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Highlights:

e Development of an innovative composite combining alkaline stabilization and reinforcement with
natural fibers (fig tree, petiole, and alfa) for sustainable construction.

e Significant reduction in thermal conductivity (down to 0.32 W m™ K') as the fiber content
increases, thereby improving the energy efficiency of buildings.

e Identification of an optimal fiber incorporation threshold between 2% and 3%, improving ductility
and limiting the propagation of microcracks.

e Use of abundant raw materials and lignocellulosic waste, offering an eco-friendly alternative to
conventional building materials.

Abstract: This study explores the development of sustainable, earth-based building materials that have
been optimized using a dual approach involving alkaline stabilization and reinforcement with locally
sourced natural fibers, resulting in composite materials with enhanced thermomechanical properties. The
aim is to enhance the mechanical and thermophysical performance of compressed earth bricks while
minimizing the environmental impact of the construction industry. Soil from south-eastern Morocco was
chemically stabilized and mixed with varying percentages (0%—8%) of lignocellulosic fibers (petiole,
fig tree, and alfa). Experimental results showed a reduction in bulk density of up to 30%, leading to
significant improvements in thermal insulation, with minimum thermal conductivities of 0.32 W m™ K™
for fig tree and 0.50 W m™' K™ for alfa. In terms of mechanics, crack bridging was observed to have a
reinforcing effect, with optimal compressive strength (6.4 MPa) and tensile strength (1.8 MPa) achieved
at fiber contents between 2% and 3%. This synergy between stabilization and bio-reinforcement provides
an eco-efficient, high-performance, and economically viable construction solution that is particularly

well-suited to the climatic conditions of arid and semi ardi regions.
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1. Introduction

The construction sector is currently facing significant environmental and energy challenges, driven by
the urgent need to reduce greenhouse gas emissions, minimize resource consumption, and promote
sustainable development. In this context, the transition to a resource-efficient built environment has
become a global priority, driving the development of eco-friendly building materials with low
environmental impact and improved energy performance [1]. Among these alternatives, earth-based
materials are attracting renewed interest due to their availability, recyclability, and low embodied energy
compared to conventional materials such as cement and fired bricks. Compressed earth blocks (CEBs)
represent a promising solution for sustainable construction, particularly in arid and semi-arid regions.
However, despite their environmental benefits, traditional earthen materials often suffer from limitations
such as low mechanical strength, high sensitivity to moisture, and variable durability [2]. To overcome
these drawbacks, several stabilization techniques have been proposed, including the use of cement,
lime, or alkaline activators, as well as reinforcement strategies based on natural fibers. Recent studies
have demonstrated that incorporating natural fibers into clay matrices significantly enhances their
mechanical behavior by improving tensile strength, ductility, and crack resistance [3—5]. These fibers
act as micro-reinforcements, filling cracks and limiting shrinkage during the drying process.
Furthermore, the use of lignocellulosic fibers such as sisal, doum palm, or other agricultural residues
helps to utilize local biomass resources while reducing environmental impacts [6,7]. In addition to
mechanical improvements, natural fibers also influence the physical and thermal properties of earthen
materials. From a thermal perspective, earthen building materials are known for their high thermal
inertia, which contributes to indoor thermal comfort and energy efficiency. However, their relatively
high thermal conductivity can limit their insulating performance. It has been demonstrated that the
introduction of natural fibers reduces density and increases porosity, thereby improving thermal
insulation properties [8,9]. This effect is mainly attributed to the low thermal conductivity of the fibers
and the formation of air voids within the composite structure. Such improvements are essential for
enhancing the energy performance of building, particularly in hot climates. Furthermore, life-cycle
assessment studies confirm that earth-based materials reinforced with natural additives have a
significantly lower environmental impact than conventional building materials, making them particularly
well-suited to sustainable construction practices [10]. The incorporation of industrial byproducts or natural
reinforcements further strengthens this approach by combining environmental benefits with improved
mechanical performance [11]. Despite the growing body of research on fiber-reinforced earth materials,
there remains a need to fully understand the combined effects of natural fiber reinforcement and
stabilization techniques on thermal and mechanical properties. In particular, the synergy between locally
available fibers and alternative binders, such as alkaline activators, has not yet been sufficiently
explored. Consequently, this study aims to investigate the development of natural-fiber-reinforced
stabilized earth bricks, with a focus on their thermomechanical properties. Particular attention is given
to the influence of fiber type and content on thermal conductivity, density, and mechanical strength. This
work contributes to the advancement of sustainable building materials by promoting the use of local
resources and optimizing their performance for energy-efficient construction.
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2. Materials and methods
2.1. Raw materials
2.1.1. Soil

