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Abstract

Context: Soils reinforced with natural fibers such as banana fibers (BF) constitute
a promising alternative for improving the geotechnical properties of the soil,
especially in rapidly growing urban contexts like Peru.
Methods: This study was structured into four stages: the extraction and preparation
of soil samples; the evaluation of the physical characteristics of the fibers; mixing
with proportions of 0.5, 1, 1.5, and 2% BF relative to the soil dry weight; and physical
and mechanical tests to assess the effects on geotechnical properties.
Results: The addition of 1% BF optimized the properties of the modified soil: the
maximum dry density remained stable, the California bearing ratio increased by
5.95%, and the unconfined compressive strength increased by 23.81% compared to
natural soil.
Conclusions: The use of BF-treated soil meets the local standards for application
in infrastructure such as roads and pavements, thus promoting sustainable
construction practices and contributing to the development of resilient and
environmentally responsible infrastructure.
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Resumen

Contexto: Los suelos reforzados con fibras naturales como las fibras de plátano (FP) representan una
alternativa prometedora para mejorar las propiedades geotécnicas de los suelos arcillosos de baja
plasticidad, especialmente en contextos urbanos de rápido crecimiento como el Perú.
Métodos: Este estudio se estructuró en cuatro etapas: la extracción y preparación de muestras del suelo;
la evaluación de las características de la fibra; la mezcla con proporciones de 0.5, 1, 1.5 y 2 % de FP
respecto al peso seco del suelo; y la realización de pruebas físicas y mecánicas del suelo estabilizado.
Resultados: La adición de 1 % de FP optimizó las propiedades del suelo natural, pues la máxima
densidad seca se mantuvo estable, el índice de soporte de California aumentó en un 5.95 % y la
resistencia a la compresión no confinada incrementó en un 23.81 % en comparación con el suelo natural.
Conclusiones: El uso del suelo tratado con FP cumple con los estándares locales para aplicaciones
en infraestructuras como carreteras y pavimentaciones, lo que promueve prácticas constructivas
sostenibles y contribuye al desarrollo de infraestructuras resilientes y ambientalmente responsables.

Palabras clave: suelos, fibras naturales, fibras de plátano, propiedades geotécnicas, comportamiento
físico y mecánico
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1. Introduction

Soil stabilization remains a critical focus in construction and environmental engineering, with
natural fibers (NF) emerging as a sustainable and cost-effective reinforcement technique. (1) highlight
their advantages: low cost, environmental benefits, and high availability, which makes them a viable
alternative to conventional materials (2, 3) emphasize their importance in reducing the environmental
impacts of construction projects. Low soil tensile strength often leads to structural failures (4), but
fibers improve stability by leveraging their tensile properties, reducing cracks and degradation (5, 6).
This reinforcement occurs through interlocking and friction, thereby enhancing resistance (7). Natural
fibers are subject to degradation processes such as biodegradation, moisture exposure, and temperature
fluctuations, which can affect their structural integrity and, consequently, the stability of the reinforced
soil. It is essential to investigate how these factors influence the longevity of the fibers to ensure that the
observed geotechnical improvements remain effective over time.

Global banana production is estimated at nearly 30.5 million tons per year, making it the third
most important export product after fuel and wood (8). Furthermore, it is expected to increase at an
annual rate of 1.5 %, reaching 135 million tons by 2028 (9). India leads global production, accounting
for approximately 31.5 % of the total, followed by mainland China, Indonesia, Brazil, and Ecuador (10).
In 2023, Peru’s commercial banana (plantain) production reached 2 414 382 tons (11). The country has
160 000 hectares dedicated to banana and plantain cultivation, with more than 70 % concentrated in the
Amazon region (12). Banana fibers contain approximately 40 % cellulose, 21.5 % hemicellulose, 24 %
lignin, 0.34 % pectin, 7.2 % extractable lipophilic sugars, and 7.36 % water-soluble sugars (8).

