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Abstract: This study aims to evaluate the physico-mechanical, thermal and durability,
properties of compressed earth bricks (CEBs) activated with an alkaline solution and
reinforced with kenaf fibres. The CEBs (29.5 % 14 x 9 cm®) were made from lateritic
soil and activated with a 12M NaOH solution, dosed at 20% of the soil mass. Different
mass fractions of kenaf fibres (0%, 0.5%, 1%, and 1.5%) were incorporated to study
their influence. After a 45-day curing, including 7 days under the laboratory conditions
(30 £ 5 °C) and 14 days of under ambient conditions under black polyane film (40 +
5°C), followed by 24 days of sun drying, the CEBs underwent physical, mechanical,
thermal and durability characterisations. The results indicate an overall decrease in
physico-mechanical properties with increasing fibre content, except for flexural
strength. The latter reached an optimum at 1% fibre content, with a value of 1.49 MPa.
Although compressive strengths decreased, they remained compatible with the
requirements of earthen construction. However, the addition of fibre had a beneficial
effect on the thermal properties. The CEB with 1.5% fibres exhibited the best thermal
performance, with a thermal conductivity of 0.48 W/m-K and a diffusivity of 0.24
mm?/s, values close to those of unstabilized CEBs (0.43 W/m'K and 0.22 mm?s,
respectively). Durability indicators also decreased, but remained acceptable, for non-
erodible, non-absorbent, and abrasion-resistant CEB.

1. Introduction

Population growth and increasing urbanization, particularly in Africa, are driving a rising demand
for construction materials to meet the needs of an expanding population. However, in the face of
climate challenges and greenhouse gas emissions, it is imperative to develop more sustainable

construction solutions. Among traditional materials, earth holds a central place in construction history
and is used in various forms, such as rammed earth (Giuffrida ez al., 2019), cob (Hamard ez al., 2016)
or adobe (Sanou, Ouedraogo, ef al., 2024). In Africa, more than two-thirds of the population lives in
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earthen dwellings (Bobet et al., 2020). Compressed Earth Bricks (CEB), an improved version of the
adobe, are now widely used in diverse architectural projects worldwide (Kagonbé et al., 2023).
However, without stabilization, these blocks exhibit increased sensitivity to water, leading to rapid
degradation due to weathering. To enhance their mechanical performance and durability, chemical
stabilization is necessary. Initial research primarily focused on conventional binders, such as Portland
cement (Latha et al.,, 2023) or lime (Dime et al. 2022; Nshimiyimana et al., 2020). However, these
materials, in addition to being costly, have significant environmental impacts (Labiad et al., 2022).
These limitations have motivated the search for eco-friendly and economical alternatives. In this
context, recent studies have focused on geopolymer binders obtained through the alkaline activation of
aluminosilicate precursors such as metakaolin, fly ash, and silica fume (Idriss ef al., 2022; Ongpeng et
al., 2020, Sore et al., 2018). Among these aluminosilicate sources, metakaolin is one of the most widely
used. However, it is produced by calcining kaolinite clay at temperatures between 600 and 800°C
(Kostas et al., 2007; Ainane et al, 2021), which is an energy-intensive process, particularly in
developing countries.

To further reduce the carbon footprint, researchers have experimented with the direct alkaline
activation of laterite or clay, major components of compressed earth bricks (CEBs), using sodium
hydroxide (NaOH) or silicate (Na2SiOs) solutions (Diop et al., 2011; Lemougna et al., 2014;
Ramanandraibe et al. 2023; El Miz, et al. 2024; Sore, et al. 2025). These studies demonstrated a
significant improvement in mechanical properties and water resistance, with compressive strengths
reaching 4.3 MPa (Sore et al. 2025) and remarkable stability after prolonged immersion. At the same
time, the integration of natural fibers into composite materials has garnered growing interest,
particularly because of their low cost, biodegradability, and contribution to reducing the carbon
footprint (Shinoj et al., 2010; Zak et al. 2016). Tests on fiber-reinforced CEBs using date palm fibers
(Taallah & Guettala, 2016), hemp (Zak et al., 2016), sisal (Labiad et al., 2022), coconut (Ghavami et
al., 1999), rice straw (Labintan et al., 2019) or kénaf (Sanou, Bamogo, et al., 2024; Serebe et al., 2024)
revealed improvements in thermal properties and flexural strength. However, the effects on
compressive strength remain mixed; some authors observed a decrease (Taallah & Guettala, 2016;
Zardari et al., 2020), while others reported an increase up to an optimal ratio (0.4% by weight for kenaf
(Serebe et al., 2024); 25% by volume for rice straw (Labintan et al., 2019).

Burkina Faso contains significant clay resources, including kaolinite minerals, which are
particularly suitable for geopolymerization (Ghayti ef al., 2021; Konstantinos Komnitsas et al. 2021;
Sore et al., 2025). Additionally, the country generates a substantial amount of agricultural residues,
such as rice husks, kenaf fibers, and peanut shells, offering promising opportunities for the valorisation
of local materials in the construction sector. In this context, this study aims to analyze the effect of
incorporating kenaf fibers (at contents ranging from 0 to 1.5%) on the physico-mechanical, thermal
and durability properties of alkali-activated compressed earth bricks (CEBs) using a 12M NaOH
solution (20%), compared to non-stabilized CEBs. The results will help to assess the potential of this
innovative approach for more sustainable, economically viable, and environmentally friendly
construction.