The material used in this study was collected in the province of Errachidia, specifically in the Tmassint
area (southeastern Morocco). The collection site is located approximately 4 km from the Oued Ziz
Valley, an area characterized by specific sedimentary deposits (Figure 1). From a particle size
perspective, this material is characterized by a very fine texture, which explains its widespread use in
local construction due to its remarkable structural performance. The clay extracted from this region is
particularly renowned for its high-water absorption capacity, which gives it excellent thermal inertia.
This performance is essential in the region’s climate, where it enables structures to withstand significant
daily and seasonal temperature fluctuations, thereby improving indoor temperature regulation [12].
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Figure 1. Location of soil studied.

2.1.2. Alkaline solution and natural fibers

The geopolymer synthesis, which took place between the soil matrix and the liquid phase, was carried
out using commercial sodium aluminosilicate (AlNai2SiOs) and sodium hydroxide (NaOH). These
agents, known as activating solutions, induce the formation of inorganic polymers through chemical
reaction with the soil’s siliceous precursors. The resulting geopolymers are characterized by a dense
crystalline structure, which gives them excellent stability against mechanical stresses and degrading
agents, making them particularly durable construction materials. In this study, we used renewable natural
fibers, including petiole, fig tree, and alfa fibers. The petioles were harvested in the oases of Errachidia,
near the river. Fig tree and alfa fibers were obtained from fig tree and alfa waste, which was collected
and cleaned before being dried for use (Figure 2a—c).
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Alfa Fig tree Petiole
Figure 2. Process for producing plant fibers from renewable resources in the region.

The incorporation of these plant fibers (Alfa, fig tree, and petiole) into the clay matrix from the
Errachidia region aims to develop eco-materials with optimized performance. This combination helps
overcome the inherent fragility of raw clay by limiting cracking during drying shrinkage. By acting as a
structural skeleton, the fibrous reinforcements not only improve the ductility of the final material but
also enhance its thermal insulation properties thanks to the natural porosity of the cellulosic fibers. This
approach is part of a sustainable construction strategy that leverages synergies between mineral
resources and local biomass to address the climate challenges of the pre-Saharan region.

2.2. Experimental procedure

The sample preparation protocol involved incorporating fibers into the soil matrix at mass fractions
ranging from 0% to 8%, in accordance with the proportions detailed in (Table 1). Subsequently, the
liquid phase, composed of water and an activator solution, was introduced while maintaining an optimal
concentration of 1.5% alkali agent by weight of water. After thorough manual mixing, the bricks were
formed by compacting the mixture in molds of specific dimensions (Figure 3).
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Figure 3. Composite materials manufacturing process.

The test specimens were formed using two types of molds, selected to suit the subsequent
characterization protocols: prismatic molds measuring 24 x 24 x 4 cm?® for thermal testing, and
cylindrical molds (D = 10 cm, H = 20 cm) for mechanical testing. The preparation of the mixtures
involved incorporating fiber mass fractions ranging from 0% to 8% into the earthen matrix. The liquid
phase, including mixing water and the activator solution, was then introduced while maintaining a
constant optimal alkaline concentration of 1.5% relative to the water mass.

Table 1. Preparation of composite samples of clay and natural fibers.

