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Abstract 

Structural applications require materials that provide an optimal balance of strength, du-

rability, and sustainability. This study develops functionally graded sisal/glass fiber-rein-

forced polymer composites and evaluates their tensile, compressive, and flexural proper-

ties, as well as their water absorption behavior. First, an experimental approach was 

adopted in which sisal fibers were treated with a 6% sodium hydroxide (NaOH) solution 

to improve fiber–matrix adhesion. The composites were fabricated using the hand lay-up 

method with varying sisal fiber ratios. Mechanical testing showed that the composites 

achieved a tensile strength of 146 MPa for the rectangular specimens and 199.5 MPa for 

the composite bars. The highest compressive strength (120 MPa) and flexural strength (326 

MPa) were observed at 20% sisal fiber content. In addition, finite element analysis (FEA) 

results showed maximum tensile and compressive strengths of 181.24 MPa and 147.57 

MPa, respectively, and were in reasonable agreement with the experimental results. More-

over, water absorption studies showed a direct correlation between fiber content and 

moisture uptake, with values of 1.40% (10% sisal), 2.55% (20%), and 3.85% (30%). The re-

sults indicate that functionally graded sisal/glass fiber-reinforced composites exhibit su-

perior mechanical properties compared with conventional composites. The graded struc-

ture enhances design flexibility, optimizing material performance for structural applica-

tions. These findings highlight the potential of functionally graded composites as a sus-

tainable alternative that addresses the limitations of traditional materials while promoting 

more efficient and environmentally friendly engineering solutions. 
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1. Introduction 

In recent years, the construction industry has experienced substantial growth and has 

become a major contributor to the global economy. Statistics show that the construction 

industry contributes approximately 13% to the world’s GDP [1]. This growth is driven by 

factors such as rapid urbanization, infrastructure expansion, and global population 

growth [2]. The growing demand for modern infrastructure and sustainable construction 

has accelerated the development of innovative structural materials worldwide. 

As a result, the construction sector requires lightweight, cost-effective, and durable 

materials capable of withstanding various environmental conditions and loading scenar-

ios [3]. The demand for structural materials capable of offering extended service life while 

requiring minimal maintenance has led to a heightened interest in advanced composite 

materials for structural reinforcement. These materials are increasingly favored in new 

construction endeavors and the renovation of existing structures, where their promising 

properties and versatility offer significant advantages over conventional building materi-

als like pure metals, alloys, and traditional composites. 

Functionally graded materials (FGMs) have recently emerged as an important class 

of advanced composite materials [4]. These composites feature a continuous or stepwise 

variation in the composition of two or more components, optimizing their performance 

for specific applications. FGMs were initially introduced in 1984 by Japanese materials 

scientists as a way to alleviate thermal stress at metal-ceramic interfaces [5]. Since their 

introduction, FGMs have attracted considerable research interest because of their poten-

tial to enhance structural performance. 

Researchers have developed a wide variety of FGMs, encompassing metals, ceramics, 

and polymers, to establish specific property gradients within the material structure. In 

particular, polymer-based FGMs have garnered significant attention in contemporary re-

search due to their lightweight characteristics, affordability, and ease of production [6]. 

This trend highlights the growing recognition of polymer-based FGMs as versatile mate-

rials offering advantages in design flexibility, performance optimization, and manufactur-

ing efficiency. 

Among FGMs, natural fiber-based composites have attracted increasing attention be-

cause of their sustainability and favorable specific mechanical properties [7]. Natural fi-

bers, primarily made of cellulose, offer a sustainable, plant-derived resource, whereas an-

imal fibers are distinguished by their protein composition. The growing adoption of these 

materials is driven by their cost-effectiveness, recyclability, non-toxic properties, and fa-

vorable strength-to-weight ratios compared to synthetic alternatives. These environmen-

tally friendly composites are manufactured by integrating natural fibers with various ma-

trices to produce materials that are not only sustainable but also exhibit remarkable me-

chanical properties. 

To enhance the mechanical performance and achieve a homogeneous composite 

structure, advanced composite design and fabrication methods are essential. Techniques 

such as optimized fiber orientation, surface modification of fibers, and the application of 

compatibilizers can improve the interfacial bonding and overall mechanical properties of 

the composites [8,9]. Furthermore, state-of-the-art methods such as resin infusion and 3D 

printing are being utilized to develop complex geometries and tailored material proper-

ties, facilitating the effective combination of natural and synthetic fibers [10]. 

However, the hydrophilic properties of natural fibers can diminish composite per-

formance because of moisture absorption [11,12]. To address this challenge, hybridization 

with man-made fibers, like glass fibers, can enhance the overall performance of the com-

posites [13]. By combining natural fibers with synthetic counterparts, specifically sisal and 

glass fibers, the resulting FGMs are anticipated to exhibit improved mechanical properties 

and greater environmental benefits than those achieved by any single reinforcement type. 
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This approach combines the advantages of natural and synthetic fibers, resulting in a com-

posite with improved mechanical performance and enhanced sustainability. 

The rationale behind this paper lies in the potential of hybridizing synthetic and nat-

ural fibers in FGMs to achieve advantageous mechanical properties for structural appli-

cations. These hybrid composites are positioned to significantly reduce environmental im-

pact compared to conventional counterparts. This research is motivated by the potential 

of these materials to make positive contributions to environmental sustainability and 

structural performance, thus paving the way for an eco-friendly future in construction. 

The subsequent sections of this paper are organized as follows: Section 2 details the 

materials and methods used, Section 3 presents the results and discussion, and Section 4 

concludes the paper and provides future perspectives. 

2. Materials and Methods 

This section describes the materials used to fabricate the functionally graded si-

sal/glass fiber-reinforced polymer composites and the experimental procedures employed 

to evaluate their mechanical properties and water absorption characteristics. The overall 

research method is presented in Figure 1 and follows a systematic approach to identify 

suitable materials and methods. The selected materials include general-purpose epoxy, 

HY951 hardener, and reinforcing fibers such as glass and sisal, with the sisal fibers under-

going sodium hydroxide (NaOH) treatment to enhance their properties. Based on the cal-

culated volume fractions, the constituent materials were prepared and fabricated accord-

ing to ASTM standards. The experimental evaluations included mechanical tests, specifi-

cally tensile, compressive, and flexural strength assessments, along with water absorption 

analysis. The results were analyzed and benchmarked against state-of-the-art materials 

for future advancements in the field. 

 

Figure 1. Flowchart of the research methodology. 
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2.1. Materials 

The functionally graded sisal/glass fiber-reinforced polymer composites developed 

in this study are made up of E-glass fibers, sisal fibers, general-purpose epoxy, and a hard-

ener. The glass fibers were sourced from World Fiber Glass and Waterproofing Engineer-

ing Ltd. in Addis Ababa, Ethiopia. The properties of the glass fiber are summarized in 

Table 1. 

Table 1. Properties of glass fiber provided by the supplier. 

Properties Glass Fiber 

Diameter, µm 11.0 

Density, g/m3 2.5 

Poisson’s ratio 0.21–0.23 

Elastic modulus, GPa 70.0 

Shear modulus, GPa 30–36 

Elongation, % 2.5–3.0 

Tensile strength, MPa 2000–3000 

Coefficient of thermal expansion, × 70−6/℃ 5.0 

Thermal conductivity, W/m/℃ 1.3 

The leaves of the Agave sisalana plant were manually processed to extract raw sisal 

fibers, which are widely recognized as sustainable reinforcement materials due to their 

favorable mechanical properties. Composed mainly of cellulose, sisal fibers exhibit signif-

icant tensile strength and stiffness, making them a potential alternative to synthetic fibers 

[14]. However, challenges such as poor compatibility with polymer matrices, susceptibil-

ity to UV degradation, and thermal sensitivity raise concerns about the long-term dura-

bility of sisal fiber-reinforced composites. Despite these issues, the high strength-to-

weight ratio of sisal fibers makes them attractive for engineering applications [15]. Sisal 

fibers were selected because of their renewability, biodegradability, and favorable specific 

mechanical properties. Figure 2 shows the leaves and the untreated sisal fibers, showcas-

ing the initial stages of this sustainable material preparation process. 

  
(a) (b) 

Figure 2. Fabrication of sisal fiber: (a) Sisal plant leaves; (b) Untreated sisal fibers. 

The raw sisal fibers were then washed with distilled water. After washing, the sisal 

fibers were sun-dried for 48 h to remove any unbound water. Once dried, these fibers 

were labeled as untreated fibers and were prepared for alkali surface treatment. Figure 3 

shows the flowchart of the fabrication process. The treatment process and the composite 

preparation are detailed in Sections 2.2 and 2.3, respectively. 