2. Materials and methods
2.1 Materials: Aluminosilicate and activator

The aluminosilicate used was the 0/5 mm fraction of lateritic soil (Figure 1) extracted from the
Kamboinse quarry (12°29°24"°N, 1°33°07’" W, altitude 317 m). The physical and geotechnical
characteristics of the studied soils are presented in Table 1. The fine fraction content (particles smaller
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than 80 pm) was approximately 78.12%. This high-fine fraction acted as a filler in the formulation of
compressed earth bricks (CEB). It has a methylene blue value of 0.85 g/100 g and a plasticity index
(Ip) of 25.9%. These characteristics, combined with the percentages passing through the 80 um and 2
mm sieves, allowed it to be identified as a B6-class soil, meeting the acceptability criteria for earth
brick production (Houben & OA, 1998). Furthermore, according to the Casagrande plasticity chart,
this soil is classified as inorganic clay of high plasticity (CH), confirming its suitability for the

Figure 1. Lateritic soil at the sampling site (a) and after sieving to 5 mm (b)

Ip (%)

W, (%)

Figure 2. Soil classification according to the Casagrande diagram)

The chemical composition, as determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) (Table 2), showed that the sample consisted mainly of silica (55.3%) and
alumina (28.2%) with a relatively low iron oxide content (9.05%), which is likely responsible for its
reddish color. Mineralogical characterization by XRD (Figure 3), combined with the chemical
composition, allowed the estimation of the mineral phases as 63.10% kaolinite, 18.4% goethite, and
16.8% quartz. These chemical and mineralogical characteristics confirm that the laterite used can be
considered an aluminosilicate with a high kaolinite content that is conducive to a geopolymerization
reaction in the presence of an alkaline solution (Sore et al., 2025).
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Figure 3. X-ray diffraction pattern of the lateritic soil

Figure 4. Loose kenaf fibres (a) after cutting (b) into 3 cm (c¢)

Table 1. Physical characteristics of lateritic soil

Particle size analysis Corse sand [2 — 5 mm] (%) >.72
: _ 0,

(AFNOR NF EN 933- Medlum sand [0.63 -2 mm] (/:))) 10.28

] Fine sand [80 um — 0.63 mm] (%) 5.88
1,2012; AFNOR NF -

1SO 17892-4, 2018) Silt [2pum — 80 um] (%) 48.12

’ Clayey fraction <2 um (%) 30

Atterberg limits Liquid limit (%) 533

)JAFNOR NF EN ISO Plastic limit (%) 27.4

17892 -12/A1, 2021( Plasticity index - IP (%) 25.9

Absolute density by pycnometer (g/cm®) 2.88

Normal Proctor water content (%) (NF P94-03, 2014) 26.03

Methylene blue test (g/100g) (AFNOR NF EN 933-9, 2022) 0.85

Table 2. Chemical and mineralogical composition of lateritic soil
Chemical composition
Oxides SiO: | ALO; | Fe;O; | CaO | K:O | MgO | MnO: | TiO: | P,Os | Cr203 | LOI
Clay (%) | 553 | 28.2 | 09.05 | 0.01 | 046 | 0.16 | 0.03 | 0.92 | 0.06 0.02 | 5.79
Mineralogical composition
Crystalline phase Kaolinite Goethite Quartz Balance
Percentage (%) 63.10 18.40 16.80 1.70
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Sodium hydroxide (NaOH) was used as the activating solution at a concentration of 12 M, which
was prepared by dissolving 480 g of NaOH crystals (99% purity) in 1 L of distilled water. It was usable
for 24 h after preparation. A dosage of 20% relative to the mass of laterite was used for all formulations,
as it showed highly satisfactory performance according to a previous study conducted by Sore et al.
(Sore et al., 2025). The kenaf fibers (Figure 4) used were sourced from a site at the Institute of
Environment and Research in Agriculture (INERA) located in the village of Farakoba (11° 6’ 0" North,
4° 19" 60" West), on the western outskirts of Bobo-Dioulasso. The fibers used in this study were cut to
a length of 3 cm (Figure 4b,c). They have already been characterized by Sanou et al. (Sanou, Bamogo,
et al., 2024) and Serebe et al. (Serebe et al., 2024), and their properties, presented in Table 3, show that
they have an average diameter of 10 um, apparent density of 1.05 g/cm?, and water absorption rate of
307%. They were rich in cellulose (71% by weight), hemicellulose (20% by weight), and lignin (4%
by weight). Owing to their high cellulose content and rough surface, kenaf fibers exhibit high tensile
strength, estimated at 820 MPa.

Table 3. Characteristics of kenaf fibres (Serebe et al., 2024)

Water absorption capacity (%) 307
Physical properties Density (g/cm?) 1.05
Diameter (um) 10
Cellulose (%) 71
Biochemical composition Hemicellulose (%) 20
Lignin (%) 4
Tensile strength (MPa) 820 +202

2.2 Experimental methods

2.2.1 CEBs manufacturing process

This study aims to evaluate the effect of incorporating kenaf fibers on the physico-mechanical,
durability, and thermal properties of alkali-activated compressed earth blocks (CEBs). To this, five
(05) CEB formulations were developed.

e areference CEB (CNOKO), without alkali activation or kenaf fiber addition;
e Four CEBs were activated by an alkaline NaOH solution (12M), dosed at 20% of the lateritic
soil mass, and reinforced with 3 cm kenaf fibers at varying mass contents (0%, 0.5%, 1%, and 1.5%).