Sample code Percentage of clay % Percentage of fibers %

So 100% 0% of (Petiole, Alfa, and Fig tree)
Sc.1, Sr.1, So.1 99% 1% of (Petiole, Alfa, and Fig tree)
Sc2, Sr2, So2 98% 2% of (Petiole, Alfa, and Fig tree)
Sc3, Sr3, So.3 97% 3% of (Petiole, Alfa, and Fig tree)
Sc.4, Sr4, So.4 96% 4% of (Petiole, Alfa, and Fig tree)
Sc.s, Srs, So.s 95% 5% of (Petiole, Alfa, and Fig tree)
Sc.6, Sr.6, S0.6 94% 6% of (Petiole, Alfa, and Fig tree)
Sc.7, Sr7, So.7 93% 7% of (Petiole, Alfa, and Fig tree)
Sc.s, Sr.3, So. 92% 8% of (Petiole, Alfa, and Fig tree)

It should be noted that specimen dimensions (24 x 24 x 4 cm?® for thermal testing; D = 10 cm,
H = 20 cm for mechanical testing) were dictated by the geometry of the specific laboratory apparatus
used (PHY WE thermal box and FORM TEST SEIDNER hydraulic press, respectively) (Figure 4), rather
than by a formal ASTM/ISO standard. This equipment and its associated steady-state measurement
protocol have been previously validated in several peer-reviewed studies [13—15], with a reported
thermal conductivity uncertainty of less than 10%, ensuring reliable and reproducible results despite the
non-standardized specimen geometry.
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Figure 4. Set of samples studied. (a) To measure thermal conductivity; (b) To measure compressive
and tensile strength.

The thermal conductivity of the samples was determined using a “thermal house” experimental setup
(Figure 5). This system, consisting of a 40 x 40 x 40 cm? cubic chamber with interchangeable walls, is
well documented for the thermal evaluation of building materials, with a measurement uncertainty of
less than 10% [13,14]. The chamber includes four 21 x 21 cm? side openings, sealed with 5 cm-thick
expanded polystyrene panels to ensure optimal insulation. The heat flux is generated by a 100 W
incandescent lamp, housed in a black box to minimize radiation losses. A thermal controller maintains
a constant internal temperature of 50 °C, while the laboratory environment is stabilized at 20 °C by an
air conditioning system. For each test, the 24 x 24 x 4 cm? test specimen is mounted on one of the four
lateral openings, replacing the corresponding polystyrene panel, so that one face of the specimen is
exposed to the internally heated air. In contrast, the opposite face is exposed to the external ambient air.
The three remaining openings are kept sealed with polystyrene panels to prevent parasitic heat loss and
force heat flow through the sample. Thermocouples monitor internal and external temperature gradients.
(accuracy of = 0.7 °C) connected to a data acquisition system. Thermal conductivity is estimated once
steady-state conditions are reached, generally after 6 hours of heating. The calculation is based on the
principle of conservation of heat flux, considering heat transfer by convection (air-wall) and by
conduction through the material, according to Equation (1):
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Thermal conductivity (A) was calculated using Equations (2) and (3) with a heat transfer coefficient
of 8.1 W-m K™ [14,15]. The thermal conductivity of the samples studied was evaluated using the
manufacturer’s prescribed methodology (PHYWE). This procedure involves using a PHY WE thermal
control stand and a set of thermocouples to monitor temperature fluctuations inside and outside the
thermal chamber [ 16]. Temperatures were recorded once the thermocouples had stabilized, ensuring that
the system was close to equilibrium (approximately 8 hours after the start of the measurement).
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Temperature indicator

Figure 5. Thermal house.

The compressive and tensile strengths of the test specimens were evaluated using a FORM TEST
SEIDNER hydraulic press (Figure 6). The device allows for the application of a controlled mechanical
load, measured by a built-in high-precision force sensor. As part of this study, which focused on
alkaline-stabilized earthen bricks reinforced with fig tree, alfa, and petiole fibers, stress data were
digitally recorded in real time. These breaking load measurements were then used as the basis for
calculating the mechanical stress, defined according to Equation (4):

Mechanical strength = Applied force _ 2F 4)
Sample surface r" xx

Figure 6. (a) SEIDNER FORM TEST 500KN hydraulic press; (b) Sample studied.
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3. Results and discussion
3.1. Physicochemical, mineralogical, and morphological characterization of raw materials
3.1.1. Particle size characterization and plasticity properties of the soil

The soil’s particle size distribution, as shown in (Figure 7), enables the characterization of its textural
composition. The experimental data reveal a predominance of fine particles, ranging from 0.002 mm to
0.65 mm, thus confirming a low proportion of coarse particles. This fine-grain size distribution plays a
decisive role in the material’s mechanical properties, its reactivity to binders, and its shrinkage kinetics
during drying. Consequently, this analysis is an essential prerequisite for evaluating the soil’s suitability
for stabilization and predicting its structural performance. The study of the soil’s clay fraction made it
possible to define its consistency states by determining the Atterberg limits.
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Figure 7. Particle size analysis of the studied soil.