In this paper, a general-purpose epoxy resin was used as the polymer matrix for the 

composites because of its durability and versatility. This type of resin is particularly suit-

able for hand lay-up. The epoxy resin was sourced from a local supplier. The characteris-

tics of the epoxy and hardener are presented in Table 2. 
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Figure 3. Schematic flowchart of the composite fabrication process. 

Table 2. Characteristics of general-purpose epoxy and hardener. 

Characteristics General-Purpose Epoxy Resin HY951 Hardener 

Type 
Bisphenol-A-based general-purpose epoxy 

resin 
Aliphatic amine-based hardener 

Viscosity 10,000–12,000 mPa·s at 25 °C 10–20 mPa·s at 25 °C 

Density 1.15–1.20 g/cm3 0.97–1.00 g/cm3 

Epoxy equivalent weight 182–192 g/eq - 

Mixing ratio (resin: hardener) 100:10 (by weight) 100:10 (by weight) 

Pot life (working time) - ~30–45 min at 25 °C 

Tensile strength (cured) ~60 MPa - 

Flexural strength (cured) ~90 MPa - 

Glass transition temperature 150–170 °C (post-cured) 150–170 °C (post-cured) 

Cure time Gel time: ~2–3 h at 25 °C; Full cure: 24 h - 

Appearance slightly yellow liquid light-yellow liquid 

2.2. Alkaline Treatment of Sisal Fibers 

In the present study, sisal fibers underwent an alkaline treatment to remove lignin 

and hemicellulose using NaOH. The treatment removed surface impurities and increased 

surface roughness, thereby improving fiber–matrix adhesion [16]. The treatment also in-

creased the surface area available for bonding, which is crucial for achieving strong inter-

facial adhesion [17]. 

The treatment process involved immersing the fibers in a 6% NaOH solution at room 

temperature for 3 h, based on the recommendations provided in studies. During this pro-

cess, a chemical reaction occurred between the hydroxyl groups (–OH) in the fibers and 

NaOH, resulting in the formation of a chemical bond, which is expressed as: 

(𝐹𝑖𝑏𝑒𝑟) − (𝑂𝐻) + (𝑁𝑎𝑂𝐻) → (𝐹𝑖𝑏𝑒𝑟) − 𝑂 − 𝑁𝑎 + 𝐻2𝑂, (1) 

Figure 4 shows the reaction between NaOH and the –OH groups. This chemical bond 

formation significantly improves the adhesion between the fibers and the epoxy polymer 

matrix. 
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Figure 4. Interaction between NaOH and –OH groups in natural fibers. 

After treatment, the fibers were thoroughly rinsed with distilled water to eliminate 

any remaining NaOH solution, ensuring that no excess alkaline residue lingered on the 

fiber surfaces. Finally, the treated fibers were allowed to air dry at room temperature for 

another 24 h before being utilized in the composite fabrication process. 

The physical and mechanical properties of the treated sisal fibers are summarized in 

Table 3. These properties were obtained from the literature [18] and reflect the character-

istics of sisal fibers treated with 6% NaOH. 

Table 3. Physical and mechanical properties of sisal fibers [18]. 

Properties Sisal Fibers 

Type Agave sisalana 

Average diameter, mm 0.279 

Density, g/m3 1.5 

Elastic modulus, GPa 20 

Tensile strength, MPa 385 

Poisson’s ratio 0.3 

Shear Modulus, GPa 3 

2.3. Fabrication Method 

In this paper, the developed composites were produced via the hand lay-up tech-

nique. This conventional technique was selected because of its simplicity, ease of pro-

cessing, and cost-effectiveness. The overall fabrication process is depicted in Figure 5. 

Composite fabrication involved several steps, starting with the extraction and pro-

cessing of sisal fibers. These sisal fibers were manually separated from the leaves using a 

hand-operated technique and thoroughly rinsed with distilled water to remove contami-

nants. The fibers were then subjected to a 3 h NaOH treatment. Alkaline treatment was 

applied based on previous studies reporting that it can remove surface impurities, reduce 

non-cellulosic components, and improve fiber–matrix interaction in natural fiber compo-

sites. However, the chemical and morphological changes induced by the treatment were 

not experimentally characterized in the present study. 

Following this treatment, the fibers were rinsed multiple times with distilled water 

to neutralize any residual NaOH and subsequently oven-dried at 60 °C for 4 h to remove 

any remaining moisture. Lastly, the dried fibers were left to air-dry at ambient tempera-

ture for 24 h before being incorporated into the composite fabrication process. 
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Figure 5. Overall composite fabrication process. 

Once dried, the fibers were combed to separate the strands and create a slightly rough 

surface, improving their bonding with the matrix. Both glass and sisal fibers were pre-

pared according to the predetermined fiber ratio using an electronic weighing scale. A 

mold measuring 300 mm × 300 mm made of plywood was prepared and coated with bees-

wax to facilitate easy separation after curing. The fabrication process involved producing 

a stepwise functionally graded composite laminate, beginning with the impregnation of 

glass fibers with the matrix and layering them onto the mold. Next, a hybrid layer of 50% 

glass and 50% sisal fibers, also impregnated with the matrix, was applied. Finally, the sisal 

fibers were impregnated with the matrix and placed to complete the stepped gradient 

structure. All fibers were oriented at 0° to maintain uniform mechanical properties. Once 

all the layers were impregnated and arranged, the matrix was poured to fill the remaining 

gaps, and the mold was covered. The same fabrication procedure was used for all compo-

site configurations, with only the sisal fiber content being varied. The composites were left 

to cure for 24 h before being cut into the desired shape using an angle grinder. 

The fabricated laminates represent a stepwise functionally graded composite, in 

which the reinforcement composition changes discretely rather than continuously 

through the laminate thickness. Specifically, the laminate consists of a symmetric five-

layer architecture comprising glass fiber, hybrid glass–sisal, sisal, hybrid glass–sisal, and 

glass fiber layers. This layered configuration provides a gradual transition in reinforce-

ment composition and corresponding mechanical properties across the laminate thickness 

through successive discrete layers while remaining compatible with conventional hand 

lay-up fabrication. The layer-wise fiber compositions and corresponding volume fractions 

are presented in Section 3.1.1. 

For the fabrication of composite bars (6 mm FRP bar), the fibers were impregnated 

and suspended between two fixed poles using a rope manufacturing technique. Initially, 

the sisal fibers were impregnated with the matrix, pulled out, and hung between the poles 

to form the inner core. A hybrid layer of 50% glass and 50% sisal fibers, impregnated with 

the matrix, was applied over the inner core. Finally, the outermost layer consisted of glass 

fibers impregnated with the matrix, covering the entire composite. The matrix was then 

poured over the fibers to ensure complete encapsulation. The bars were left to cure for 24 

h before being cut into the desired shape using an angle grinder. 

To improve the reliability of the investigation, multiple samples were prepared for 

testing. Five specimens were prepared and tested for each composite configuration under 
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tensile, compressive, flexural, and water absorption tests. The reported mechanical prop-

erties represent the arithmetic mean values obtained from the five tested specimens for 

each condition. 

The composite preparation involved systematically varying the fiber composition to 

produce three stepwise functionally graded laminate configurations, as detailed in Table 

4. The samples are labeled with specific abbreviations: FH_GS1, FH_GS2, and FH_GS3. 

Here, “FH” stands for “Functional Hybrid,” whereas “GS” refers to “Glass and Sisal”. The 

numbers denote the varying levels of sisal content in each formulation. 

Table 4. Composition of constituents in the composites. 

Constituents 
Low Sisal Content 

(wt. %) 

Medium Sisal Content  

(wt. %) 

High Sisal Content  

(wt. %) 

 FH_GS1 FH_GS2 FH_GS3 

Epoxy 72 63 54 

Hardener 8 7 6 

Glass fibers 10 10 10 

Sisal fibers 10 20 30 

The fiber content levels (10%, 20%, and 30%) were selected based on existing studies demonstrating 

that natural fiber composites typically exhibit optimal mechanical properties within this range. Be-

low 10%, the reinforcement is insufficient, while above 30%, processing challenges such as fiber 

clustering and void formation reduce performance. 