The use of randomly distributed natural fibers to reinforce soil is an effective and simple method,
similar to cement or lime stabilization (13). For example, banana fibers, with densities of 1.2-1.6 g/cm3,
an elongation of 5.3 %, and a tensile strength between 355 and 754 MPa, are biodegradable (14, 15).
While synthetic fibers offer superior performance, natural fibers are more cost-effective, accessible, and
environmentally friendly, making them a valuable option for sustainable projects (16, 17). Currently,
chemical pretreatments such as sodium hydroxide, calcium hydroxide, hydrogen peroxide, sulfuric
acid, silane, enzymes, epoxy resins, and calcium sulfate dihydrate are used to enhance these organic
fibers, increasing their durability over time.

Banana fibers (BFs) are preferred for their high tensile strength (355-754 MPa), biodegradability,
availability in tropical regions like Peru, and low cost. They are more affordable than jute or coir since
they are agricultural byproducts. Additionally, their use helps to reduce agricultural waste and mitigate
environmental impacts, contributing to sustainable and eco-friendly projects.

The use of fibers in soils offers multiple benefits and is suitable for various geotechnical applications,
including subbase layers, foundations, slope protection, and earthquake- resistant structures (18). Many
studies have demonstrated the influence of incorporating BF into the soil. For example, (19) observed
that a proportion of 0.4 % BF increased the liquid limit by 25 %, and the plastic limit substantially
increased by 125.45 % compared to natural soil. (20) found that 2 % BF increased both the liquid and
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plastic limits by 21 %. However, further research is needed on the physical behavior of soil with
different proportions of BF by dry weight of soil (2).

The addition of natural fibers (NFs) significantly influences soil properties, particularly the
maximum dry density (MDD), the California bearing ratio (CBR), and the unconfined compressive
strength (UCS). Studies have shown mixed effects on MDD: while 0.5 % fiber increased MDD by 1.58 and
6.67 % (21, 22), higher proportions such as 2 % led to reductions of 7.78 and 2.01 % (19, 23). This decline
was attributed to excess voids acting as physical barriers at higher fiber contents (24). Meanwhile, the
addition of 0.4 % BF increased the optimum moisture content (OMC) by up to 20 % compared to natural
soil (19). Similarly, (21) demonstrated that adding 0.5 % BF stabilized the soil, achieving an OMC of
16 % relative to natural soil. Additionally, (22) found that, at the same fiber proportions, the OMC
increased by 41.03 % compared to natural soil. Small additions of fiber, i.e., 0.3 and 0.4 %, increased the
CBR by 23.71 and 21.55 %, respectively (19, 24). Larger proportions like 1 and 1.25 % achieved more
substantial improvements, enhancing the CBR by up to 226.92 % (25, 26). This enhancement is due
to the improved soil cohesion and stress redistribution provided by fibers. Similarly, the UCS results
showed significant strength gains, with 0.3 and 1.5 % fiber increasing the reported values by 26.41 and
100 %, respectively (24, 27). These improvements result from enhanced internal cohesion and shear
strength, as fibers reinforce the soil structure, boosting its load-bearing capacity under compression (28).

This study addresses a significant knowledge gap, as no prior research in Peru has explored the
incorporation of BF to improve soil behavior, despite the existence of international studies. The objective
is to analyze the physical and mechanical behavior of soil reinforced with BF while focusing on four
percentages, i.e., 0.50, 1, 1.5, and 2 % of soil dry weight, in order to evaluate their effect. A key novelty
of this research lies in using natural waste materials like BF, promoting sustainability by reducing the
environmental impact of improper waste disposal. This aligns with Sustainable Development Goal
(SDG) 12 (responsible consumption and production) by encouraging resource-efficient practices and
with SDG 9 (industry, innovation, and infrastructure) by fostering green industries and innovation.

However, the limitations of this work include the focus on laboratory-scale tests without considering
field conditions, as well as the results being specific to the chemical composition and properties of
the BF used. Further research is needed to validate the findings regarding diverse soil types and
environmental conditions. This research provides a foundation for integrating BF as a sustainable
material in geotechnical applications, offering insights into its potential to enhance soil properties and
contribute to more environmentally responsible construction practices.