The choice of 20% alkaline dosage was based on a previous study (Sore, Nshimiyimana,
Ouedraogo, et al., 2025), which demonstrated that it achieved a compressive strength of 4 MPa, in
compliance with the XP P 13-901 standard (XP P13-901, 2017) for earthen construction. Table 4 lists
the detailed compositions of the different tested mixtures.

CEBs are produced by homogeneously mixing laterite and fibers (for fiber-reinforced CEB s), then
gradually adding humidification water, followed by NaOH solution. The amount of water (Eqn. 1) was
determined based on the optimal moisture content of 26.03% (from the standard Proctor test, Table 1),
adjusted according to the fiber absorption rate (307%), and subtracting the mass of the alkaline solution.
The latter was incorporated gradually until the end of mixing, a step that requires a longer time (at least
10 min) depending on the fiber content. The wet mixture was then placed in a mould (29.5 x 14 x 9.5
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cm) and compressed at 35 bars using a manual press (TERSTARAM) to form the samples. These were
stored in plastic bags for 7 days at ambient temperature (30 £ 5 °C), then covered with a black polyane
tarp for a 14-day solar curing period, during which midday temperatures reached 40 + 5 °C, promoting
geopolymerization. After 24 days of sun drying, the CEB s were characterized at the end of 45 days to
determine their physico-mechanical, durability, and thermal properties. The manufacturing process is
illustrated in Figure 5:

Wy = (Wp X Mg + Top X M) — S, Eqn. 1

where Wy = CEBs humidification water mass (in grams), W, = optimal water content of laterite soil
(in grams), Ms = mass of dry laterite, Tar = Water absorption rate of fibers, Mr = fiber dry mass (in
grams), and S. = mass of alkaline solution (in grams).

Table 4. Mix design of the alkali-activated CEB

Design CNOKO CN20KO0 CN20KO0.5 CN20K1 CN20K1.5
Lateritic soil (g) 7100 7100 7100 7100 7100
NAOH solution 12M(g) - 1420 1420 1420 1420
Kenaf fibres (g) - 0 35,5 71 106,5
Wi (g) 1848 428 537 646 755

CNXKY: Compressed earth blocs with X% of N (NaOH solution) and Y% of K (kenaf fibers)

Lateritic soil

Humidified soil

Molding and compaction (35 bars)
- Manual press)

Homogenization of the mixture

Curing phases (45 days)

CEBs Characterization Phase 1 : Humid storage
for 7 days (30 = 5°C)

Phase 2 : Solar curing
for 14 days (40 £ 5°C)

S CNOKoO

| CN20K0

| CN20K0.5
CN20K1

| CN20K1.5

(1) Physical properties
(Density / Porosity)

(2) Mechanical properties

(Compression / Flexural)

A

(3) Durability indicators CEB (29.5x14x9.5 cm®)

(Abrasion / Erodability)

(4) Thermal properties m' =
(Conductivity / Diffusivity) -

Phase 3 : Sun drying for 24 days

Figure 5. CEBs manufacturing process

2.2.1 Methods for characterising CEBs

This section presents the experimental methods used for the physico-mechanical, durability, and
thermal characterization of CEB samples, assessing the impact of alkaline activation and the effect of
kenaf fibers on the engineering properties of these construction materials. The majority of these
characterizations were performed in accordance with the recommendations of the XP P13-901 standard
(XP P13-901, 2017).
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e Physical properties characterisation methods

Physical properties, such as apparent density and water porosity of the CEB samples, were
determined according to Eqn. (2) and Eqn. (3), respectively:
p=—ayXPW 100 Eqn. 2

(Msat.air_Msat.wat)

p = (e Ty 100 Eqn. 3

Msat.air—M ot wat
where p is the apparent density, pw is the water density, Mqry the constant dry mass of the sample (in
grams), Mgatair 1S the saturated mass in air (in grams), Msatwat the saturated mass in water (in grams),
and P is the accessible porosity of the sample under test (%).

The velocity of the propagation of ultrasonic waves through hardened CEBs was measured to
assess the compactness of the sample matrix using the Pundit test following the protocol set up by Sore
et al. (Sore ef al., 2018). Water capillary absorption was determined using the square root of time
according to Eqn. 4. The bottom surface of the dried CEBs measuring 29.5x14 cm? was partially
immersed in water at a depth of 1 + 0.5 cm. The wet masses were then measured at intervals
corresponding to t=0.17,0.5, 1, 2, 4, 8, 16, and 24 h of capillary immersion. The capillary absorption
coefficient was calculated using Eqn. 5:

we = (M) Eqn. 4
CWiomim = 100 X (MW“’ ) Eqn. 5

where WC = Water capillary absorption ( g/cm?. min”?), Mw; = wet mass measured at time t (in g), Mary
= constant dry mass of the sample (in g), S = sample area (in cm?), CWomin = capillary absorption
coefficient (in g/cm?. min”).

