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the bar soil type, have inadequate properties for pavement sub-base layers,
particularly in terms of bearing capacity. This study explores a composite ma-

terial combining bar soil and bamboo fibers to improve the mechanical per-
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its, Proctor compaction tests and the California Bearing Ratio (CBR). The re-
Copyright © 2025 by author(s) and sults show that this material is a class A2 sandy-clay soil with a CBR of 18,
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ameter and 3 to 5 cm long, were incorporated at rates of 0.9% to 2.7%. The
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1. Introduction

As essential pillars of economic and social development, transport infrastructure,
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and in particular roads, play a key role in stimulating economic growth, employ-
ment and population mobility [1]. The quality and performance of road networks
are a determining factor in the competitiveness of nations and the well-being of
their citizens. According to a study by the Canadian Construction Association [2]
the choice of base material and its stability are critical factors in ensuring pave-
ment durability and wear resistance. However, in West Africa, until recently, lat-
eritic gravel was the main source of materials for pavement construction. This
dependence on traditional materials posed challenges in terms of the durability
and performance of road infrastructure. To remedy this situation, new materials
with the characteristics required for use in pavement layers need to be developed.

The current strategy is to strengthen the local materials available so that they
can be used effectively. Barrel soil and bamboo are abundant natural resources in
almost all regions of Benin. Using these local materials would reduce transport
costs and promote a circular economy. All reinforcement techniques (fiber rein-
forcement, lime or cement treatment, etc.) can be used [3] [4]) all have the same
objective: to improve the mechanical properties of the raw material so that it can
be used in construction. According to [4], the presence of fibers counteracts the
shrinkage and swelling responsible for cracks, thereby improving the mechanical
strength of bar soil. The incorporation of plant fibers to produce a composite ma-
terial is therefore an area of research being explored by researchers [3] [5]-[8].
According to INRAB, the main African producers of bamboo are Ethiopia, Benin
and Burundi, which form the top three. In West Africa, Benin is the leading pro-
ducer of bamboo, according to the same source (INRAB). Composite materials
based on bamboo fibers could be used in a variety of applications, ranging from
road construction to the manufacture of panels and other construction elements
[9]. This is also part of a relevant context of developing local resources, taking into
account the availability of basic raw materials [10]. Plant fiber composites are cur-
rently in great demand in several sectors because of their biodegradability [11].
Their use not only reduces the carbon footprint of construction projects, but also
creates economic opportunities for local communities [12]. This is the reasoning
behind the use of certain natural fibers which, in addition to the direct advantage
of reducing the negative impact on the environment [13]-[19] has interesting me-
chanical properties. What’s more, these initiatives to add value to natural fibers
are in line with sustainable development objectives, promoting a greener, more
environmentally-friendly approach [20].

Reinforcing local materials such as bar soil with bamboo fibers is a promising
strategy for improving road infrastructure in West Africa. These innovations con-
tribute not only to the durability and resilience of roads, but also to the promotion
of sustainable and cost-effective construction practices. By integrating these ma-
terials into construction projects, it is possible to create more robust infrastruc-
tures, stimulate the local economy and meet today’s environmental challenges
[21].

This work is a contribution to the study of the improvement of local materials

DOI: 10.4236/0jcm.2025.151002

32 Open Journal of Composite Materials


https://doi.org/10.4236/ojcm.2025.151002

Y. T. Kiki et al.

for road construction in West Africa, in particular through the incorporation of
bamboo fibers. The aim is to assess the impact of incorporating bamboo fibers on

the mechanical performance of the composite material.

2. Materials and Methods

This section presents the materials and methodology used in this work.

2.1. Materials

Our study focuses on the development of an innovative composite material for
use as a sub-base in low-traffic pavements. The composite material is made from

bamboo fibers embedded in bar soil.

2.1.1. Bar Land

The bar soil (Figure 1) used in this study comes from the locality of Tori-Bossito,
located in the Atlantic department of the Republic of Benin. The sampling site
(Figure 2) lies between latitudes 6°25' and 6°37' North and longitudes 2°11' and
2°17'. This area, with a surface area of 328 km?, represents 10% of the total surface
area of the Atlantic department. The map below shows the exact location of the

sampling site.

¢
P

(a) Sampling site (b) Bar land taken

Figure 1. Bar land.