In composite fabrication, the constituent proportions were initially determined using 

weight fractions, as presented in Table 4, because weighing provides a practical and ac-

curate approach during manufacturing. However, the analytical and numerical formula-

tions require volume fractions, since the mechanical response of composite materials is 

governed by the volumetric distribution of the constituents. Therefore, the constituent 

weight fractions were converted into volume fractions using the densities of the respective 

materials according to Equations (2) and (3). The calculated overall volume fractions for 

each composite configuration were subsequently used to determine the layer-wise vol-

ume fractions presented in Section 3.1.1 and employed in the analytical calculations. The 

volume fractions were calculated as: 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 (𝑉𝑓) =
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑠𝑡𝑖𝑡𝑢𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒
, (2) 

The volume of each constituent was then determined using its mass and density, 

which were expressed as: 

𝑉𝑜𝑙𝑢𝑚𝑒 =
𝑀𝑎𝑠𝑠

𝐷𝑒𝑛𝑠𝑖𝑡𝑦
, (3) 

Using the constituent densities and Equations (2) and (3), the overall volume frac-

tions of each composite configuration were determined and subsequently distributed 

among the five laminate layers according to the adopted stepwise functionally graded 

architecture for use in the analytical model. 

2.4. Analytical Method 

In this proposed method, the analytical analysis begins with the evaluation of the 

stiffness variation across the laminate thickness. The stiffness distribution is modeled us-

ing a power-law function to represent the continuous variation in elastic modulus through 

the functionally graded laminate. The elastic modulus at position 𝑧 is expressed as: 

𝐸(𝑧) = (1 − 𝑓(𝑧))𝐸𝐺 + 𝑓(𝑧)𝐸𝑆, (4) 
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where 𝐸𝐺  and 𝐸𝑆 are the Young’s moduli of the glass and sisal fibers, respectively, and 

𝑓(𝑧) = (
𝑧+𝑡/2

𝑡
)

2

 is the power-law function describing the stiffness gradation through the 

laminate thickness, where 𝑧 varies from −
𝑡

2
 to +

𝑡

2
 [19]. This function models the varia-

tion in elastic modulus across the laminate thickness and is used to predict the mechanical 

response of the functionally graded composite under applied loading. 

In addition, the power-law function provides a continuous theoretical representation 

of the through-thickness variation in elastic modulus. However, the fabricated laminate 

consists of five discrete layers with equal thickness. Therefore, the continuous stiffness 

distribution is approximated using a five-layer stepwise configuration in the analytical 

formulation and numerical simulation, thereby representing the functionally graded be-

havior of the developed composite. 

2.4.1. Strength Evaluation 

The strength of the functionally graded hybrid laminate is determined using the 

stress–strain relationship: 

[

𝜎𝑥

𝜎𝑦

𝜏𝑥𝑦

] = [

𝑄11 𝑄12 0
𝑄12 𝑄22 0

0 0 𝑄66

] [

∈𝑥

∈𝑦

𝛾𝑥𝑦

], (5) 

The tensile (or compressive) strength is determined using the Tsai–Hill failure crite-

rion: 

𝜎𝑥
2

𝜎𝑥
2 +

𝜎𝑦
2

𝜎𝑇
2 −

𝜎𝑥𝜎𝑦

𝜎𝑇
2 ≤ 1, (6) 

where 𝜎𝑇 is the tensile or compressive strength of each lamina, 𝜎𝑥 and 𝜎𝑦 are the nor-

mal stresses in the 𝑥 and 𝑦 directions, respectively, and 𝑘 refer to the layer number. 

For each layer, the stress 𝜎𝑥(𝑘) is calculated based on force equilibrium related to 

the applied load per unit width 𝑁𝑥. The failure strength 𝜎𝑇 is derived from the material 

properties, allowing for the evaluation of failure conditions [20]. 

2.4.2. Volume Fraction Distribution 

The layer-wise volume fractions used in the analytical calculations were obtained 

from the overall composite volume fractions calculated from the experimentally meas-

ured constituent weight fractions using Equations (2) and (3). These overall volume frac-

tions were subsequently distributed among the five laminate layers according to the 

adopted stepwise functionally graded architecture. 

The distribution of volume fractions across the five discrete layers of the stepwise 

functionally graded laminate is essential for achieving the desired mechanical properties. 

Each of the five layers occupies one-fifth (20%) of the total laminate thickness, thereby 

representing the stepwise approximation of the through-thickness gradation. 

The layers are strategically arranged as follows: 

1. Glass fiber layers (L1 & L5): These layers are composed of glass fibers and epoxy, 

serving as the outer reinforcement to provide strength and rigidity; 

2. Hybrid layers (L2 & L4): These layers consist of a 50:50 ratio of glass and sisal fibers 

blended with epoxy, combining the benefits of both materials to enhance mechanical 

performance while maintaining lightweight characteristics; 

3. Sisal core layer (L3): This layer contains primarily sisal fibers with epoxy, providing 

a natural and lightweight core that contributes to the overall structural integrity. 

For each composite type, the overall volume fractions are divided equally among the 

five layers: 

https://doi.org/10.3390/ma19153295
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𝑉𝐺𝐹 =
𝑉𝐺

2
;  𝑉𝐻1 = 𝑉𝐻 =

𝑉𝐻

2
;  𝑉𝑆𝐹 = 𝑉𝑆, (7) 

This systematic approach ensures each layer contributes effectively to the overall me-

chanical performance. 

The calculations for layer-wise volume fractions are based on the overall volume frac-

tions obtained for each composite type: 

1. Glass Fiber Layers (L1 & L5): Each layer contains a specified fraction of glass and 

epoxy; 

2. Hybrid Layers (L2 & L4): These layers contain a blend of glass and sisal fibers, ensur-

ing that both materials contribute to the mechanical performance; 

3. Sisal Core Layer (L3): This layer primarily consists of sisal fibers, providing light-

weight reinforcement [21]. 

This methodical approach allows for a comprehensive understanding of how each 

material contributes to the overall performance of the composite, ensuring that the me-

chanical properties are optimized for structural applications. 

2.4.3. Elastic Moduli Calculation 

The elastic modulus for each layer is determined using the established volume frac-

tions, using the formula: 

𝐸𝑙𝑎𝑦𝑒𝑟 = 𝑉𝑓𝐸𝑓 + 𝑉𝑚𝐸𝑚, (8) 

where 𝐸𝑓 is the Young’s modulus of fiber (glass/sisal/hybrid), 𝑉𝑓 is the volume fraction 

of fiber in the layer, 𝐸𝑚 is the Young’s modulus of the matrix (epoxy resin), and 𝑉𝑚 = 1 −

𝑉𝑓 is the volume fraction of the matrix [21]. 

2.4.4. Tensile Stress Calculation 

The tensile stress distribution in each layer is calculated using Hooke’s Law to eval-

uate the effect of different material compositions on the mechanical performance of the 

functionally graded composites: 

𝜎𝑇𝑥(𝑧) = 𝐸(𝑧)𝜀𝑥, (9) 

where 𝐸(𝑧) is the elastic modulus at position 𝑧, and 𝜀𝑥 is the applied axial strain, which 

is calculated as: 

𝜀𝑥 =
𝑁𝑥

∑ (
5
𝑘=1 𝐸𝑘𝑡𝑘)

, (10) 

where 𝑁𝑥 is the applied axial load per unit width, 𝐸𝑘 is the elastic modulus of the 𝑘-th 

layer, and 𝑡𝑘 is the thickness of the corresponding layer. 

Since the laminate consists of five equal-thickness layers, the thickness of each layer 

is defined as 𝑡𝑘 = 𝑡/5 , where 𝑡  is the total laminate thickness. Therefore, the laminate 

stiffness term can be expressed as: 

∑ (
5

𝑘=1
𝐸𝑘𝑡𝑘) =

𝑡

5
∑ 𝐸𝑘

5
𝑘=1 , (11) 

By substituting Equation (11) into Equation (10), the average axial strain in the lami-

nate can be expressed as: 

𝜀𝑥 =
5𝑁𝑥

 𝑡𝐸𝑡𝑜𝑡𝑎𝑙
, (12) 

where 𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐸𝑘
5
𝑘=1  is the summation of the elastic moduli of all five laminate layers. 

Equation (12) is the average axial strain developed in the functionally graded laminate 

under the applied tensile loading condition. 

The tensile stress for each layer is calculated as: 
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𝜎𝑇𝑥 = 𝐸(𝑧). 𝜀𝑥, (13) 

The ultimate tensile strength (𝜎𝑇) for a layer can be calculated using the Rule of Mix-

tures: 

𝜎𝑇,𝑙𝑎𝑦𝑒𝑟 = 𝑉𝑓𝜎𝑇,𝑓 + 𝑉𝑚𝜎𝑇,𝑚, (14) 

where 𝑉𝑓 is the volume fraction of the fiber, 𝜎𝑇,𝑓 is the ultimate tensile strength of the 

fiber, 𝑉𝑚 = 1 − 𝑉𝑓 is the volume fraction of the matrix, and 𝜎𝑇,𝑚 is the ultimate tensile 

strength of the matrix [22]. 

