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Abstract

The use of earth as a sustainable building material offers major ecological and
economic advantages, particularly in rural areas of Cameroon. However, its
low mechanical properties limit its extended structural use. This study ad-
dresses the physical and mechanical characterization of Compressed Earth
Blocks (CEB) produced from three laterites from the Yaoundé region
(Mbankomo, Nsimalen and Messamendongo), stabilized with cement (4%,
6%, and 8%) and reinforced with Rhecktophyllum camerunense (RC) plant
fibers at contents of 0%, 0.5%, 1% and 1.5% by dry mass. The results show that
the introduction of fibers generally reduces the bulk density by creating cavi-
ties, but increases compressive and flexural strength relative to the unrein-
forced control (CEB 0); Dunnett’s test against the matched CEB 0 (same lat-
erite, cement dosage and curing age) shows that this improvement is statisti-
cally significant (p < 0.001) in all 81 comparisons for both properties. The op-
timal formulation is obtained with Messamendongo laterite stabilized with 8%
cement and reinforced with 1% RC fiber after 28 days of curing, reaching a
maximum compressive strength of 14.87 + 0.12 MPa (mean + SD, n = 5), ie.
a gain of +144% over the matched unreinforced control (6.09 + 0.18 MPa, n =
5; Dunnett p < 0.001). Two-way ANOVA including CEB 0 (fiber content 0%
- 1.5% x cement dosage) shows significant effects of fiber content and cement
dosage on compressive strength for every laterite and curing age tested (p <
0.001). Beyond 1% fiber content, a saturation and clogging effect generates
clusters, reducing overall mechanical performance. The fibers also increase the
initial water absorption rate owing to their hydrophilic nature.
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1. Introduction

Earth is one of humanity’s oldest building materials. Earthen construction meth-
ods are varied and closely depend on geographic areas as well as historical periods.
Over the centuries, the technology has evolved from “wattle and daub” to “mal-
toni,” by way of “rammed earth” [1] [2]. The construction system known as
“adobe,” based on the use of sun-dried mud bricks to erect earthen buildings, has
been documented in the Mediterranean region since ancient times [3] [4].

At present, it is estimated that about 30% of the world’s population lives in
earthen buildings [5]. The renewed interest in this material is based on the devel-
opment of highly varied production techniques, supported by in-depth scientific
research, illustrated in particular by Compressed Earth Block (CEB) technology
[6]. Earth offers several undeniable advantages: ease of implementation, high local
availability, excellent thermal conductivity (inertia), and low maintenance costs.
Given these strengths, it is preferentially used for construction purposes, particularly
in rural areas of developing countries. However, the raw use of earth presents specific
constraints in terms of mechanical strength and weathering durability, which re-
stricts its use on a wider scale. This is why this traditional material has been largely
replaced by more solid industrial materials with a high carbon footprint.

Soil compaction significantly improves its initial mechanical properties. To off-
set water sensitivity and increase durability, the use of stabilizers (cement, lime,
bitumen) or fibrous reinforcement has given rise to high-performance composite
CEBs. The use of natural fibers currently enjoys real popularity in materials sci-
ence. Several natural fibers have already been studied for reinforcing CEB prop-
erties, such as date palm, straw, banana and jute fibers [7]-[12]. In Cameroon,
there is a wide variety of plant fibers, notably Rhecktophyllum camerunense (RC)
fiber. This fiber was first identified by Colette Ntepe-Nyame in 1981 [13] and
characterized in detail at the macro-structural level by Ntenga in 2007 [14]. It has
also been successfully incorporated as a reinforcement in plaster matrices by Be-
tene Ebanda in 2012 [15].

Over the past decade, the reinforcement of compressed earth blocks (CEB) with
natural plant fibers has become an active research area, driven by the search for
low-carbon, locally sourced alternatives to fired brick and concrete masonry [16]
[17]. Several reviews have synthesized the mechanical behavior of CEB reinforced
with fibers such as sisal, jute, coconut, kenaf, date palm, banana, bamboo and Alfa
[16] [18]-[21], generally reporting three consistent trends: 1) fiber incorporation
reduces bulk density owing to the low intrinsic density of plant fibers relative to
mineral grains; 2) an optimal fiber content exists beyond which agglomeration,
fiber bundling and increased porosity degrade mechanical performance; and 3)

fiber bridging markedly improves flexural strength and post-cracking ductility
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compared with unreinforced or purely cement-stabilized blocks.