2.1.2. Bamboo Fibers

The bamboo fibers used in this study were collected in Séeme-Kpodji, a commune
in the Ouémé department of the Republic of Benin. The commune lies between
latitudes 6°22' and 6°28' North and longitudes 2°28' and 2°43' East, and covers an
area of 250 km?, or approximately 0.19% of the country’s total surface area. The
bamboos are harvested, and the fibers are then extracted using the manual method
according to [22]. Figure 3 and Figure 4 show a bamboo field, the bamboo stalks
and the fiber extraction method [23].
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(a) Bamboo field (b) Bamboo fiber

(c) Bamboo fiber

Figure 4. Bamboo fiber extraction.
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2.2. Materials

Physical and mechanical characterisation tests were carried out on the composite
material. The bar soil was identified according to the Guide to road earthworks
(GTR) classification, based on the chart shown in Figure 5, and the dry density
was determined following the modified Proctor test in accordance with standard
NF P94-093.

0.08 mm Passing

h
100% 12 25 40 Ip
A1 A2 " A3Y | A4”
35%
B5 B6
2 mm
" Passing
12% D1 | B1 B2 100%
70%
D2 B3 B4
0% 0% MBV
0 0.1 0.2 15 25 6 8

Figure 5. GTR classification.

2.3. Methodology

Bar soil was identified on the basis of the GTR classification. Various formulations
of bar soil-bamboo fiber composites were then developed at different fiber con-
tents (0.9%, 1.2%, 1.5%, 1.8%, 2.1%, 2.4% and 2.7%), taking into account previous
studies. The bamboo fibers used are between 3 and 5 cm long and have a diameter
of between 30 and 100 microns. This commonly used treatment method involves
mixing bar soil with bamboo fibers prior to their use. The mixtures were homog-
enised over a period of 5 minutes. The fibers were then added by mixing. The
prepared composite material was placed and compacted immediately after mix-
ing. For each mix, a quantity of 6 kg of bar soil was taken. A mass of fiber corre-
sponding to the fiber content was then subtracted from this 6 kg, so that the total
mass of the fiber-bar soil mixture remained at 6 kg. The amount of water added
was determined to promote optimum compaction. Two types of tests were carried
out to assess the properties of the composite material: The Proctor test and the
CBR test. Finally, prismatic briquettes measuring 16 x 4 x 4 cm?, shown in Figure
6, were manufactured to enable shrinkage and mass loss tests to be carried out.

These tests enabled the behavior of the composite material to be analysed in detail.

3. Results and Discussion

The results of the physico-mechanical tests are presented and analysed in this sec-
tion, enabling the performance and characteristics of the materials studied to be

assessed.
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Figure 6. Composite briquettes 16 x 4 x 4 cm®.

3.1. Physical Characterisation of Bar Clay Material

3.1.1. Particle Size Analysis Test
The results of the particle size analysis are shown in Figure 7.
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Figure 7. Particle size analysis curve.

The particle size analysis curve (Figure 7) shows that the material has a contin-
uous particle size. It indicates a 0/2 gradation and a percentage passing the 80-
micron sieve of 36.16. According to the road earthworks guide (GTR), the soil

studied is class A.

3.1.2. Atterberg Limits
In order to assess the plasticity and cohesion properties of the material, the values
of the Atterberg limit tests are presented in Table 1.

A plasticity index (PI) of 19.3 indicates a material that complies with the re-
quirements for road base construction. With a PI of between 12 and 25, the ma-

terial is not very plastic (sand-clay).
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Table 1. Atterberg limit values.

Material WL Wp Ir

Bar land 41.30 22 19.3

3.1.3. Organique Matter Content

The impact of organic matter on the properties of clays is undeniable. Its content
directly influences the quality of these materials. This is why a classification of clay
soils according to their organic matter content has been established. At the end of
the test, the organic matter content of the material was 0.149% < 3%. The material

can therefore be used in civil engineering constructions.

3.1.4. Methylene Blue Test
The methylene blue value obtained for the bar soil material is 0.57, classifying this
material as sandy-clay with a low sensitivity to water.

All in all, analysis of the results obtained during the physical characterisation
tests on the bar soil sampled at Tori-Bossito shows that it is a class A2 soil accord-
ing to the GTR guide. Then, according to Casagrande’s classification, it is a soil
with low plasticity. Finally, analysis of its chemical composition reveals an inor-
ganic character. Taken together, these properties lead us to classify the Tori-

Bossito bar soil as a sandy-clay soil with low cohesion and low moulding capacity.