2. Materials and methods

2.1. Materials Soil

The soil samples used in this study were collected from Pueblo Joven Las Dunas, in the city of
Lambayeque, Peru. Once the location had been identified, soil samples were excavated from a depth
of 1.50 m and placed in airtight bags. Approximately 250 kg of soil were extracted from these pits.
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The selected road is strategically important for the movement of agricultural products and connections
between surrounding communities. The main geotechnical characteristics of its soil are presented in
Table I.

Table I. Geotechnical properties of the natural soil studied

Test Characteristics Standard Results

Depth of sample taken (m) 0.5-1.5 -

Grain size distribution

Gravel >4.75 mm ( %) ASTM D422 (29) -

Sand 0.075 – 4.75 mm ( %) 20.82

Fines <0.075 mm ( %) 79.18

Soil type Classification (USCS) ASTM D2487 (30) CL

Atterberg limits
Liquid limit ( %) ASTM D4318 (31) 20.3

Plastic limit ( %) 19.2

Modified Proctor tests
Maximum dry density (g/cm³) ASTM D1557 (32) 1.8

Optimum moisture content ( %) 12.7

Strength test

California bearing ratio at 95 %

MDD ( %)
ASTM D1883 (33) 33.6

California bearing ratio at

100 % MDD ( %)
34.4

Unconfined compressive

strength after 28 days (MPa)
ASTM D2166 (34) 0.21

2.1.1. Banana fiber

Locally available BF (Fig. 1) was used at various stages, and proper treatment was conducted before
incorporating it into the soil mix. The fibers were treated with a 5 % sodium hydroxide (NaOH) solution
for 24 hours and then air-dried (35). This sodium hydroxide treatment increased the tensile strength
of the natural fibers (36–44). In the application process, the soil was prepared, and BF was mixed in
proportions of 0.50, 1, 1.5, and 2 % by dry weight of soil, using suitable mixing equipment to ensure a
homogeneous distribution.

Various physical properties of the BF are described in Table II. Additionally, based on an analysis
using X-ray fluorescence testing as per ASTM E1621-16 (45), the chemical components identified in the
fibers are shown in Table III and Fig. 2.

2.2. Methods

2.2.1. Liquid limit, plastic limit, and modified Proctor test

The liquid and plastic limits (LL and PL) were determined according to ASTM D4318 (31). The
modified Proctor test for both natural and modified soil was conducted in accordance with ASTM D1557
(32). Fig. 3 depicts the physical tests conducted on the soil.
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Figure 1. Banana fiber

Table II. Physical properties of the banana fibers used

Test description Results Standard

Length (mm) 40 - 50 mm -

Diameter (mm) 0.40 - 2.0 mm -

Density (g/cm3) 1.25

Loose unit weight (kg/m3) 0.26 ASTM C 188 (46)

Tensile strength 250 MPa ASTM D 3822 (47)

Table III. Chemical properties of the banana fibers used

Element % mass

Al2O3 0.338

SiO2 1.644

P2O5 14.595

SO2 7.806

ClO2 4.973

K2O 66.567

CaO 4.764

TiO2 5.028

MnO 11.019
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Figure 2. X-ray fluorescence analysis of the banana fibers used

Figure 3. a) Liquid limit, b) plastic limit, and c) modified Proctor tests

2.2.2. California bearing ratio and unconfined compressive strength

Fig. 4 shows the mechanical tests performed on the soil containing BF. The CBR was evaluated
according to ASTM D1883 (33), and the UCS was evaluated according to ASTM D2166 (34).

2.2.3. Experimental program

The methodology developed for this research was divided into four stages. Fig. 5 illustrates its
process flow.

