Facies in Bending Test


In the case of jute fibers, perfect adhesion between the flexible jute fibers and the earth–resin matrix was observed (Figure 17a). Simultaneous rupture of the composite and the individual fibers occurred, notably without any discernible fiber tearing. This cohesive failure mode can be attributed to the robust adhesion between the jute fibers and the matrix. The strong interfacial bonding ensures effective load transfer between the fibers and the matrix, resulting in a coherent and simultaneous rupture of both components.



Conversely, a contrasting scenario unfolds when examining composites reinforced with date palm fibers (Figure 17b). In this case, rupture predominantly takes the form of fiber tearing, indicating weaker adhesion at the fiber–matrix interface. This diminished adhesion allows for the initiation of debonding between the date palm fibers and the matrix, subsequently leading to the tearing of individual fibers.



Shifting our focus to the unfibered composite and the presence of pores (Figure 17c), a distinct mechanism comes into play. These pores result from voids created by the displacement of sand gravel within the clayey soil, ultimately giving rise to a brittle fracture mechanism characterized by deflection. The pores serve as stress concentrators, exacerbating the initiation and propagation of fractures within the composite.





3.4. Scanning Electron Microscope (SEM) Observations


The images obtained through scanning electron microscopy (SEM), as depicted in Figure 18, substantiate the observations concerning facies fractures. Figure 18a clearly demonstrates that composites reinforced with jute fibers are characterized by flawless adhesion between the fibers and the matrix, facilitated by the presence of microfibrils within the jute fibers. Additionally, Figure 18b highlights a relatively feeble bond at the interface between the earth–resin composite matrix and the date palm fibers, attributable to the smooth surface of the latter. It is worth emphasizing that the impression of the sand particles on the unfibered composite is distinctly recognizable (Figure 18c).




3.5. Influence on the Surface Properties of Composites by the Vickers Indentation Test


The indentation test serves as a crucial tool for comprehending the intricate mechanical properties and underlying mechanisms contributing to the fragility of the composites under investigation. In this study, we systematically assessed the elastic modulus (E) and Vickers hardness (VHN) of these composites, employing the highly precise microhardness testing technique. Table 4 presents the results of the Vickers indentation test on the studied composites.



The strength–displacement curves obtained from the micro-indentation experiments (Figure 19) manifest a distinct sequence of events: an initial loading phase, followed by a 15 s period of maintaining the maximum force at 2N and, subsequently, an unloading phase until reaching the zero-displacement point. Importantly, this unloading phase reveals the remarkable elastic recovery of the material, from which the initial slope is diligently employed to deduce the elastic indentation modulus. Significantly, the hysteresis prominently observed in these curves unequivocally signifies the dissipation of energy, unequivocally characterizing the studied fiber composites as displaying ductile behavior.



Upon analysis of the obtained fingerprint data (Figure 20), it became evident that the four types of composites under investigation exhibited distinct behaviors. Specifically, the behavior of the 100% resin reference material was characterized by a prominently visible imprint that expanded in size as the indentation force increased. In the vicinity of the indentation, we observed the presence of slip lines indicating irreversible deformation. In contrast, the remaining composites presented a footprint that proved challenging to quantify due to disruptions caused by the indenter’s contact with the plant fibers.





4. Conclusions


In this study, the feasibility of a natural composite created from a clay-sand mixture reinforced with plant fibers (date palm and jute) and bonded using a polymer resin polyester was explored. The significant findings include:




	
Variations in fiber mass concentrations and lengths led to alterations in porosity and density;



	
Increasing fiber content and length substantially enhanced mechanical properties, particularly strength and flexibility;



	
The composite maintains cost-effectiveness and eco-friendliness, with porosity having no adverse impact on its mechanical performance;



	
Jute fibers exhibited superior adhesion to the earth–resin matrix;



	
The optimal composite formulation comprises 28% polyester resin and 2% fibers with 1 cm, preferably jute, demonstrating ductility and robust mechanical characteristics;



	
This innovative composite has the potential to replace cement-based materials across various applications, including structural rehabilitation, decoration, wall cladding, and more;



	
These findings contribute to the development of environmentally sustainable and structurally efficient construction practices, heralding a promising future for construction and rehabilitation.