The reference CEBs (CNOKO) physical properties (density, porosity and water capillary
absorption), which contain neither alkaline solution nor kenaf fibers, could not be evaluated due to
their susceptibility to water exposure.

e Mechanical properties characterisation methods

The dry and wet compressive strengths were determined using Eqn. 6. The wet compressive
strength test was performed on samples of CEBs that had been saturated in water for 2 h.
The three-point flexural strength was determined usingto Eqn. 7. A hydraulic press (ETI-PROETI)
with a 300 kN capacity and a loading rate of 0.25 kN/s was used for this purpose. Three samples were
tested for each test, and each result displayed was the average of the three samples.

Rc =10 x = Eqn. 6
1.5XF, L
Rf =10 x WZO Eqn. 7

e Thermal properties characterisation methods

The thermal properties (thermal conductivity and diffusivity) of the fiber-reinforced CEBs were
measured using a KD2 Pro Thermal Properties Analyzer (Zoma et al., 2020), equipped with an SH-1
dual-needle sensor (length: 30 mm, diameter: 1.3 mm, spacing: 6 mm). This device is based on the
transient line heat source method, allowing for the simultaneous measurement of the thermal
conductivity and thermal diffusivity after inserting the needles into the tested material.
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e Durability properties characterisation methods

The durability indicators assessed in this study were abrasion coefficient and resistance to water
erosion (erodibility). To evaluate the abrasion resistance, the surface of the CEB s was subjected to 60
abrasion cycles using a metal brush under a 3 kg load. After the test, the mass losses and abraded
surfaces were measured to determine the abrasion coefficient (Ca), as well as the percentage of mass
loss attributable to abrasion. The resistance to water erosion was evaluated according to the protocol
of Djibo et al. (Djibo et al., 2024), by subjecting a circular surface of 75 mm to a water jet at 500 kPa,
a pressure deliberately higher than the 50 kPa recommended by the NZS 1998 standard (Allen et al.,
1998) to study the influence of alkaline content and kenaf fibers on erosion resistance under extreme
conditions. After testing, the erosion depth was measured using a needle inserted into the sample holes,
and the eroded area was quantified relative to the total exposed surface.

3. Results and Discussion
3.1 Physical properties

3.1.1 Apparent density, Porosity accessible to water and Ultrasonic Pulse Velocity

Figure 6 shows the evolution of the apparent density and water-accessible porosity of alkali-
activated and kenaf fiber-reinforced compressed earth blocks (CEBs). It was observed that the addition
of fibers led to a decrease in the apparent density, while the porosity increased in direct proportion.
The estimated optimal variations were -4.11% for density and +9% for porosity. CEBs without an
alkaline solution or fibers could not be evaluated for these properties because of their vulnerability
upon contact with water. In contrast, the 20% alkali-activated samples without fibers (CN20KO)
exhibited the best performance, with a density of 1 659 kg/m? and a porosity of 34%. Conversely, CEBs
containing 1.5% fibers (CN20K1.5) exhibited a lower density (1 591 kg/m?) and higher porosity (37%).

Apparent Density —Accessible porosity to water
1700 - r 38

[y

=)

~

N
1

1659.48
I

ik

=)

N

<
1

1627.22

34.07 1601.03
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N
N
n

T
w
4
Accessible porosity to water (%)

disintegration of the sample in water

1591.34
1600 - |

- 32
1575 -
1550 30

CNOKO CN20KO0 CN20KO0.5 CN20K1 CN20K1.5
CEB matrix design

Figure 6. Apparent density and water-accessible porosity of alkali-activated and kenaf-fibers-reinforced CEBs

This reduction in density can be explained by the partial substitution of lateritic soil, which has a
high absolute density (2.88), with less dense kenaf fibers (1.05) in a given volume of CEB, as reported
by (Taallah & Guettala, 2016; Zak et al., 2016). Furthermore, the increase in porosity with fiber content
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may be linked to their hydrophilic nature (Table 3). Indeed, incorporating fibers into the lateritic
mixture requires additional water during the formulation (Table 4). During curing, geopolymerization
reactions, accelerated by solar exposure, cause the evaporation of excess water absorbed by the fibers.
This phenomenon generates microcavities in the matrix, thereby reducing the density and increasing
porosity. Similar results were observed by Labiad et al. (Labiad et al., 2022) on cement-stabilized
CEBs reinforced with sisal fibers (0—0.5%). Additionally, Bories et al. (Bories et al, 2015) also
reported a decrease in the density of earth bricks with increasing wheat straw content (4 to 8%). The
evolution of the compactness of different Compressed Earth Blocks (CEBs), depending on the kenaf
fiber content, was evaluated by measuring the ultrasonic pulse velocity (Figure 7). This analysis
revealed two distinct phases.