Phase I involved soil sampling and processing, with samples extracted from a depth of 1.50 m in the
Lambayeque region of Peru, totaling approximately 250 kg. This material was divided for physical and
mechanical tests in its natural state, which included grain size analysis, Atterberg limits, specific gravity,
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Figure 4. a) California bearing ratio and b) unconfined compressive strength testing

Figure 5. Research process

compaction, CBR, and UCS. Soil stabilization in this study was both mechanical and chemical. This
combination was chosen due to its synergistic benefits, as mechanical stabilization with fibers enhances
soil cohesion and internal strength, while chemical treatment optimizes the interaction between the
fibers and the soil, improving the structure and load-bearing capacity of the material.

Phase II evaluated the physical characteristics of the BF, which were first cleaned and then treated
with a 5 % NaOH solution for 24 hours to enhance their mechanical and bonding properties. After
treatment, the fibers were thoroughly rinsed with water, air-dried, and cut into lengths of approximately
40-50 mm for uniformity.
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Phase III involved the preparation of soil-BF mixtures, where the fibers were randomly distributed
into the dry sample in proportions of 0.50, 1.0, 1.5, and 2.0 % by weight of dry soil. Care was taken to
ensure even mixing for homogeneity. The treated organic fiber was randomly placed in the natural soil
due to its ease of application during the stabilization process.

Finally, phase IV focused on conducting physical and mechanical tests on the experimental
soil-fiber mixtures to assess their suitability for light traffic subbase applications. Table IV presents the
composition of these mixtures.

Table IV. Description of each mixture

Nomenclature Description

D-0 Natural soil

D-05BF Natural soil + 0.5 % BF

D-10BF Natural soil + 1.0 % BF

D-15BF Natural soil + 1.5 % BF

D-20BF Natural soil + 2.0 % BF

3. Results and discussion

3.1. Physical properties

3.1.1. Liquid and plastic limits

According to Fig. 6, and based on ASTM D4318 (31), the natural soil exhibited a LL of 20.3 % and
a PL of 19.2 %. An analysis of the sample with 0.5 % BF revealed an increase of 12.32 % in the LL and
10.42 % in the PL compared to natural soil. With 1 % BF, the LL increased by 5.91 %, and the PL showed
a slight increase (1.56 %) compared to the 0.5 % BF sample. The samples with 1.5 and 2 % BF showed LL
reductions of 4.93 and 6.77 %, respectively, in comparison with natural soil, while the PL decreased by
6.40 and 9.38 %. These results suggest a reduction in plasticity, especially with the addition of 1.5 and
2 % BF.

Fig. 6 also suggests that the addition of low BF concentrations increases the LL and PL in soil
samples, which can be attributed to the presence of K2O and P2O5, which allow enhancing soil cohesion
and water retention capacity. However, at higher concentrations (1.5 and 2 %), the reduction in the LL
and PL indicate that an excess of these components may negatively affect plasticity.

These findings are similar to those of (19), who demonstrated that 0.4 % BF increased the LL by 25 %.
Likewise, the PL substantially increased by 125.45 % compared to natural soil. However, (20) observed
that 2 % fiber increased both the LL and PL by 21 %, which contrasts with our research findings. These
discrepancies may be due to differences in the specific properties of the fibers used, the nature of the
base soil, and the methodologies applied in the experiments.
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Figure 6. Variation in consistency limits for different banana fiber proportions

3.1.2. Modified Proctor test

According to the compaction test (Fig. 7), which was conducted according to ASTM D1557 (32),
the studied natural soil has a MDD of 1.83 % and an OMC of 12.7 %. When adding 0.5 % BF, the MDD
increases by 0.55 % and the OMC by 3.94 % compared to natural soil. Similarly, with 1 % BF, the MDD
remains stable, but the OMC increases slightly (0.79). With 1.5 % BF, the MDD decreases by 0.55 %
and the OMC by 7.87 %. Finally, with 2 % BF, the MDD decreases by 1.64 % and the OMC by 9.45 %
compared to natural soil. These results indicate that the addition of BF has a variable effect on MDD
and OMC, with increases at low BF doses and decreases at higher doses (Fig. 7). This could be related to
the presence of Al2O3 (0.338 %) and SiO2 (1.644 %) in the fibers, which may interfere with the uniform
compaction of the soil by forming agglomerations, thereby reducing its density and water absorption
capacity.