2.4.5. Initial Failure Evaluation 

The initial failure is evaluated using the Tsai–Hill criterion: 

(
𝜎𝑇𝑥,𝑘

𝜎𝑇,𝑘
)

2

≥ 1, (15) 

This assessment identifies any layers that may have reached their failure limit under 

applied loads. 

2.5. Numerical Method 

Finite element simulations were conducted using ANSYS 2025 Student to evaluate 

the tensile and compressive strengths of the developed functionally graded sisal/glass fi-

ber-reinforced polymer composites. The geometric dimensions of the numerical specimen 

models were selected to be consistent with the experimental specimens, which were pre-

pared according to the corresponding ASTM-based experimental specimen specifications. 

Figure 6a shows the tensile specimen model, and Figure 6b presents the compression spec-

imen model used in the numerical analysis. As shown in Figure 6b, the finite element 

model consists of five layers arranged in the following sequence: epoxy resin, hybrid 

glass/sisal fiber, epoxy resin, hybrid glass/sisal fiber, and epoxy resin. This stacking se-

quence represents the laminate configuration adopted in the numerical analysis and is 

consistent with the functionally graded composite investigated experimentally. The hy-

brid glass/sisal fiber layers represent the combined reinforcement used in the fabricated 

laminate, ensuring consistency between the experimental composite configuration and 

the finite element model. 

  

(a) (b) 

Figure 6. Composite models for: (a) tensile sample; (b) compression sample. 

Meshing was performed on the generated composite models, as shown in Figure 7. 

A linear meshing approach was employed, resulting in a total of 19,600 elements and 
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89,229 nodes for the tensile specimen, as depicted in Figure 7a. Figure 7b shows the com-

pression specimen, which comprises 25,920 elements and 112,073 nodes. 

  
(a) (b) 

Figure 7. Meshed composite samples: (a) tensile sample; (b) compression sample. 

One face of the tensile sample is fixed, while the opposite face is subjected to a tensile 

force of 4.5 kN in the X-direction, as shown in Figure 8a. Figure 8b shows the compression 

sample, which has a force of 15 kN applied. 

  
(a) (b) 

Figure 8. Boundary conditions: (a) tensile sample; (b) compression sample. 

2.6. Mechanical Testing 

Following the fabrication process, the mechanical properties of the developed func-

tionally graded hybrid composites were assessed through mechanical tests. These tests 

included tensile strength, compression, and flexural testing, all conducted at room tem-

perature to ensure consistency and reliability of the results. 

The specimen dimensions, gripping arrangements, loading configurations, and test 

procedures were selected according to the requirements of the relevant ASTM standards. 

Tensile testing was conducted following ASTM D3039 for rectangular specimens [23] and 

ASTM D7205 for rod-shaped specimens [24], compression testing was performed accord-

ing to ASTM D3410 [25], and flexural testing was conducted following ASTM D790 [26]. 

These standards were considered during specimen preparation and testing to ensure ap-

propriate geometry, fixture arrangement, and loading conditions throughout the experi-

mental investigation. 
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2.6.1. Tensile Strength Tests 

Tensile strength tests were conducted following ASTM D3039 for rectangular speci-

mens [23] and ASTM D7205 for rod-shaped specimens [24]. The objective was to evaluate 

the tensile performance of the developed composites. For each composite composition, 

five rectangular specimens and five rod-shaped specimens were prepared, as shown in 

Figure 9. Testing these conventional shapes provides a comprehensive assessment of the 

tensile properties of the material across different geometries. 

  
(a) (b) 

  
(c) (d) 

Figure 9. Tensile strength test specimens: (a) dimensions of rectangular specimens; (b) photograph 

of rectangular specimens; (c) dimensions of rod-shaped specimens; (d) photograph of rod speci-

mens. 

The prepared specimens were secured in the grips of a computer-controlled electro-

mechanical UTM, which has a maximum capacity of 100 kN. The experiments were car-

ried out with a crosshead speed set to 2 mm/min in displacement control mode. A photo-

graph of the testing machine is illustrated in Figure 10. 

 

Figure 10. Photograph of the tensile testing machine. 

During the testing process, load–displacement curves were continuously recorded. 

From these graphs, the strength and elongation at break were calculated. The tensile 

strength results were expressed in megapascals (MPa), providing a clear measure of the 

performance of the developed material under tensile loading conditions. 
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2.6.2. Compressive Strength Tests 

The strength tests were conducted on the functionally graded sisal/glass fiber-rein-

forced polymer composites to evaluate their performance under compressive loads. For 

this study, five rectangular samples (25 mm × 25 mm × 10 mm) were prepared for each 

composite composition based on the ASTM D3410 standard [25]. Figure 11 shows the pho-

tograph of the test specimens of the hybrid composite that were utilized in the compres-

sion tests. 

 

Figure 11. Photograph of compression strength test samples. 

The compression tests were carried out using a computer-controlled electromechan-

ical UTM equipped with a 100 kN load cell. The machine allowed for controlled testing 

conditions, which is crucial for obtaining consistent results. The tests were performed with 

the crosshead speed maintained at 2 mm/min in displacement control mode. This testing 

speed was chosen to minimize dynamic effects and ensure that the samples were sub-

jected to a gradual increase in load. 

During the tests, the load–deformation curves were carefully recorded. From the 

load–deformation data, the compressive strength was calculated. 

2.6.3. Flexural Strength Tests 

Flexural strength experiments were performed to evaluate the performance of func-

tionally graded sisal/glass fiber-reinforced polymer composites under bending loads. Rec-

tangular beam-shaped specimens (180 mm × 20 mm × 6 mm) were prepared, based on 

ASTM D790 [26]. The gauge length for the test was set to 96 mm as stated in the standard. 

The standard dimensions and the photographs of the test samples are shown in Figure 12. 

 

 
(a) (b) 

Figure 12. Flexural strength test specimens: (a) standard specimen dimensions; (b) photograph of 

the test specimens. 

The flexural experiments were performed at ambient temperature using a three-point 

bending configuration. The flexural experiments were performed using a computerized 

UTM equipped with a capacity of 100 kN. The specimens were supported at two points, 
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whereas a point load was employed at the center of the beam until fracture occurred. The 

speed of the machine crosshead was set to 2 mm/min. 

The testing was conducted at Addis Ababa Science and Technology University 

(AASTU) in Addis Ababa, Ethiopia. During the test, the load-deflection curve was contin-

uously recorded. From the recorded data, the flexural parameters were calculated. The 

flexural strength is reported in MPa. 

2.6.4. Water Absorption Test 

The mechanical properties of the developed materials can be significantly affected by 

moisture absorption, leading to a reduction in their overall performance. To evaluate the 

water absorption behavior of the developed composites, a water absorption test was per-

formed based on the ASTM D5229 standard [27], which is designed to determine the mois-

ture absorption or desorption properties of polymer matrix composite materials [27]. 

For this test, composite specimens were prepared in square shapes. A total of five test 

specimens for each composite were used, each measuring 100 mm × 100 mm. The edges 

of the samples were covered with resin, which can prevent moisture absorption through 

the sides, ensuring that the measurement focused solely on the exposed surfaces. The pho-

tograph for the water absorption test specimen from each composite is presented in Figure 

13. 

 

Figure 13. Photograph of water absorption test specimens. 

The testing process began with drying the specimens, which were then left to cool 

naturally. Once cooled, each specimen was measured using an analytical balance with a 

precision of 0.001 mg to determine its initial weight (𝑊𝑜). The specimens were then sub-

merged in distilled water at room temperature for 24 h, and their weight was recorded 

afterward (𝑊𝑡) to assess water absorption capacity. 

To capture the initial phase of absorption, the specimens were weighed at regular 

intervals, particularly after the first 12 h, and subsequently every 72 h until saturation was 

reached. The material was considered saturated when the weight increase did not exceed 

1% of the previous measurement or when the absorbed weight change was less than 0.1g 

between weighings. The water absorption percentage was determined as: 

Water absorption (%) =
𝑊𝑡−𝑊𝑜

𝑊𝑜
× 100, (16) 

where 𝑊𝑜 is the initial dry weight of the specimen before immersion and 𝑊𝑡 is the weight 

after immersion. The water absorption percentage is calculated relative to the initial dry 

weight, providing a quantitative measure of the moisture absorbed by the composite spec-

imens. 
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3. Results and Discussion 

This section presents and analyzes the results obtained from experimental investiga-

tions, FEA, and theoretical evaluations of the developed functionally graded sisal/glass 

fiber-reinforced polymer composites. Firstly, the mechanical properties of the composites 

are investigated through experimental testing and numerical simulations. Experimental 

investigations of water absorption behavior are also presented to evaluate the influence 

of fiber content on moisture uptake. Furthermore, a comparison with conventional mate-

rials based on existing literature is provided, followed by a comprehensive discussion of 

the findings. 