The identified parameters, namely the liquid limit (WL), the plastic limit (WP), and the plasticity
index (IP = WL — WP), are listed in Table 2. A detailed characterization of these hydraulic properties is
essential, as it allows for the prediction of the material’s mechanical response based on its water content,

which determines its overall technical behavior and workability.

Table 2. Classification of the studied soil with respect to plasticity using the Atterberg limits [17].

WL(%)  We(%) Ir (%)  Soil Plasticity Swelling potential Recommended Technique
39 23 16 Medium Medium CEB/A
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3.1.2. Mineralogical analysis of raw materials by X-ray diffraction

XRD analysis makes it possible to distinguish crystalline phases (cellulose) from amorphous phases
(lignin and hemicelluloses) within lignocellulosic fibers, whose typical composition ranges from 40 % to
60 % cellulose [18]. The X-ray diffraction patterns recorded for alfa, petiole, and fig tree fibers (Figure 8)
exhibit structural profiles characteristic of native cellulose (cellulose I). Two distinct features define
these diffraction patterns: a primary crystalline peak appearing between 26 = 21° and 23°, and a diffuse
amorphous halo centered around 20 = 15°, which reflects the presence of non-crystalline components,
such as lignin and hemicelluloses, consistent with previous studies [19-21].

A comparative analysis of the spectra reveals a clear hierarchy in the relative crystallinity of the
samples. Alfa fiber exhibits the most defined and narrowest reflection at 22°, suggesting a highly
organized molecular arrangement. In contrast, petiole fiber exhibits a broader profile, indicating a
more dominant amorphous phase, while fig fiber exhibits an intermediate structural state. These
morphological variations, which are intrinsically linked to specific cellulose-to-lignin ratios, directly
determine the physical behavior of the fibers. A high degree of crystallinity, as observed in the alpha
fiber, improves mechanical stiffness, while the increased amorphous phase content in the petiole fiber
promotes greater ductility and flexibility.

X-ray diffraction (XRD) analysis of the soil sample (Figure 9) reveals a mineralogical
composition dominated by well-defined crystalline phases, characterized by intense, narrow peaks,
indicating good overall crystallinity and a low proportion of amorphous material. Quantitative
interpretation Table 3 reveals that this soil is composed primarily of calcite (43.33%), quartz (36.51%),
dolomite (16.18%), and muscovite (3.98%). The characteristic peaks observed at 29.4° and 26.6°
comfirm the dominant presence of calcite and quartz, respectively, indicating a carbonate-based soil
with a significant siliceous fraction. The presence of dolomite suggests formation conditions rich in
magnesium, while muscovite, although present in small quantities, reveals a low contribution of
phyllosilicates, indicating that the material has a low clay content. This mineralogical composition
confers the soil specific physicochemical properties: good mechanical and chemical stability due to
the presence of quartz, as well as a relatively high volumetric heat capacity attributed to the carbonates.
The low clay content, however, limits hygroscopicity. This soil therefore exhibits intermediate thermal
behavior: the carbonate fraction promotes thermal storage, while the siliceous phase tends to increase
thermal conductivity, which is a key parameter for its potential use in composite materials intended

for insulation.

Table 3. Results of the X-ray diffraction analysis of the soil under study.

Compound Name Chemical Formula Sample and Mineral percentages (%)
Calcite Ca (CO3) 43.33

Quartz SiO, 36.51

Dolomite CaMg (CO:s), 16.18

Muscovite H,KAI;Si301, 3.98
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Figure 8. XRD analysis results for the raw materials used.
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In conclusion, this X-ray diffraction study confirms the semi-crystalline nature of the fibers studied
and highlights the decisive influence of their internal organization on their final properties, which is
consistent with previous studies [22,23].

3.1.3. Structural analysis of raw materials by Fourier-transform infrared spectroscopy

Fourier-transform infrared spectroscopy (TIR)analysis identified the main functional groups present
in the soil and plant fibers studied. For the soil (Figure 9), the spectrum reveals a predominantly

mineral composition.
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Figure 9. FTIR analysis results for the raw materials used.