20101

2000 -
1820

1800 - I 1680

1504

1600 - [ ]
1400 -
1200 -

1000 - 8(159

Ultrasonic speed (m/ss)

800 -

600 1 1 1 1 )
CNOKO CN20K0 CN20KO0.5S CN20K1 CN20K1.5

CEB matrix design

Figure 7. Ultrasonic Pulse Velocity of alkali-activated and kenaf-fibers-reinforced CEBs

First, the ultrasonic velocity was increased from 869 m/s (raw CEB without alkaline solution or
fibers, CNOKO) to 2001 m/s (CEB activated with 20% NaOH, CN20KO0). This significant increase can
be attributed to the reaction of the alkaline solution with kaolinite minerals (Sore, Nshimiyimana,
Ouedraogo, et al., 2025), which is the main component of lateritic soil (aluminosilicate source). This
reaction leads to the formation of geopolymer gels, which enhance particle cohesion within the matrix,
thereby increasing its compactness. A denser structure facilitated the propagation of ultrasonic waves.

Second, the ultrasonic velocity gradually decreased with the incorporation of kenaf fibers,
dropping from 2001 m/s (CN20KO) to 1504 m/s for a fiber content of 1.5% (CN20K1.5), representing
an optimal reduction of 24.84%. This decline is attributed to the effect of the fibers, which introduce
additional porosity into the matrix, thereby slowing wave propagation (Heller-Kallai & Lapides, 2007).
These observations are consistent with the bulk density and accessible porosity results (Figure 6). Less
dense samples with higher porosity exhibited reduced ultrasonic velocity. This is the case, for example,
with CEBs of type CN20K 1.5 (1591 kg/m?, 37%, and 1504 m/s) compared with CN20KO0 (1659 kg/m?,
34%, and 2001 m/s). Similar trends have been reported by Mastali et al. (Mastali et al, 2020) in
geopolymer-stabilized fiber-reinforced CEBs (cellulose, basalt, and polypropylene).
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3.1.2 Capillary absorption

Figure 8 presents the results of the water absorption coefficient by capillarity (CWio) of
compressed earth blocks (CEBs) as a function of kenaf fiber content, measured after 10 min according
to the standard XP P 13-901 (XP P13-901, 2017). A significant increase in the absorption coefficient
(CW10) was observed with higher fiber content. The fiber-reinforced CEBs with 1.5% fibers
(CN20K1.5) exhibit the highest absorption capacity, with a value of 12.36 g/cm? min’%, compared to
9.98 g/cm?-min’ for those with 0.5% fibers (CN20KO0.5). However, these results remain higher than
those (8.40 g/cm?-min’%) of alkali-activated CEBs without fibers (CNOKO). Despite these differences,
all the tested CEBs (fiber-reinforced or not) showed low capillary absorption according to the standard
XP P13-901 (CW10 <20 g/cm? min’5).

14 -
] 12.36

[y
N
1

[y
=]
1

9'f8 l 10.29

(=)
1

=
1

Capillary absorp. coef. CW,, (g/cm2.min”* )
0

disintegration of the sample in water

N

CNOKO CN20KO0 CN20KO0.5 CN20K1 CN20K1.5
CEB matrix design

Figure 8. Capillary absorption coefficient of alkali-activated and kenaf-fibers-reinforced CEBs

Figure 9 illustrates the evolution of capillary absorption in CEBs as a function of time following
the AFPC-AFREM protocol (AFPC-AFREM, 1997). This analysis confirms that absorption increases
with fiber content, which is consistent with the results for water-accessible porosity (Figure 6) and
ultrasonic pulse velocity propagation (Figure 7). Porosity, a key factor facilitating absorption, explains
this increase in fiber content. The increase in the absorption coefficient was mainly attributed to the
increased porosity induced by fiber incorporation (Taallah & Guettala, 2016). The hydrophilic nature
of the fiber components (cellulose and hemicellulose) also promotes water absorption and retention
(Sanou, Bamogo, et al., 2024). Similar observations have been reported by Labiad et al. (Labiad et al.,
2022) for cement-stabilized, sisal fiber-reinforced CEBs, where capillary absorption also increased
with fiber content.

3.2 Mechanical properties
3.2.1 Compressive strength

Figure 10 presents the dry and wet compressive strength results of the CEBs after 45 d of
curing. The alkaline activation of CEBs at 20% led to a significant improvement in their mechanical
strength, as evidenced by the increase from 0.31 MPa for unstabilized CEBs (CNOKO) to 4.26 MPa for
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CN20KO-type CEBs. This value exceeds the minimum requirement of the XP P13-901 standard (XP
P13-901, 2017) for earthen construction, demonstrating the effectiveness of alkaline activation in
producing materials suitable for sustainable and high-performance construction. This enhancement in
the mechanical properties can be attributed to the reaction of the alkaline solution with kaolinite present
in laterite, resulting in the formation of geopolymer gels. These gels act as binders between particles,
thereby increasing the compactness and cohesion of the samples (Belayali et al., 2022; Idriss et al.,
2022; Sore et al., 2025). Moreover, the high viscosity of the solution promoted better interparticle
adhesion, further contributing to mechanical reinforcement. Similar observations were reported by
Lemougna et al. (Lemougna et al., 2014).