(19) found that the soil’s MDD increased by 7.78 % with 2 % BF. In addition, the OMC decreased by
20 % with the addition of 0.4 % BF compared to natural soil. Similarly, (21) showed that the incorporation
of 0.5 % NF improved the MDD by 1.58 %, while the OMC remained stable at 16 % in comparison with
untreated soil. However, other studies reported that 2 and 3 % NF reduced the MDD and OMC by
2.01 and 55.84 %, respectively (23, 48). Higher concentrations of NF can introduce voids and destabilize
the soil structure, decreasing its density and moisture retention capacity. The observed variations
may be due to differences in the properties of the fibers, the nature of the soil, and the experimental
methodologies used.
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Figure 7. Variation in MDD and OMC when using different banana fiber proportions

3.2. Mechanical properties

3.2.1. California bearing ratio

As shown in Fig. 8, the CBR value at 100 % for natural soil is 33.6 %. Adding 0.5 and 1 % BF increases
this value by 3.87 and 5.95 %, respectively. However, increasing the BF content to 1.5 % slightly decreases
the CBR by 1.49 %. Similarly, with 2 % BF, the CBR decreases significantly (13.10 %) when compared to
untreated soil. These results indicate that the addition of BF enhances the bearing capacity of the soil,
albeit up to a certain point, after which its effectiveness decreases.

The CBR value presented in Fig. 8 improves with up to 1 % BF, suggesting that MnO and CaO
(4.764 %) contribute to an increased resistance to applied loads. However, the decrease in CBR at higher
concentrations may indicate that an excessive proportion of these compounds reduces soil cohesion,
thereby affecting stability.

These findings are similar to those of (24), who found that 0.3 % BF increased the CBR by 23.71 %
compared to the natural sample. On the other hand, with 0.4 % BF, the CBR of the soil increased by
21.55 % (19). Additionally, (28) demonstrated that the incorporation of 1 % BF improved the soil support
by 32.6 %. Other studies have shown increases of 68 and 171 % with the same fiber proportions compared
to untreated soil (29, 30). These results suggest that the addition of BF significantly improves the soil’s
bearing capacity by increasing its cohesion and internal strength, with more pronounced increases as
the fiber proportion approaches optimal levels.

3.2.2. Unconfined compressive strength

As shown in Fig. 9, during UCS testing, optimal results were observed after 21 days with different
doses of BF. The natural soil reported a UCS of 0.20 MPa, while adding 0.5 % BF increased this value by
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Figure 8. Variation in CBR for different banana fiber proportions

14.29 %. With an addition of 1 % BF, the strength further increased by 23.81 %. However, increasing BF
content to 1.5 % returned the strength to 0.20 MPa, equal to that of natural soil. Finally, with 2 % BF, the
strength decreased significantly (14.29 %). These results indicate that BF addition enhances soil strength
up to a certain point, beyond which its effectiveness diminishes. Fig. 9 shows that the UCS increases
significantly with up to 1 % BF due to the improved load transfer facilitated by the presence of SO2

(7.806 %) and TiO2 (5.028 %), which enhance rigidity and durability. However, at higher concentrations,
the UCS decreases, likely due to the heterogeneous distribution of the fibers, which affects the structural
integrity of the soil.

The incorporation of BF into the soil improves its physical and chemical adhesion, optimizing stress
transfer and increasing its load-bearing capacity. The NaOH treatment enhances adhesion and strength,
while the fibers distribute stresses uniformly, reducing localized failures and improving ductility. An
optimal proportion of 1 % BF significantly improves both the CBR and the UCS, although higher
proportions may negatively impact soil compaction and strength.