5. Future Work


It is worth pointing out that through resin stabilization, the composite undergoes a transformation from hydrophilic to hydrophobic, and such processes need to be considered and investigated in future works.
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Figure 1. Size analysis of the soil used. 
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Figure 2. Jute fibers: (a) cut fibers; (b) SEM observation. 
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Figure 3. EDS of jute fiber. 
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Figure 4. Date palm fibers: (a) cut fibers and (b) SEM observation. 
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Figure 5. EDS of date palm fiber. 
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Figure 6. Tensile strength measurements: (a) sample preparation; (b) measurement of fiber diameters using optical microscope imaging and (c) tensile loading machine. 
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Figure 7. Tensile curve of jute and date palm fibers. 
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Figure 8. Fresh state of mixtures with: (a) 10% resin; (b) 20% resin; (c) 28% resin; (d) 30% resin. 
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Figure 9. Preparation of the composites obtained in the molds. 
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Figure 10. Settings of Vickers indentation test (LRF Laboratory—UBMAnnaba, Algeria). 
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Figure 11. Influence of resin content on density, compressive strength and flexural strength of the composites studied. 
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Figure 12. Influence of fiber content and length on composite density. 
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Figure 13. Influence of fiber content and length on the compressive strength of the composites studied. 
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Figure 14. Influence of fiber content and length on the bending tensile strength of the composites studied. 
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Figure 15. Failure modes of the test specimens in compression: (a) brittle failure of unfibered composite and (b) ductile failure of fiber composite. 
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Figure 16. The failure modes in bending tensile test of (a) unfibered composite, (b) composite reinforced with date palm fiber and (c) composite reinforced with jute fiber. 
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Figure 17. Fracture facies in bending test of (a) composite reinforced with jute fiber; (b) composite reinforced with date palm fiber and (c) unfibered composite. 
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Figure 18. SEM observations of (a) composite reinforced with jute fiber, (b) composite reinforced with date palm fiber and (c) unfibered composite. 
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Figure 19. The strength–displacement curves of the micro-indentation test. 
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Figure 20. Fingerprint data obtained from the indentation test of the composites: (a) unfibered composite C100%R, (b) unfibered composite C100%R, (c) fibered composite C28%RJ and (d) fibered composite C28%RDP. 
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Table 1. Characteristics of the soil used.
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Characteristics

	
Value

	
Standard






	
Physical

	
Granulometry of fine elements (%)

	
82

	
NF EN ISO 17892-4 (2018) [27]




	
Max void index

	
0.66

	
NF EN ISO 17892-3 (2015) [28]




	
Min void index

	
0.43




	
Geotechnical

	
Max oedometric pressure (bars)

	
1.53

	
NF EN ISO 17892-5 (2017) [29]




	
Compression index

	
0.27




	
Swelling index

	
0.03




	
Wet density (g/cm3)

	
2.03

	
NF EN ISO 17892-1 (2014) [30]




	
Dry density (g/cm3)

	
1.66




	
Water content (%)

	
18.40




	
Friction angle (°)

	
11

	
NF EN ISO 17892-10 (2018) [31]




	
Cohesion (bars)

	
0.21




	
Methylene blue value (cm3/g)

	
5.16

	
NF P94-068 (1998) [32]




	
Total specific surface (related to activity) (m2/kg)

	
0.11




	
Liquid limit (%)

	
37

	
NF EN ISO 17892-12 (2018) [33]




	
Plastic limit (%)

	
21.5




	
Plasticity Index (%)

	
15.5




	
Chemical

	
MgO3 (%)

	
1

	
NF EN ISO 13925-1 (2003) [34]




	
Na2O (%)

	
4




	
CaO (%)

	
2




	
Fe2O3 (%)

	
3




	
Al2O3 (%)

	
20




	
SiO2 (%)

	
59




	
Other minerals (%)

	
11




	
pH

	
5.03

	
NF EN ISO 10390 (2005) [35]











 





Table 2. Characteristics of the polyester resin used.
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	Characteristics
	Values





	Apparent density (g/cm3)
	1.61



	Viscosity (dPa.s)
	20



	State
	Liquid



	Color
	Dark red



	State
	inflammable










 





Table 3. Physico-chemical and mechanical properties of the fibers used.
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Characteristics

	
Details

	
Jute Fibers

	
Date Palm Fibers






	
physical

	
Absolute density (g/cm3)

	
1.3

	
1.1




	
Width (mm)

	
0.90

	
1.40




	
Cross section (mm2)

	
0.65

	
0.35




	
Water absorption % for 24 h

	
141

	
133




	
Chemicals

(% by mass)

	
Cellulose

	
49

	
36




	
Lignin

	
22

	
26




	
Hemicellulose

	
19

	
27




	
Extraction and others

	
10

	
11




	
Mechanical

	
Modulus of elasticity (GPa)

	
70

	
130




	
Tensile stress (MPa)

	
345

	
263




	
Strain at break (%)

	
11.27

	
2.11




	
Elongation at break (%)

	
8.55

	
2.27











 





Table 4. Results of the Vickers indentation test on the studied composites.
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	Composites
	Elastic Modulus

[MPa]
	Vickers Hardness





	C100%R
	904
	483HV02



	C28%R
	879
	312HV02



	C28%RDP
	735
	190HV02



	C28%RJ
	650
	211HV02







Denomination: C100%R: 100% resin. C28%R: earthen composite + 28% resin. C28%RDP: earthen composite + 28% resin + date palm fibers. C28%RJ: earthen composite + 28% resin + jute fibers.
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