4.0 -
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5.0 4 Dry compressive strength Wet compressive strength
426
]2 4.07
40 - l |
3.11
2.92 T 2.84
3.0 - l

Compressive strength (MPa)

disintegration of the sample in water

2.0
1.43
1.0
0.31
0-0 - T T T T 1
CN20K0 CN20K0 CN20K0.5 CN20K1 CN20K1.5

CEB matrix design
Figure 10. Compressive strength of alkali-activated and kenaf-fibres-reinforced CEBs

However, the addition of kenaf fibers to the alkali-activated CEBs matrix led to a decrease in
the dry and wet compressive strengths. For fiber contents ranging from 0 to 1.5%, the dry compressive
strength drops from 4.26 to 2.84 MPa (-33.3%), while the wet compressive strength falls from 2.92 to
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1.43 MPa (-51%). Thus, it was observed that the wet strength accounted for approximately 50% of the
dry strength. Despite this reduction, all dry compressive strength values of fiber-reinforced CEB
remained above the minimum threshold of 2 MPa, as recommended by the XP P13-901 standard for
earth partition wall construction. Several factors may explain this decline in mechanical properties,
including the increased porosity resulting from fiber incorporation (Figure 10), which weakens the
soil—fiber matrix adhesion (Lemougna et al., 2014). A potential inhibitory effect between the alkaline
solution and the fibers, or vice versa, and the hydrophilic nature of the fibers, which, at high
concentrations (above 0.5% according to Kamwa et al. (Kamwa et al., 2025)), could delay water release
during geopolymerization and curing reactions, thereby weakening the matrix cohesion. These findings
are consistent with those of the previous studies. Taallah and Guettala (Taallah & Guettala, 2016)
observed a similar decrease in lime-stabilized CEBs reinforced with date palm fibers. Zardari et al.
(Zardari et al., 2020) also reported a reduction in compressive strength with jute fibers. However,
Sanou et al. (Sanou, Bamogo, ef al., 2024) noted an increase in the compressive strength of adobes up
to an optimal kenaf fiber content of 0.2%, which was attributed to a more homogeneous microstructure
where fibers filled pores and limited crack propagation. Beyond this threshold, excess fibers increased
the porosity and weakened the matrix.

3.2.2 Flexural strength

Figure 11 presents the flexural strength results of non-stabilized, alkali-activated CEBs with
and without kenaf fiber incorporation. Alkali activation induces a significant improvement in strength,
increasing from 0.09 MPa (CNOKO) to 1.16 MPa (CN20KO0). The addition of fibers further enhanced
this property, with an optimal fiber content of 1%. The sample CN20K1 reaches a maximum strength
of 1.49 MPa, representing a 28.4% increase compared to alkali-activated CEBs without fibers
(CN20KO; 1.16 MPa). This optimal improvement at 1% fiber content can be primarily attributed to the
high tensile strength of the fibers (802 MPa, Table 3) due to their cellulose content, as well as their
homogeneous distribution within the matrix (Millogo ef al., 2014). The fibers act as reinforcement by
absorbing stress after the rupture of the clay soil, thereby improving the material's ductility. However,
beyond 1%, an excessive fiber content not only leads to localized concentration zones, limiting the
mobilization of their tensile strength, but also increases the matrix porosity and reduces the flexural
strength. These phenomena explain the decrease in flexural strength observed at 1.5% fiber content
(CN20K1.5; 0.99 MPa). These results align with those of Sanou et al. (Sanou, Bamogo, ef al., 2024),
who reported a similar improvement for cement- and kenaf fiber-stabilized adhesives at an optimal
content of 0.2%. Additionally, Inga et al. (Inga et al., 2023), observed a maximum flexural strength of
1.44 MPa for CEBs reinforced with 0.5% Agave americana fibers.

3.3 Thermal properties

Figure 12 presents the thermal properties of the different types of tested CEBs (unstabilized,
alkali-activated, and fiber-reinforced) to evaluate their ability to improve the thermal comfort in
housing. The studied parameters were thermal conductivity (A) and thermal diffusivity (Dif). The
results revealed an increase in these properties with the alkali activation of CEBs using 20% NaOH
(CN20KO0) compared to unstabilized CEBs (CNOKO). Thermal conductivity rises from 0.43 to 0.63
W/m-K, while thermal diffusivity increases from 0.22 to 0.30 mm?/s, representing relative increases of
46.5% and 36.4%, respectively. This improvement is attributed to the densification of the CEB matrix
resulting from the addition of the alkaline solution, which triggers geopolymerization reactions and
leads to the formation of a geopolymer gel. This gel coats the material particles, thereby enhancing
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matrix cohesion and compactness (Sore, Nshimiyimana, Ouedraogo, et al., 2025). Such compactness
promotes an increase in the thermal conductivity and diffusivity.
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Figure 11. Flexural strength of alkali-activated and kenaf-fibers-reinforced CEBs
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Figure 12. Thermal properties of alkali-activated and kenaf-fibers-reinforced CEBs

However, these two properties gradually decrease with the incorporation of fibers into alkali-
activated CEBs. The CEBs containing 1.5% fibres (CN20K1.5) exhibit the lowest—and thus most
favourable; values, with a thermal conductivity of 0.48 W/m-K and a thermal diffusivity of 0.24 mm?/s,
compared to 0.63 W/m-K and 0.30 mm?/s for non-fibre-reinforced alkali-activated CEBs (CN20KO).
This demonstrates that alkali-activated and fiber-reinforced CEBs offer better thermal performance
than their non-fiber-reinforced counterparts. This improvement is attributed to the presence of cellulose
in the kenaf fibers. Owing to its crystallinity, cellulose acts as a good thermal insulator (Kane et al.,
2024), thereby contributing to the reduction in the thermal properties of the composites.
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Moreover, these findings align with the porosity measurements, which evolve inversely with
thermal conductivity. The pores induced by the fibres trap air, whose low thermal conductivity (0.02
W/m-K) makes it an excellent insulator (Zoma et al., 2020). Indeed, the presence of pores promotes
air retention, and is recognized as one of the best insulating materials. These observations are consistent
with those of Labiad et al. (Labiad et al., 2022), who observed a decrease in the thermal conductivity
of cement-stabilized CEBs with the addition of sisal fibers (0—0.5%).