Distinct bands at 1410 cm™ and 872 cm™ indicate the presence of calcite (CaCOs). Other peaks,
observed around 993 cm™, 797 cm™', and between 433 and 518 cm™', confirm the presence of quartz and
various silicates, such as zeolites and muscovite [24]. As for the plant fibers (fig tree, esparto grass, and
petiole), the spectra exhibit characteristics typical of lignocellulosic materials [25-29]. A broad band
between 3294 and 3330 cm™ is associated with hydroxyl (-OH) groups, while the peaks observed around
2917 and 2918 cm™* correspond to C-H bonds. The bands observed between 1600 and 1637 cm™ as well
as at 1421 cm™ are associated with lignin, while the peak located around 1027-1034 cm™ is

11
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characteristic of cellulose. Overall, these results confirm that the soil is primarily mineral in nature, while
the fibers are rich in organic compounds, particularly cellulose. This complementarity makes them
suitable for joint use in the manufacture of bio-based composite materials.

3.1.4. Morphological and compositional analysis of raw materials by SEM-EDX

Microscopic examination, combined with targeted chemical analysis, allows for the precise characterization
of the surface condition and composition of the components of the future composite. The micrograph of
the studied soil (Figure 10a) shows a heterogeneous, aggregated structure. Particles of various geometric
shapes are clearly distinguishable: rhombohedral clusters corresponding to calcite and more angular grains
identified as quartz, which is in perfect agreement with the previous XRD and FTIR analyses. This mineral
composition is confirmed by the overall energy-dispersive X-ray spectroscopy (EDX) analysis presented
in (Table 4). The spectrum reveals a predominance of oxygen (54.47% by mass) and silicon (12.41%), the
major constituent elements of the silicate fraction (quartz, clays). The high calcium content (14.00%)
confirms the strongly carbonated nature of this carbonated soil from Errachidia, while the presence of

aluminum (5.79%), iron (3.66%), and potassium (1.78%) indicates the presence of clay phases (illite, etc.).
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Figure 10. Scanning Electron Microscope (SEM) images of raw materials. (a) Soil; (b) Alfa;
(c) Petiole; (e) Fig tree.

Observation of the plant fibers reveals distinct surface topographies that will influence adhesion to

the clay matrix.
(1) The alfa fiber (Figure 10b) has a longitudinally striated surface, dotted with fissures and areas of
marked roughness. This rough texture is, in principle, conducive to significant mechanical bonding.

12
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(2) The petiole (Figure 10c) has a coarser, bundle-like structure, marked by distinct transverse fissures.
Its surface appears less cohesive than that of the esparto.

(3) The fig tree (Figure 10e) has a complex morphology, with a rough surface and numerous pores or
cavities. This porosity could facilitate the infiltration of the fine clay paste during mixing, thereby
creating microscopic anchors.

Table 5 presents the O/C element ratios determined by EDX on the fibers. These values, ranging

from 1.53 for the petiole to 1.66 for alfa, are characteristic of lignocellulosic materials.

Table 4. EDX analysis results for the soil sample.

Element Weight % Atom %
C 5.01 8.26
O 54.47 67.45
Na 0.40 0.34
Mg 1.93 1.57
Al 5.79 4.25

K 1.78 0.90
Ti 0.47 0.19
Fe 3.66 1.30
Ca 14.00 6.92
Cl 0.10 0.06
Si 12.41 8.75
Total 100.00 100.00

They reflect the relative abundance of oxygen-containing compounds (cellulose, hemicelluloses)
compared to lignin, which is richer in carbon. Alfa has the highest O/C ratio, which could be related to
its more pronounced cellulose crystallinity observed by XRD, while the petiole, with the lowest ratio,
suggests a slightly higher amorphous content. These data confirm the organic nature and reinforcing
potential of these local biological resources.

Table 5. Oxygen/carbon ratios of the plant fibers studied.