By comparing these results against previous research, it is observed that low to moderate doses of BF
(e.g., 0.5 and 1 %) significantly improve soil strength, which is consistent with the findings of (24), who
found a 26.41 % increase in UCS with 0.3 % BF compared to natural soil. However, our results differ
from those reported by (27), who observed a 100 % increase in strength with 1.5 % BF, contrasting with
the strength stabilization observed in our study. Various studies have shown that organic materials
significantly enhance soil properties (49–51), which makes them valuable for the civil construction
industry (52–58). These discrepancies could be due to differences in the nature of the soil, the properties
of the fibers used, and the experimental methodologies applied.
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Figure 9. Variation in consistency limits for different banana fiber proportions

3.3. Statistical analysis

3.3.1. Consistency limit

An ANOVA analysis indicated significant LL differences between the mix designs (p=0.0089), unlike
the PL ( p=0.2075). The Tukey test showed that D-05BF and D-10BF have significantly higher values than
D-15BF and D-20BF. This suggests that a moderate amount of BF improves the material’s cohesion, but
excessive amounts reduce its plasticity.

3.3.2. Maximum dry density and optimum moisture content

Both of these parameters are significant according to the ANOVA (p=0.0207 and p=0.0248,
respectively). The Tukey test indicated that the MDD increases with small amounts of fiber (D-05BF
and D-10BF) and decreases with higher additions (D-15BF and D-20BF). Similarly, the moisture content
is higher in D-05BF and D-10BF but decreases in D-15BF and D-20BF, suggesting that fiber initially
enhances water retention before losing its effect.

3.3.3. CBR at 100 and 95 %

The ANOVA showed significant differences for the soil tested with CBR at 100 and 95 % (p=0.0011
and p=0.0006). The Tukey test confirmed that D-05BF and D-10BF have higher CBR values than D-0,
while D-15BF and D-20BF show a notable decrease. This indicates that fiber enhances structural strength
up to a certain point, but excessive amounts negatively affect material compaction.
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3.3.4. Unconfined compressive strength

This parameter is highly significant (p=0.0001). The Tukey test indicated that D-10BF has the highest
strength, while D-20BF has the lowest. This suggests that a moderate fiber addition reinforces soil
cohesion, but an excess reduces the material’s load-bearing capacity.

In conclusion, adding BF improves mechanical properties by up to 10 %, but higher amounts result
in losses regarding cohesion and compaction.

4. Conclusions

The incorporation of BF has a significant influence on the physical properties of the soil. The
conclusions drawn from the findings are presented below.
The chemical characteristics of the natural material (BF) can vary due to the diversity of its sources and
the treatment it undergoes before being incorporated as reinforcement into the soil. These variations can
affect the quality of the soil, with a direct impact on the geotechnical characteristics of the experimental
sample.

This analysis highlights that the chemical properties of BF, particularly the high levels of K2O, P2O5,
and MnO, play a crucial role in enhancing the geotechnical properties of the soil.

The optimal proportion of BF was 1.0 %, as it exhibited the most significant values in relation to the
geotechnical properties of the soil. The MDD remained stable, the CBR increased by 5.95 %, and the
UCS increased by 23.81 % compared to natural soil. These results emphasize that the inclusion of BF can
strengthen the soil, making it more resistant and effective for construction applications, especially in
rapidly growing urban areas like Peru. Additionally, the use of BF-treated soil meets the local standards
for application in projects such as road construction and paving, thus ensuring proper regulatory
compliance and contributing to the environmental sustainability of infrastructures. However, it is
crucial to consider that higher doses of BF could have adverse effects on the mechanical behavior of the
soil.

We suggest conducting additional microstructural tests to delve deeper into the specific interaction
between BF and the soil, which will allow for a more thorough evaluation of the stability and
durability of the modified material. These tests could reveal the way in which fibers influence the soil’s
microstructure, including the formation of particle bridges and fiber orientation under load. Evaluating
how environmental conditions (e.g., moisture and temperature) affect fiber adhesion and long-term
behavior is crucial to ensuring the material’s sustainability in real-world applications.
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