3.1. Analytical Results 

3.1.1. Volume Fraction Distribution Results 

For each composite type (FH_GS1, FH_GS2, FH_GS3), the total volume fraction is 

divided equally among the five layers, ensuring a balanced distribution of composite con-

stituents. The resulting layer-wise volume fractions are detailed in Tables 5–7. 

Table 5. Volume fractions of FH_GS1. 

Layer Glass Fiber 𝑽𝑮 Hybrid 𝑽𝑯 Sisal 𝑽𝑺 Epoxy 𝑽𝒎  

L1 & L5 (Glass) 2.5% 0% 0% 97.5% 

L2 & L4 (Hybrid) 0% 5.05% 0% 94.95% 

L3 (Sisal) 0% 0% 8.3% 91.7% 

Table 6. Volume fractions of FH_GS2. 

Layer Glass Fiber 𝑽𝑮 Hybrid 𝑽𝑯 Sisal 𝑽𝑺 Epoxy 𝑽𝒎  

L1 & L5 (Glass) 2.5% 0% 0% 97.5% 

L2 & L4 (Hybrid) 0% 3.95% 0% 96.05% 

L3 (Sisal) 0% 0% 19.9% 80.1% 

Table 7. Volume fractions of FH_GS3. 

Layer Glass Fiber 𝑽𝑮 Hybrid 𝑽𝑯 Sisal 𝑽𝑺 Epoxy 𝑽𝒎 

L1 & L5 (Glass) 2.55% 0% 0% 97.45% 

L2 & L4 (Hybrid) 0% 3.2% 0% 96.8% 

L3 (Sisal) 0% 0% 30.7% 69.3% 

As seen from these results, the structured distribution of volume fractions across lay-

ers is a critical aspect of achieving optimized mechanical performance in functionally 

graded composites. In FH_GS1, the glass fiber layers (L1 & L5) dominate the composition, 

providing significant rigidity due to their high epoxy content. The hybrid layers (L2 & L4) 

introduce a moderate amount of glass fiber, which enhances interlayer bonding and im-

proves mechanical properties. The sisal layer (L3), although containing a smaller percent-

age of glass, adds a natural fiber component that contributes to sustainability while also 

improving toughness. In FH_GS2, there is a noticeable increase in the volume fraction of 

sisal fibers in layer L3, which elevates the hybridization effect. This change will lead to 

improved energy absorption characteristics, making the composite more resilient under 

dynamic loading conditions. For FH_GS3, the increased sisal content in layer L3 signifi-

cantly enhances the composite’s natural fiber properties while maintaining a balanced 

epoxy matrix. This configuration improves tensile performance while maintaining a light-

weight structure, which is advantageous for weight-sensitive applications. This careful 

arrangement of materials ensures that the composite exhibits desirable mechanical 
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properties, such as increased stiffness, strength, and toughness, while also addressing sus-

tainability concerns. The findings suggest that functionally graded composites with opti-

mized volume fractions can effectively meet the demands of various structural applica-

tions, paving the way for their integration into advanced engineering solutions. 

3.1.2. Elastic Moduli Summary 

The elastic moduli for each layer across the composite types are summarized in Table 

8. 

Table 8. Elastic moduli for each layer. 

Layer FH_GS1 (GPa) FH_GS2 (GPa) FH_GS3 (GPa) 

L1 & L5 (Glass) 4.675 4.675 4.708 

L2 & L4 (Hybrid) 5.121 4.659 4.344 

L3 (Sisal Core) 4.411 6.383 8.219 

The variation in elastic moduli across the different composite types illustrates the 

impact of material combinations on the stiffness of each layer. Notably, the sisal core layer 

in FH_GS3 exhibits a significant increase in elastic modulus, reaching 8.219 GPa. This en-

hancement suggests improved load-bearing capacity and structural integrity, making it 

particularly advantageous for applications requiring high strength and durability. 

The stiffness variation across layers is depicted in Figure 14. The analysis of elastic 

moduli highlights the importance of material selection and layer arrangement in deter-

mining the mechanical performance of functionally graded composites. The consistent 

values for the glass layers (L1 & L5) across all composite types indicate their stability in 

providing rigidity and strength. The hybrid layers (L2 & L4) exhibit variability in elastic 

modulus, emphasizing the influence of fiber composition on performance. The decrease 

in elastic modulus for FH_GS2 and FH_GS3 in the hybrid layers suggests that while sisal 

fibers contribute to toughness, they also reduce stiffness compared to glass fibers. The 

pronounced increase in the elastic modulus of the sisal core layer in FH_GS3 signifies that 

optimizing natural fiber content can yield substantial benefits in terms of mechanical 

properties. This finding underscores the potential of sisal fibers to enhance the overall 

performance of composites while promoting sustainability. 

 

Figure 14. Variation in elastic moduli across layers. 

  

https://doi.org/10.3390/ma19153295


Materials 2026, 19, 3295 18 of 32 
 

https://doi.org/10.3390/ma19153295 

3.1.3. Tensile Stress Results 

The tensile stress results for each layer across the composite types (FH_GS1, FH_GS2, 

and FH_GS3) are summarized in Table 9. 

Table 9. Tensile stress for each layer. 

Layer FH_GS1 (GPa) FH_GS2 (GPa) FH_GS3 (GPa) 

L1 & L5 (Glass) 48.7 46.6 44.7 

L2 & L4 (Hybrid) 53.3 46.4 41.3 

L3 (Sisal Core) 45.9 63.7 78.0 

The values indicate the tensile stress experienced by each layer under the applied 

load, reflecting how the composition affects the mechanical performance. The hybrid lay-

ers (L2 & L4) consistently show higher tensile stresses compared to the glass and sisal core 

layers, indicating their enhanced ability to withstand tensile forces. Notably, the sisal core 

layer in FH_GS3 exhibits the highest tensile stress (78.0 MPa), suggesting a significant im-

provement in performance due to the increase in sisal fiber content. 

The maximum tensile stresses at initial failure for the various composite composi-

tions are presented in Table 10. 

Table 10. Maximum tensile stress at initial failure. 

Layer FH_GS1 (GPa) FH_GS2 (GPa) FH_GS3 (GPa) 

L1 & L5 (Glass) 121 121 122.22 

L2 & L4 (Hybrid) 129.82 114.59 104.24 

L3 (Sisal core) 86.97 124.68 159.78 

These results indicate the maximum tensile stress that each layer can withstand be-

fore failure. The glass layers (L1 & L5) maintain relatively consistent values across the 

composites, providing reliable strength. However, the hybrid layers show a decline in 

maximum tensile stress as the sisal content increases, particularly in FH_GS3, likely due 

to the natural fiber’s lower tensile strength compared to glass. In contrast, the sisal core 

layer in FH_GS3 demonstrates a remarkable increase (159.78 MPa) in maximum tensile 

stress at initial failure. This suggests that the incorporation of sisal fibers enhances the 

overall load-bearing capacity of the composite, especially when optimized within the 

layer structure. 

Figure 15 shows the maximum tensile stress at initial failure across the different lay-

ers of FH_GS1, FH_GS2, and FH_GS3. 

 

Figure 15. Maximum tensile stress at initial failure across layers. 
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The tensile stress results provide valuable insights into the mechanical behavior of 

functionally graded composites. The consistently higher tensile stresses in the hybrid lay-

ers indicate their superior performance under tensile loading, attributed to the synergistic 

effects of combining glass and sisal fibers. The significant increase in maximum tensile 

stress at initial failure for the sisal core layer in FH_GS3 highlights the potential of natural 

fibers to enhance composite performance. This finding reinforces the notion that optimiz-

ing fiber composition can lead to improved mechanical properties, making these compo-

sites suitable for structural applications where strength and weight considerations are crit-

ical. 

3.1.4. Initial Failure Evaluation Using Tsai–Hill Criterion 

The results of the initial failure evaluation using the Tsai–Hill criterion are summa-

rized in Table 11. 

Table 11. Failure index results. 