Plant fibers Carbone (C) % Oxygen (O) % Remaining elements % Rapport O/C
Petiole 37.60 57.55 4.85 1.53
Alfa 35.94 59.61 4.45 1.66

_Fig tree 37.15 58.48 4.37 1.57

3.2. Thermal conductivity and thermal resistance

The results of this study highlight the significant influence of incorporating fig, petiole, and alfa fibers,
as well as alkaline stabilization, on the thermophysical performance of earthen bricks. For all tests, the
concentration of the activating solution was kept constant at 1.5% by mass relative to the mixing water.

As shown in (Figure 11), the thermal conductivity of the stabilized bricks decreases progressively as
the reinforcement content increases. For composites incorporating fig tree fibers, the thermal conductivity
drops from 0.702 W m™ K™ (control without fibers) to 0.32 W m™ K™ at an 8% dosage. This decrease
follows a nearly monotonic trend, with intermediate values of 0.70, 0.642, 0.60, 0.58, 0.42, 0.41, and 0.38
W m™ K™, correlated with the increase in the fiber percentage. Similarly, at an 8% content, bricks reinforced
with petiole and alfa fibers exhibit thermal conductivities of 0.566 W m™ K™ and 0.501 W m™ K™,

13
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respectively. These differences confirm that the intrinsic nature of the fibers influences overall thermal

performance, due to their differences in microstructure, internal porosity, and lignocellulosic composition.
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Figure 11. Variation in thermal conductivity as a function of fiber content.

Furthermore, Figure 12 shows that thermal resistance varies inversely with thermal conductivity,
increasing significantly with fiber content. This structural improvement is explained by the creation of
pores and air voids within the earthen matrix, induced by the insertion of fibers. These air inclusions,
characterized by extremely low thermal conductivity, act as insulating barriers that limit the propagation
of heat flow through the material [30-32]. These observations are consistent with the specialized
literature, which highlights the beneficial effect of natural fibers on the insulating properties of building
materials [33,34]. The introduction of bio-resources helps reduce bulk density while increasing porosity,
two key parameters of thermal efficiency. Ultimately, the incorporation of fig, petiole, and alfa fibers
into alkali-stabilized earth bricks results in a significant reduction in thermal conductivity coupled with
an increase in thermal resistance. These results confirm the strong potential of these eco-composites for
applications in sustainable construction, promoting the energy efficiency of buildings.
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Figure 12. Variation in thermal resistance as a function of fiber content.
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3.3. Mechanical compressive and tensile strength

The results of mechanical tests conducted on unstabilized and unreinforced earthen bricks show
relatively low strengths, with a compressive strength of 4.2 MPa and a tensile strength of 0.82 MPa
(Figures 13 and 14). These values are characteristic of raw earthen materials, whose brittleness is
primarily due to their porous structure and low intergranular cohesion.
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Figure 13. Variation in compressive strength as a function of fiber content.
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Figure 14. Variation in tensile strength as a function of fiber content.

The incorpration of natural fibers, combined with alkaline activation, leads to a significant
improvement in mechanical performance. This improvement is directly linked to the role of the fibers
in the matrix, particularly their ability to act as crack bridges, thereby limiting the initiation and
propagation of microcracks under load. For fig tree fibers, compressive strength increases up to 5.78 MPa

15
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at an optimal fiber content of 2%, then decreases beyond that. Tensile strength reaches a maximum of
1.6 MPa at 1% fiber content. This trend reflects a good reinforcing effect at low fiber content, which
is rapidly limited by matrix disorganization at higher concentrations. Petiole fibers exhibit superior
performance, with a compressive strength of up to 6.1 MPa at a fiber content of 3% and a tensile
strength of 1.8 MPa. This improvement suggests better fiber-matrix interaction and increased
efficiency in stress transfer. Alfa fibers demonstrate the best overall performance. Compressive
strength reaches 6.4 MPa at a 2% fiber content, while maximum tensile strength (1.8 MPa) is achieved
at 3%. These results indicate a more effective mechanical contribution, likely due to better interfacial
adhesion and favorable fiber morphology.

The improvement in mechanical properties can be explained by several mechanisms:

(1) Crack bridging: the fibers delay the initiation and propagation of cracks, thereby increasing the

tensile strength and ductility of the material.

(2) Stress transfer: the fibers ensure a redistribution of stresses within the matrix, reducing local

stress concentrations.

(3) Improved internal cohesion: fiber-matrix interaction helps reinforce the overall structure of

the composite.