3.4 Durability properties
3.4.1 Resistance to abrasion

Figure 13 illustrates the impact of alkaline activation and kenaf fibers on the abrasion resistance
of Compressed Earth Blocks (CEBs). The addition of a 20% NaOH solution led to a significant
improvement in this parameter. Indeed, the CN20KO0 samples exhibited the highest abrasion resistance
coefficient (18.44 cm?/g), far surpassing that of the CNOKO samples (0.26 cm?/g). According to the XP
P 13-901 standard, CN20KO-type CEBs can be classified in the CEB60 category, characterized by
excellent abrasion resistance, while the less performing CNOKO samples fall under the CEB20
category. This improvement in abrasion resistance through alkali activation is explained by the work
of Sore et al. (Sore, Nshimiyimana, Ouedraogo, et al., 2025), who identified three determining factors:
high molarity of the activation solution, geopolymerization mechanisms, and solar curing. A high-
molarity NaOH solution promoted the dissolution of aluminosilicates present in laterite, thereby
triggering geopolymerization reactions. These reactions involve several stages, including the
dissolution of aluminosilicate species, formation of oligomers, and their polycondensation into a
geopolymeric gel. This gel coats the material particles, strengthening matrix cohesion.

Moreover, exposing the samples to a solar temperature of 40°C intensified these mechanisms
by accelerating gel formation and stabilization of the gel. This results in a denser and more resilient
matrix, which reduces the physical erosion caused by abrasion. This increased compactness minimizes
particle loss, thereby enhancing the abrasion resistance of the CEBs. These observations are consistent
with the findings of Palanisamy and Kumar (Palanisamy & Kumar, 2018), who demonstrated a positive
correlation between the abrasion resistance, geopolymer content, and molarity of the activation
solution. However, a decrease in the abrasion coefficient was observed alongside an increase in kenaf
fiber content, a phenomenon similar to that observed for compressive strength. The alkali-activated
CEBs with 0.5% fibres (CN20KO0.5) exhibit the highest abrasion coefficient, reaching 15.98 cm?¥g,
compared to 11.12 cm?*g for those containing 1.5% fibres (CN20K1.5). Although these values remain
lower than those of alkali-activated CEB without fibres (CN20KO, 18.44 cm?/g), they still exceed the
reference value of 7 cm?/g set by the XP P 13-901 standard (XP P13-901, 2017), classifying them in
the CEB60 category, resistant to abrasion, just like the CN20KO0 samples.

Figure 14 highlights the condition of the CEB after the abrasion test, revealing significant
degradation of the unstabilized sample (CNOKO). In contrast, the CN20K0 CEB appeared nearly intact
with only a faint brush mark. However, the fiber-reinforced CEB showed more pronounced erosion
traces on its surface, proportional to its fiber content, indicating progressive degradation due to fiber
incorporation. This phenomenon can be explained by the poor adhesion between the fibers and the
laterite matrix. Additionally, the increase in fiber content creates congestion zones with fiber—fiber
interfaces that weaken the matrix, as demonstrated by Sanou et al. (Sanou, Bamogo, et al., 2024) and
Tallah and Guettala (Taallah & Guettala, 2016). The fibers located on the surface were easily pulled
out by the test brush, increasing the degraded area. These findings align with those of Labiad et al.

Sore et al., J. Mater. Environ. Sci., 2025, 16(12), pp. 2186-2206 2199



(Labiad et al., 2022), who also observed a decrease in the abrasion coefficient of cement-stabilized
CEBs with the addition of sisal fibers.
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Figure 13. Abrasion resistance of alkali-activated and kenaf-fibres-reinforced CEBs

Figure 14. Appearance of CEBs after abrasion test

Figure 15 shows the correlation between the compressive strength and abrasion coefficient of
alkali-activated and fiber-reinforced CEBs. This relationship reveals a logarithmic increase in the
compressive strength with respect to the abrasion coefficient, indicating that a sample that is more
resistant to physical erosion also exhibits better compressive strength. This correlation provides a
predictive tool for estimating the compressive strength from abrasion test results, thereby avoiding the
need for sophisticated and destructive testing methods, such as conventional compression tests. The
high value of the coefficient of determination (R* = 0.98) confirmed the strong correlation between
these two parameters, underscoring the reliability of this relationship.