Layer FI_FH_GS1 Pass/Fail FI_FH_GS2 Pass/Fail FI_FH_GS3 Pass/Fail 

1 0.16 Pass 0.15 Pass 0.13 Pass 

2 0.17 Pass 0.16 Pass 0.16 Pass 

3 0.28 Pass 0.26 Pass 0.24 Pass 

4 0.17 Pass 0.16 Pass 0.16 Pass 

5 0.16 Pass 0.15 Pass 0.13 Pass 

All layers across the three composite types (FH_GS1, FH_GS2, and FH_GS3) exhibit 

failure indices below 1, indicating that no layers have reached their failure limits under 

the applied loads. This result suggests that the composites maintain structural integrity 

and can withstand operational stresses effectively. 

Figure 16 shows the variation in the failure index across the layers for the different 

composite types. 

 

Figure 16. Variation in the failure index across layers of FH_GS1, FH_GS2, and FH_GS3. 

The failure index results from the Tsai–Hill criterion further confirm the robustness 

of the functionally graded composites. The consistent “Pass” outcomes across all layers 

indicate that the engineered design successfully prevents failure under anticipated load-

ing conditions. The failure indices are relatively low, reflecting a significant margin of 

safety in the composite structures. This safety margin implies that the composites can en-

dure unexpected loads or stresses beyond typical operational conditions. The variation in 

failure indices across the layers also highlights the effectiveness of the layered material 

arrangement. Each layer’s contribution to the overall performance ensures that the 
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composites can leverage the strengths of both natural and synthetic fibers, thereby en-

hancing overall durability and reliability. Hence, the results from the Tsai–Hill criterion 

support the viability of using functionally graded sisal/glass fiber-reinforced composites 

in structural applications, reaffirming their potential for high-performance engineering 

solutions. 

3.2. Numerical Results 

In this work, FEA was also performed to investigate the tensile and compressive be-

havior of the functionally graded sisal/glass fiber-reinforced polymer composites. Figure 

17a shows the tensile strength of the composite at an applied force of 4.5 kN. The FEA 

results indicate that the maximum tensile strength of the composite is 181.24 MPa, while 

the experimental results show a tensile strength of 146 MPa. This discrepancy is attributed 

to variations in material properties, manufacturing processes, or testing conditions. In ad-

dition, Figure 17b presents the stress–strain curve, which illustrates the relationship be-

tween stress and strain during the tensile test. This curve provides valuable insights into 

the material’s behavior under load, highlighting its capacity for deformation before fail-

ure. 

  

(a) (b) 

Figure 17. Equivalent tensile stress results: (a) tensile strength; (b) stress–strain curve. 

As shown in Figure 18, the total deformation of the composite under tensile loading 

is measured at 1.6562 mm. This deformation reflects the material’s ability to undergo sig-

nificant strain, which is crucial for evaluating its performance and suitability for various 

applications. 

 

Figure 18. Total deformation of the composite under tensile loading. 
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Similarly, Figure 19a displays the compressive strength of the composite under an 

applied force of 15 kN. The simulations indicate a maximum compressive strength of 

147.57 MPa, whereas the experimental results show a compressive strength of 120 MPa. 

This difference arises from variations in material properties, manufacturing processes, or 

testing conditions. Figure 19b also presents the stress–strain curve, which illustrates the 

relationship between stress and strain during the compressive test. This curve provides 

important insights into the material’s behavior under compressive loading, emphasizing 

its capacity to withstand deformation before failure. 

 
 

(a) (b) 

Figure 19. Equivalent compressive stress results: (a) compressive strength; (b) stress–strain curve. 

As shown in Figure 20, the total deformation of the composite under compressive 

loading is measured at 0.31424 mm. This deformation indicates the material’s ability to 

undergo significant strain, which is essential for assessing its performance and suitability 

for various applications. 

 

Figure 20. Total deformation of the composite under compressive loading. 

In general, the numerical simulations conducted for both tensile and compressive 

tests provide valuable insights into the mechanical properties of the functionally graded 

sisal/glass fiber-reinforced polymer composites. The simulations show that the tensile and 

compressive strengths exceed the experimental values, suggesting potential for optimiza-

tion in composite design. The stress–strain curves for both tensile and compressive tests 

reveal the material’s ability to deform significantly before failure, indicating good ductil-

ity and resilience. Thus, the findings highlight the composites’ promising performance 

characteristics, which can be further enhanced through controlled manufacturing 

https://doi.org/10.3390/ma19153295


Materials 2026, 19, 3295 22 of 32 
 

https://doi.org/10.3390/ma19153295 

processes and material property improvements. These results serve as a foundation for 

future research and applications in various engineering fields. 

3.3. Experimental Results 

3.3.1. Tensile Strength 

The tensile strength of the developed functionally graded composites was evaluated 

to assess the effect of sisal fiber content. Tensile strength, defined as the maximum stress 

a material can endure before necking occurs, is crucial for structural applications. Figure 

21 presents the specimens after the tensile test, showcasing the fractured specimens. 

  
(a) (b) 

Figure 21. Specimens after tensile testing: (a) rectangular specimen; (b) rod-shaped specimen. 

Figure 22 shows the effects of sisal fiber content on the tensile strength of the material 

for both rectangular and rod shapes. 

  
(a) (b) 

Figure 22. Tensile strength of the composite: (a) influence of sisal fiber content on tensile strength 

for rectangular shapes; (b) influence of sisal fiber content on tensile strength for rod shapes. 

Figure 22a shows that the tensile strength of the rectangular specimens increased sig-

nificantly with increasing sisal fiber content. The tensile strength values recorded are 57 

MPa for specimens with 10% sisal fibers, 146 MPa for those with 20%, and 100 MPa for 

specimens reinforced with 30% sisal fibers. These results indicate that incorporating sisal 

fibers enhances the load-bearing capacity of the composite. Nevertheless, the low tensile 

strength observed at 10% sisal fiber indicates that this reinforcement level is insufficient, 

resulting in suboptimal structural performance. 

Similarly, for rod-shaped specimens, as presented in Figure 22b, the tensile strengths 

also exhibit a positive correlation with increased fiber content. The tensile strength values 

for these specimens are 162.5 MPa at 10% sisal, 199.5 MPa at 20% sisal, and an impressive 

187 MPa at 30% sisal. These results further confirm that higher sisal fiber content contrib-

utes positively to its strength. However, beyond a certain amount of fiber content, the 
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strength decreases; this indicates the effect of fiber clustering and void formation as the 

natural fiber content increases. A comparison of the two specimen geometries revealed 

that the rod-shaped specimens consistently exhibited higher tensile strength. This obser-

vation indicates that the rod shape offers improved load distribution and stress manage-

ment, rendering it more advantageous for structural applications where strength is cru-

cial. The enhanced mechanical performance of rod-shaped specimens underscores the im-

portance of optimizing both fiber content and specimen shape in the development of ma-

terials. 

3.3.2. Compression Strength 

The resistance of the developed functionally graded composites to compressive 

forces was assessed by evaluating their compression strength. Figure 23 presents the com-

pression strength results for the composites at varying sisal fiber contents. 

 

Figure 23. Compression strength of the composite at varying sisal fiber contents. 

From Figure 23, the compression strength of the composites shows considerable var-

iation with the amount of sisal fiber added. Specifically, the recorded compression 

strength values are as follows: 58 MPa for specimens with 10% sisal fiber, 120 MPa for 

those with 20% sisal fiber, and 70 MPa for specimens reinforced with 30% sisal fiber. This 

trend indicates that higher sisal fiber content improves the material’s resistance to com-

pressive forces, with the 20% fiber content level exhibiting the greatest strength. The no-

table increase in compression strength from 10% to 20% sisal fiber suggests that this range 

is optimal for achieving improved mechanical performance. However, the slight decrease 

in compression strength observed at 30% sisal fiber indicates a potential issue with fiber 

clustering or inadequate bonding within the composite matrix, which can lead to reduced 

effectiveness in load transfer during compression. 

Comparing these results to those obtained from tensile strength tests, it is clear that 

while both tensile and compressive strengths benefit from increased content of sisal fiber, 

the optimal fiber content differs. The maximum compression strength observed at 20% 

sisal fiber content highlights the importance of balancing fiber content to achieve superior 

mechanical properties in composite materials. 

3.3.3. Flexural Strength 

Flexural strength represents a critical mechanical property that reflects a material’s 

ability to withstand bending or flexural stresses without failure. This property plays a 

significant role in applications subjected to bending loads, as it directly contributes to 

maintaining structural integrity and reliability. Figure 24 shows the flexural strength of 

the developed composites. 
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Figure 24. Flexural strength of the composite at varying sisal fiber contents. 