Despite these positive effects, a decrease in performance is observed beyond a certain fiber content
(between 2% and 3%, depending on the type). This decline can be explained by:

(1) Increased porosity due to an excess of fibers.

(2) Poor dispersion leading to heterogeneous zones.

(3) Reduced matrix cohesion, as the fibers disrupt contact between the clay particles.

These results highlight the existence of an optimal incorporation rate, beyond which the reinforcing
effect becomes counterproductive. Overall, the addition of natural fibers significantly improves the
mechanical performance of clay bricks, particularly their tensile strength, which is generally low in
unreinforced materials. Among the fibers studied, alfa fibers appear to be the most effective, followed
by petiole fibers, and then fig tree fibers. These observations confirm that the choice of fiber type and
content is a key parameter in the design of earth-based composite materials. They are consistent with
previous work showing that plant fibers represent a promising solution for improving the durability,
strength, and ductility of eco-friendly building materials [35-37].

3.4. Effect of natural fibers on the density of stabilized earth bricks

As shown in Table 6, the incorporation of natural fibers (petiole, alfa, and fig tree) leads to a gradual
decrease in the bulk density of stabilized earth bricks. The density of the reference sample without
fibers is 1682 kg/m?, while adding 8% fibers reduces it to approximately 1150—-1160 kg/m?, a decrease
of about 30%. This reduction is mainly attributed to the lower intrinsic density of lignocellulosic fibers
compared to the mineral matrix, as well as their porous cellular structure, characterized by internal
cavities (lumens) [38].
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Table 6. Variation in the apparent density of earth bricks reinforced with different natural fibers
and stabilized with an alkaline solution, depending on the fiber content.

Fiber Percentage Density with Petiole fibers  Density with Alfa fibers Density with Fig tree fibers

(kg/m?) (kg/m?) (kg/m?)
0% 1682.0 1682.0 1682.0
1% 1610.5 1611.0 1608.3
2% 1579.0 1580.0 1575.0
3% 1514.5 1517.0 1511.2
4% 1471.0 1473.0 1467.0
5% 1368.5 1370.0 1362.6
6% 1315.0 1317.0 1308.0
7% 1261.5 1264.0 1254.7
8% 1156.0 1160.0 1151.0

In addition, the introduction of fibres disrupts the compactness of the clay-sand matrix and promotes
the formation of interfacial voids between the fibers and the matrix, thereby increasing the composite’s
internal porosity and reducing bulk density [39]. As shown in Table 6, the differences observed between
fiber types remain relatively small for the same incorporation rate, suggesting that the volume fraction
of fibers is the dominant factor in density variation. This decrease in density is particularly interesting
for the development of bio-based building materials, as it is generally associated with improved thermal
insulation performance, driven by increased porosity and the presence of trapped air in the material’s
microstructure [40].

4. Conclusion

This study demonstrates the effectiveness of combining alkaline stabilization with natural fiber
reinforcement to develop earth-based construction materials that are both durable and high-performing.
The main results and implications can be summarized as follows:

(1) The incorporation of lignocellulosic fibers (petiole, fig tree, alfa) significantly reduces the bulk
density of the bricks (by up to 30%) and their thermal conductivity (reaching 0.32 W m™' K~!
for fig tree), thanks to increased porosity and the insulating properties of the fibers.

(2) The fibers act as crack bridges, improving compressive and tensile strength up to an optimal
threshold of 2%—-3%. Beyond this threshold, excess fibers impair matrix cohesion. Alfa fibers
demonstrated the best mechanical performance (6.4 MPa in compression, 1.8 MPa in tension).

(3) Alkaline stabilization improves the cohesion and durability of the clay matrix, while the fibers
provide structural reinforcement and thermal efficiency. This synergy creates a composite
whose overall performance surpasses that of traditional, unstabilized earthen bricks.

(4) The stabilized and reinforced earth bricks developed in this research represent an environmentally
friendly and economically viable solution, particularly suited to regions rich in local resources
and arid climates.

(5) For larger-scale application, future research should focus on studying long-term durability,
hygrothermal behavior, and optimizing fiber surface treatments to improve adhesion at the
fiber-matrix interface and the material’s longevity.
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