3.4.2 Resistance to water erodibility

Figure 16 presents the results of the erodibility test for alkali-activated Compressed Earth
Blocks (CEBs) as a function of the incorporated kenaf fiber content after applying water pressure for
one hour. It was observed that the erosion depth and area increased proportionally with the fiber
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content. The CEBs containing 1.5% fibers (CN20K1.5) exhibited the highest hydraulic erosion values,
with 34.11% for the eroded area and 13.90 mm for the depth, compared with 9.20% and 7.13 mm for
the CEBs with 0.5% fibers (CN20KO0.5). These results remain systematically higher than those of
alkali-activated CEBs without fibers (CN20KO0), which show values of 0.86% for the area and 0.87
mm for the depth. According to the NZS 1998 standard (Allen ef al., 1998), all CEBs, whether fiber-
reinforced or not, are classified as non-erodible, as their erosion depth remains below 120 mm/h.
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Figure 15. Correlation between compressive strength and abrasion resistance of alkali-activated and kenaf-
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Figure 16. Resistance to water erodibility of alkali-activated and kenaf-fibers-reinforced CEBs

Figure 17 illustrates the appearance of the different types of CEBs after the erodibility test. Any traces
of hydraulic erosion were barely visible on CN20KO0, demonstrating its high resistance to water-
induced damage. In contrast, the fiber-reinforced CEBs showed increasingly pronounced erosion
marks with higher fiber contents. These marks were slightly visible on CN20K1 and were clearly more
pronounced on CN20K1.5. This progression in erosion with increasing fiber content can be explained
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by the increased porosity of the composites due to fiber replication zones (Taallah & Guettala, 2016).
Under water pressure, the fibers detached more easily, creating cracks that promoted water penetration
into deeper layers. This phenomenon generates increased internal pressures, resulting in greater erosion
both at the surface and depth. Similar trends have been reported in studies by Obonyo et al. (Obonyo
et al., 2010), which showed an increase in erosion depth in cement-stabilized CEB s with the addition
of coconut fibers.

CN20KO0 _ CN20K1

CN20KO0.5 s Yol CN20K1.5

Figure 17. Appearance of CEBs after erodability test

Conclusion

The main objective of this study was to evaluate the influence of kenaf fibres on the engineering
and durability properties of alkali-activated compressed earth blocks (CEBs) with 20% NaOH,
compared to non-stabilised CEBs. The results revealed several significant trends.

. The addition of fibers led to a notable reduction in density, decreasing from 1659 kg/m* (0%
fibers) to 1591 kg/m? (1.5% fibers), along with an increase in water-accessible porosity (from 34% to
37% for 1.5% fibers). This trend is explained by the partial replacement of high-density lateritic soil
(2.88) with low-density kenaf fibers (1.05). The decrease in compactness was confirmed by the gradual
reduction in ultrasonic pulse velocity, which decreased by 24.84% from 2001 m/s (0% fiber) to 1591
m/s (1.5% fiber). Additionally, the hydrophilic nature of the fibers contributed to the increased capillary
absorption in the fiber-reinforced CEBs.

. In terms of mechanical properties, while alkali activation improved the dry compressive
strength (4.26 MPa for CN20KO vs. 0.31 MPa for CNOKO), fiber incorporation led to a decrease in this
strength. Dry compressive strength dropped from 4.26 MPa to 2.84 MPa (-33.3%), and wet
compressive strength decreased from 2.92 MPa to 1.43 MPa (-51%). Nevertheless, all values remained
above the minimum threshold of 2 MPa, as recommended for CEB. In contrast, flexural strength
improved by 28.4% compared to CN20KO, peaking at 1% fiber content (1.49 MPa for CN20K1).

. The thermal properties improved with fiber addition, showing a 23.8% reduction in thermal
conductivity and a 20% decrease in thermal diffusivity at 1.5% fiber content (CN20K1.5) compared to
alkali-activated CEBs without fibers (CN20KO0). However, these performances were inferior to those
of the non-stabilized CEBs (CN0OKO).

. Regarding durability, abrasion and water erosion tests showed progressive decreases with
increasing fiber content owing to insufficient adhesion between the fibers and the lateritic matrix.
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Fiber-fiber interfaces also created weak zones, making fibers more susceptible to being pulled out
under the effect of wire brushing or water erodability. However, all fiber-reinforced CEBs remained
compliant and could be classified as abrasion-resistant or non-erodible.
This study highlights the significant impact of incorporating kenaf fibers into alkali-activated
CEBs, altering their physical, mechanical, and thermal properties. The results demonstrate that these
materials offer an interesting compromise between lightness, thermal performance, and strength, while
meeting the minimum requirements for earthen construction. Among the tested formulations,
CN20K1.5 CEB stands out as a viable solution for sustainable and eco-friendly housing construction
despite a slight reduction in some intrinsic properties. Its adoption could not only enhance the
performance of construction materials but also effectively valorize agricultural waste, contributing to
a circular economy.
To further this research, several perspectives could be explored:
» Investigate the microstructure of fiber-reinforced alkali-activated CEBs to better understand the
interfacial interactions between fibers, lateritic soil, and alkaline solution.
*  Assess the long-term durability of fiber-reinforced CEBs, considering the potential degradation of
organic (kenaf) fibers in the clay matrix under high alkalinity.
* Construct a prototype building to analyze the real-time behavior of fiber-reinforced CEBs
(particularly CN20K1.5) and their thermal comfort performance.
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