The findings presented in Figure 24 reveal that the flexural strength of the composites 

varies significantly with the content of sisal fiber. The recorded flexural strength values 

are 226 MPa for specimens containing 10% sisal fiber, 326 MPa for those with 20% sisal 

fiber, and 271 MPa for specimens reinforced with 30% sisal fiber. This data indicates a 

clear trend: flexural strength increases with the addition of sisal fiber, and attains its peak 

at 20% fiber content. The substantial increase in flexural strength from 10% to 20% sisal 

fiber suggests that this level of reinforcement optimally enhances the resistance of the ma-

terial to bending stresses. However, the decline in flexural strength observed at 30% sisal 

fiber content indicates a potential compromise in performance at higher fiber concentra-

tions. This decrease is due to various factors, such as fiber clumping, weakened bonding 

between the fibers and the epoxy matrix, or an imbalance in the composite structure, all 

of which can impede effective load distribution. 

When comparing the flexural strength results to those from tensile and compressive 

strength tests, these results indicate that while the addition of sisal fiber enhances mechan-

ical properties across the board, the optimal fiber content for flexural strength differs from 

that of tensile and compressive strengths. 

3.4. Comparison Analysis with Other Materials 

To evaluate the mechanical performance of the developed composite, a comparison 

with previously reported materials was conducted. This analysis highlights how the func-

tionally graded sisal/glass fiber-reinforced composites outperform several conventional 

materials and other existing composites in terms of mechanical strength. Table 12 pro-

vides the results of this comparative analysis, showcasing the mechanical properties of 

the developed functionally graded composites alongside those of conventional materials 

and other composites. 

The mechanical properties of the developed functionally graded hybrid composite 

demonstrate notable improvements compared to other natural and hybrid fiber compo-

sites. With a tensile strength of 199.5 MPa, the composite outperforms several traditional 

hybrid materials, such as jute-glass (185 MPa) and flax/jute fiber composites (90 MPa). 

While it does not match the tensile strength of metals like mild steel (350–450 MPa) or 

aluminum alloys (310–570 MPa), its performance highlights its viability as a sustainable 

alternative in lightweight applications. In terms of flexural strength, the composite 

achieves an impressive 326 MPa, surpassing hybrid sisal/glass composites (190 MPa) and 

Sisal and bamboo hybrid composites (137.50 MPa), and approaching the flexural perfor-

mance of epoxy-based sisal/glass hybrids (411.43 MPa). The compressive strength of the 

composite, recorded at 120 MPa, is comparable with sisal-bamboo fiber composites 
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(120.08 MPa) but remains lower than traditional engineering materials, reflecting some 

limitations of polymer matrices under compression. 

Table 12. Mechanical properties comparison of the developed functionally graded composites with 

existing materials. 

Ref. Materials 

Tensile 

Strength 

(MPa) 

Compressive 

Strength 

(MPa) 

Flexural 

Strength 

(MPa) 

Engineering standards Mild steel 350–450 250–350 300–400 

Engineering standards Aluminum alloy 310–570 200–400 240 

Pawar et al. [28] Natural/synthetic hybrid (jute-glass) 71.29 - 69.37 

Benkhelladi et al. [29] Flax/jute hybrid composite 69.3 - 136.06 

Bodduru et al. [30] Sisal/glass hybrid composite 175 135 190 

Mbeche et al. [31] Sisal/cattail hybrid composites 32.3 24.6 44.8 

Hari et al. [32] Sisal/nylon hybrid composite 170 120 190 

Ali-Eldin et al. [33] Rice straw/glass hybrid Composite 160 120 180 

Gupta et al. [34] Hybrid Sisal/Glass with Epoxy Composite 87.22 - 411.43 

Ganta and Patel [35] 
Sisal and bamboo hybrid fiber-reinforced compo-

sites 
85.08 120.08 137.50 

Composite-Tech [36] GFRP Rebar 1300 550 - 

Ashuro et al. [37] Sisal/glass hybrid with stepwise gradation 98.26 55.32 156 

Suresha K V et al. [38] Hemp/glass hybrid reinforced epoxy composite 145.86 79.72 8.46 

Present work Functionally graded Sisal/Glass polymer composite 199.5 120 326 

To better illustrate the comparison results, Figure 25 presents the tensile, compres-

sive, and flexural strengths of the developed functionally graded material alongside ex-

isting materials. As shown in Figure 25, the mechanical properties of the developed func-

tionally graded material compare favorably to those of conventional materials. 

 

Figure 25. Comparison of mechanical properties of the developed material with existing materials. 

The application of stepwise functional gradation significantly enhances load distri-

bution and stress management, contributing to the composite’s enhanced mechanical 

properties. Compared to similar research, such as the sisal/glass hybrid with gradation 

(98.26 MPa tensile, 156 MPa flexural), the developed composite demonstrates marked im-

provements. Furthermore, when compared to hemp-glass hybrid rebar (145.86 MPa 
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tensile, 8.46 MPa flexural), the advantages in tensile and flexural performance are evident, 

particularly for structural uses where bending resistance is critical. These findings high-

light the potential of the developed composite for environmentally conscious structural 

applications, offering a promising balance of strength, sustainability, and lightweight de-

sign. 

The mechanical performance observed in the developed stepwise functionally 

graded composite demonstrates the potential of the proposed layered architecture for 

structural applications. Compared with several natural and hybrid fiber-reinforced com-

posites reported in the literature, the developed composite exhibited higher tensile and 

flexural strengths while maintaining the sustainability advantages associated with natural 

fiber reinforcement. However, because conventional non-graded laminates with the same 

constituent materials were not fabricated and experimentally evaluated in the present 

study, the observed improvements cannot be attributed exclusively to the stepwise func-

tional grading. Instead, the results demonstrate the feasibility and promising performance 

of the proposed laminate configuration. Future studies should include direct experimental 

comparisons between equivalent stepwise graded and non-graded laminates to quantita-

tively evaluate the specific contribution of the graded architecture to the overall mechan-

ical performance. 

3.5. Water Absorption Characteristics 

The water absorption behavior of the developed composites is examined in this sec-

tion, with particular emphasis on the influence of varying fiber contents on moisture up-

take. The corresponding results are presented in Tables 13 and 14. 

Table 13. The average weight of composite materials over time. 

Time (Days) FH-GS1 (g) FH-GS2 (g) FH-GS3 (g) 

0 (Dry) 102.172 103.252 105.297 

1 102.741 103.938 106.407 

4 103.052 104.615 107.525 

7 103.326 105.135 108.320 

10 103.489 105.522 108.870 

13 103.582 105.783 109.233 

15 103.600 105.890 109.340 

Table 14. Percentage of water absorption over time. 

Time (Days) FH-GS1 (%) FH-GS2 (%) FH-GS3 (%) 

0 (Dry) 0.00 0.00 0.00 

1 0.56 0.66 1.05 

4 0.86 1.32 2.11 

7 1.13 1.82 2.87 

10 1.29 2.20 3.39 

13 1.38 2.45 3.74 

15 1.40 2.55 3.85 

The results reveal distinct trends in water absorption among the different composite 

formulations. FH-GS1 exhibited the lowest water absorption rates throughout the testing 

period, attributed to its lower sisal fiber content and a higher degree of glass fiber encap-

sulation within the matrix. This configuration effectively minimizes the exposure of hy-

drophilic sisal fibers, thereby enhancing the moisture resistance of the composite. In con-

trast, FH-GS2 displayed moderate water absorption levels, correlating with the increased 

content of sisal fiber. The presence of more sisal fibers introduces additional hydrophilic 
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sites, allowing for greater moisture uptake compared to FH-GS1, while still maintaining 

reasonable performance. Conversely, FH-GS3 exhibited the greatest water absorption, re-

flecting the inherent hydrophilic nature of sisal fibers, especially at elevated concentra-

tions. This significant moisture uptake underscores the challenges associated with using 

higher levels of natural fibers, which can compromise the overall durability and perfor-

mance of the composite. 

To provide a clearer understanding of the water absorption behavior for the three 

fiber contents, Figure 26 shows the water absorption results of the composites with differ-

ent sisal fiber contents. 

 

Figure 26. Water absorption characteristics. 

From Figure 26, the water absorption of the composites varies with the amount of 

sisal fiber incorporated. The recorded water absorption values are 1.40% for specimens 

containing 10% sisal fiber, 2.55% for those with 20% sisal fiber, and 3.85% for specimens 

reinforced with 30% sisal fiber. This trend indicates that increasing the sisal fiber content 

leads to higher moisture uptake, particularly at the 30% fiber content level, which demon-

strates the highest absorption. The notable increase in water absorption from 10% to 20% 

sisal fiber suggests that while moderate fiber content allows for reasonable moisture re-

sistance, the significant rise at 30% indicates potential challenges associated with higher 

natural fiber concentrations. 