3.2. Mechanical Characterisation

3.2.1. Modified Proctor Test

Proctor test raw Th (0% fibre)

P—

. IR
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Figure 8. Proctor curve for raw bar soil.

The maximum dry density at the end of the test is 2.01 t/m?* and the optimum

moisture content is 10.08% (Figure 8).

3.2.2. Californian Bearing Ratio (CBR) Test
The data obtained from the modified Proctor test is then used as the basis for
carrying out the CBR test according to the number of blows, the stress-strain curve
being that shown in Figure 9.

The CBR value at 95% of the OPM after immersion for 96 hours is 18. Bar soil
therefore has a low load-bearing capacity and needs to be improved before it can

be used as a pavement layer. All in all, from the point of view of mechanical
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Figure 9. Effort-penetration curve for raw Tb (0% fiber).

characteristics, the bar soil has a CBR index of 18 at 95% of the OPM, which is
insufficient for a sub-base layer (25 for traffic class T1 and 35 for classes [T4 -

T5]). From these initial analyses, it can be seen that bar soil in its natural state

cannot be used as a road base.

3.3. Mechanical Characteristics of the Composite Material

As bar soil has a low bearing capacity, it is necessary to improve its bearing capac-

ity under the best compaction conditions if it is to be used for road construction.

To this end, seven blends were produced, as shown in Table 2 below:

Table 2. Percentage of mixtures.

Mixture number

Percentage of fibre

Mix 1
Mix 2
Mix 3
Mix 4
Mixture 5
Mix 6
Mix 7

0.9%

1.2%

1.5%

1.8%

2.1%

2.4%

2.7%

The results obtained on the mixtures are summarised in Table 3.

Table 3. Summary of results from Proctor and CBR tests on mixes.

M1 M2 M3 M4 M5 M6 M7
Maximum density
1.97 1.95 1.95 1.96 1.94 1.92 1.95
Optimum water
. 12.8 11.2 12.5 12.4 12.5 12.4 12.3
content (Wopt in %)
CBR at 95% of OPM 12 12 16 17 22 35 27
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Figure 10 shows the variations in the dry density and water content of the
composite material as a function of the percentage of fiber incorporated in Bar
Earth.
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Figure 10. Proctor curve for raw soil and mixtures.
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Figure 11. CBR indices as a function of fiber content.

The incorporation of bamboo fibers into the composite material leads to a sig-
nificant increase in the CBR index (Figure 11), reaching a maximum of 35% be-
fore decreasing; this suggests an optimum zone for the reinforcement of the ma-

terial, confirming the results of this research [24]-[27].

3.4. Behavior of Composite Materials

Shrinkage and mass loss test Table 4 and Figure 12 and Figure 13 show the
results of the shrinkage and loss of mass of the composite material as a function

of time.
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Table 4. Summary of mass loss and shrinkage tests.

Time 7 days 14 days 21 days 28 days
Mass loss (%) 5.60 591 6.95 8.28
Shrinkage (%) 0.18 0.62 1.26 1.58

7 14 21 28
Days

Figure 12. Mass loss.

Days

Figure 13. Shrinkage.

The results show a positive correlation between time and shrinkage, as well as
loss of briquette mass. This phenomenon is explained by the progressive loss of
water contained in the material, due to natural evaporation. The clay composition
of bar clay is generally likely to generate cracks during drying. Nevertheless, the
absence of cracks in briquettes made from our composite material indicates re-
markable stability in the face of aging. We conclude that our material does not
show any degradation [28] and therefore does not show any alarming signs of

aging during the observation period.

4. Conclusion

This study explores the physical-mechanical properties of an innovative compo-

site material based on bar soil and bamboo fibers, considered as an alternative
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solution for the sub-base layers of low-traffic roadways. The tests carried out con-
firm the A2 classification of Tori-Bossito bar soil. Reinforced with 2.4% bamboo
fiber, the composite material has a CBR rating of 35, exceeding the minimum re-
quirements for T1 road sub-bases. These results suggest the potential of this com-
posite material as a local and sustainable solution to the challenges of scarcity of
conventional materials in road construction in Benin. The adoption of this mate-
rial could contribute to the sustainable development of road infrastructure in Be-
nin, promoting the resilience and economic efficiency of pavements, while meet-
ing the country’s socio-economic challenges. This study opens up promising pro-
spects for more ecological and efficient road construction, as part of a circular

economy approach that makes the most of local resources.
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