The percentage of water absorption of the developed functionally graded composites 

is plotted against the square root of time, as shown in Figure 27. The plots reveal that 

higher sisal fiber content significantly enhances moisture uptake, particularly at the 30% 

level. The increase in water absorption can be attributed to the hydrophilic nature of sisal 

fiber, the formation of voids, and a greater interfacial area between the fiber and the ma-

trix. In contrast, moisture absorption by epoxy is almost negligible due to its hydrophobic 

nature. 

 

Figure 27. Percentage of water absorption as a function of the square root of time. 
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3.6. Discussions 

The mechanical properties obtained through experimental testing align with trends 

predicted by both theoretical models and numerical simulations, though experimental de-

viations highlight the influence of real-world fabrication challenges. The FEA predicted a 

tensile strength of 181.24 MPa, which is slightly higher than the 146 MPa obtained exper-

imentally. This deviation can be attributed to fabrication inconsistencies, such as fiber mis-

alignment, void formation, and interfacial debonding, which were not accounted for in 

the idealized simulation model. Similarly, compressive and flexural strengths followed 

the expected trends but exhibited lower experimental values due to the occurrence of nat-

ural fiber defects. 

The Tsai–Hill failure criterion, applied to predict failure initiation, showed reasona-

ble agreement for fiber volume fractions up to 20% but underestimated failure onset at 

higher fiber contents. This discrepancy suggests that additional factors, such as fiber wav-

iness and non-uniform stress distribution, influence failure mechanisms in real-world ap-

plications. Furthermore, elastic modulus calculations based on the Rule of Mixtures 

closely matched experimental values at low fiber contents but deviated at higher sisal fiber 

fractions, indicating matrix-dominated deformation effects. 

Therefore, the combined experimental, analytical, and numerical approaches provide 

a comprehensive understanding of the mechanical behavior of the developed composites. 

Refining numerical models to incorporate real-world imperfections, such as fiber misa-

lignment and interfacial effects, is essential for improving predictive accuracy. 

The mechanical properties of the developed material were thoroughly examined, 

starting with tensile strength. A clear correlation was observed between increasing sisal 

fiber content and enhanced tensile strength, especially in rectangular specimens, where 

tensile strength reached 57 MPa at 20% sisal reinforcement. This finding supports a pre-

vious paper that indicates higher fiber content improves load-bearing capacity and struc-

tural performance. In addition, rod-shaped specimens consistently exhibited higher ten-

sile strengths compared to rectangular ones, suggesting that geometry plays a significant 

role in load distribution and stress management, which are crucial for structural applica-

tions. 

Compression strength results further highlighted the impact of sisal fiber content, 

with optimal performance achieved at 20% fiber content, resulting in a maximum strength 

of 120 MPa. This trend indicates that moderate fiber content enhances resistance to com-

pressive forces, aligning with literature that suggests excessive fiber can lead to clustering 

and reduced bonding [39]. The decline in compression strength observed at 30% sisal con-

tent illustrates potential challenges in load transfer within the composite matrix. Flexural 

strength results mirrored these findings, peaking at 20% sisal fiber content with a recorded 

strength of 326 MPa, followed by a decrease at 30%. The increase in flexural strength with 

the addition of sisal fibers underscores its significance in applications subjected to bending 

stresses. Conversely, the reduction at higher concentrations suggests that factors such as 

fiber clumping and inadequate bonding hinder effective load distribution. 

Moreover, the assessment of water absorption characteristics is vital for understand-

ing the durability of these composites. High moisture uptake can lead to diminished me-

chanical performance, particularly in humid environments. The observed water absorp-

tion behavior is associated with both the fiber content and the applied alkaline treatment. 

However, since untreated reference fibers were not investigated in the present study, the 

individual contribution of alkaline treatment to moisture resistance and mechanical per-

formance cannot be quantitatively separated. This consideration is particularly relevant 

for structural applications, where moisture management is critical for maintaining me-

chanical integrity over time. 
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The results indicate that the developed stepwise functionally graded composite re-

sults in mechanical properties comparable to or superior to several natural and hybrid 

fiber-reinforced composites reported in the literature, highlighting its potential for struc-

tural applications. Nevertheless, the findings should be interpreted considering certain 

limitations. The fabricated specimens represent a five-layer stepwise functionally graded 

architecture rather than a continuously graded material, and equivalent non-graded lam-

inates were not evaluated for direct comparison. Therefore, the specific contribution of the 

grading architecture cannot be quantitatively isolated. Additionally, although alkaline 

treatment was applied to improve sisal fiber–matrix compatibility based on previous 

studies, its direct contribution was not experimentally quantified in the present work. The 

analytical and numerical models also adopted a stepwise approximation and did not ex-

plicitly incorporate manufacturing imperfections, such as fiber misalignment, voids, and 

interfacial effects. Future studies should include direct comparisons with non-graded lam-

inates, untreated fiber composites, and refined models incorporating fabrication-induced 

effects to further quantify the influence of grading architecture and fiber surface treat-

ment. 

4. Conclusions 

This study successfully developed and characterized functionally graded sisal/glass 

fiber-reinforced polymer composites, demonstrating their potential for structural applica-

tions. To accomplish this, an experimental approach was employed, focusing on the char-

acterization of mechanical properties and the assessment of water absorption behavior. 

The following findings are drawn from the analysis. 

The detailed analysis of the mechanical properties revealed a clear correlation be-

tween sisal fiber content and enhanced performance. The composite’s tensile strength 

showed a significant increase with higher sisal fiber content, reaching 146 MPa for the 

rectangular cross-section and 199.5 MPa for the composite bar at 20% sisal fibers. In addi-

tion, compressive and flexural strengths peaked at 120 MPa and 326 MPa, respectively, at 

an optimal 20% sisal fiber content. This indicates that an optimal fiber concentration exists 

for maximizing mechanical performance, while excessive fiber content will lead to dimin-

ishing returns in strength. 

The geometric configuration of the specimens was found to be critical in influencing 

mechanical performance. Rod-shaped specimens consistently demonstrated higher ten-

sile strengths compared to rectangular ones, suggesting that geometry plays a significant 

role in effective load distribution and stress distribution. This finding highlights the sig-

nificance of considering shape in the design and use of these composites, especially for 

structural components that need greater load-bearing capacity. 

The investigation into water absorption behavior revealed that lower sisal fiber con-

tent resulted in significantly reduced moisture uptake, enhancing the composite’s dura-

bility. Conversely, higher sisal fiber concentrations led to increased water absorption, re-

flecting the inherent hydrophilic nature of sisal fibers. This highlights potential durability 

challenges in high-moisture environments and indicates that careful management of fiber 

content is essential to mitigate water absorption and maintain mechanical integrity. 

In addition to experimental results, theoretical and numerical analyses played a cru-

cial role in validating the findings. FEA yielded maximum tensile and compressive 

strengths of 181.24 MPa and 147.57 MPa, respectively, showing reasonable agreement 

with the experimental results. The observed differences are primarily attributed to fabri-

cation imperfections, material heterogeneity, and idealized boundary condition assump-

tions adopted in the numerical model. The Tsai–Hill failure criterion and Rule of Mixtures 

provided a theoretical framework for optimizing fiber volume fractions, confirming that 

a 20% sisal fiber content achieves the best balance between mechanical performance and 
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durability. These results highlight the importance of integrating experimental, numerical, 

and theoretical approaches, providing a more robust and comprehensive framework for 

material characterization. 

Although this paper successfully developed and characterized functionally graded 

sisal/glass fiber-reinforced polymer composites, some areas remain open for further in-

vestigation: 

(1) Microstructural Analysis: A detailed study of fiber–matrix interactions using tech-

niques such as Scanning Electron Microscopy (SEM) and X-ray diffraction (XRD) 

would provide deeper insights into bonding mechanisms, void distribution, and in-

terfacial adhesion; 

(2) Optimization of Fabrication Methods: Exploring automated fabrication techniques 

such as resin infusion, compression molding, or additive manufacturing (3D printing) 

could improve composite uniformity, reduce defects, and enhance scalability for in-

dustrial applications; 

(3) Hybridization with Other Natural Fibers: Investigating the effect of incorporating 

other natural fibers (e.g., flax, hemp, or kenaf) alongside sisal in functionally graded 

composites could further optimize mechanical properties and expand potential ap-

plications. 

Future studies should focus on these aspects to further improve the mechanical per-

formance and durability of functionally graded natural fiber composites. 
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