Quantitatively, the reported optimal fiber contents and associated compressive
strength gains vary widely with fiber type, soil mineralogy and cement dosage
(Table 1). Bamboo (Bambusa vulgaris) fiber at 0.5 wt% and 4 cm length increased
compressive strength by 43.6% relative to the unreinforced matrix [17]. Kenaf fi-
ber studies report a similar optimum range of 0.5 wt% - 1.5 wt%, with porosity
governed jointly by fiber length and concentration [17]. For sisal fiber - the most
extensively studied natural fiber in cement-stabilized CEB - reported optimal con-
tents cluster between 0.4% and 1.0% by mass combined with 8% - 10% cement,
with peak compressive strengths ranging from about 4 MPa to over 13 MPa de-
pending on soil type, fiber treatment and specimen geometry [22] [23]. Jute fiber,
in contrast, has been reported to reduce compressive strength while improving
crack resistance [16] [17], illustrating that the direction and magnitude of the fiber
effect is fiber-specific rather than universal. Alfa fiber combined with crushed
brick waste has also been shown to improve both the mechanical and thermal be-
havior of CEB [24].

Table 1. Indicative compressive strength gains reported for compressed earth blocks reinforced with different natural fibers.

Fiber
Bamboo (Bambusa vulgaris)

Kenaf
Sisal

Jute
Sisal (+ crushed brick waste)

Rhecktophyllum camerunense
(this study)

1.0 wt% + 8% cement

Reported optimal content Reported effect on compressive strength Reference
0.5 wt%, 4 cm length +43.6% vs. unreinforced matrix [17]
0.5 wt% - 1.5 wt% Optimum governed by fiber length/porosity trade-off [17]

0.4 wt% - 1.0 wt% +
8 wt% - 10% cement

Peak R. = 4 - 13+ MPa (soil- and treatment-dependent)  [22] [23]

0.5 wt% - 2 wt% Can reduce R while improving crack resistance [16] [17]
Soil-dependent Improved mechanical and thermal behavior [24]
R: = 14.87 MPa (Messamendongo laterite, 28 d); present

+144.1% vs. matched CEB 0 (Dunnett, p < 0.001) study

The 14.87 MPa peak compressive strength obtained in the present study with 1%
RC fiber and 8% cement compares favorably, in absolute terms, with the upper range
reported for sisal-reinforced CEB, suggesting that RC fiber is a competitive candidate
among tropical plant fibers for CEB reinforcement. This comparison should, how-
ever, be interpreted with caution given differences in soil mineralogy, specimen ge-
ometry and compaction method across studies, which several reviews identify as a
persistent barrier to cross-study comparability in this field [17] [21]. Relative gains
with respect to matched unreinforced controls are discussed in Section 3.4.

Despite this growing body of work, two gaps are apparent in the literature. First,
African and Central African plant fibers remain comparatively under-studied rel-
ative to sisal, jute, coconut or kenaf, even though the continent hosts a wide di-
versity of cellulosic fibers with documented mechanical potential [13] [14].
Rhecktophyllum camerunense (RC) fiber, endemic to the Cameroonian rainfor-
est, has been characterized at the fiber scale [14] and used successfully as a plaster

reinforcement [15], but its behavior as a CEB reinforcement combined with ce-
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Région du Centre (70 communes)

ment stabilization had not previously been reported in the literature reviewed
here. Second, a 2024 systematic review covering more than 120 CEB studies indi-
cates that the reported research on CEB stabilizers and reinforcements generally
lacks statistical treatment such as one-way ANOVA or Student’s t-test to demon-
strate the significance of the observed differences, and calls for future studies to
report replicate-based descriptive statistics and significance testing [17]. The pre-
sent study addresses both gaps by 1) characterizing RC fiber, a previously unre-
ported reinforcement for CEB, across three lateritic soils and three cement dos-
ages, and 2) situating the results within a statistically grounded design, discussed
further in Section 2.5.

This study is organized into two main parts. First, we present the physical and
geotechnical characteristics of the various materials used in the preparation of our
CEB samples (laterites, cement, water and fibers). Second, we carry out an in-
depth analysis of the impact of the formulation (RC fiber content and cement per-
centage) on the physical properties (porosity, absorption) and mechanical prop-
erties (three-point bending, compression) after 7, 14 and 28 days of curing [25]-

[27], including the statistical significance of the observed differences (Section 2.5).

2. Materials and Methods
2.1. Materials Used

The main constituent of CEBs is lateritic soil. In this study, three laterites from
three distinct geographic areas of Cameroon’s Centre Region were used, namely:

e Mbankomo, in the Mefou-et-Akono department (Figure 1)
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Figure 1. Geographic location of Mbankomo.

e Nsimalen, in the Mfou department (Figure 2)
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Figure 2. Geographic location of Mfou.

e Messamendongo, in the Mfoundi department, Yaoundé IV municipality (Fig-

ure 3)
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Figure 3. Geographic location of the Yaoundé IV municipality.
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A complete particle-size analysis was carried out in accordance with standard

NF P 94-056 to assess their compliance with the regulatory grading envelopes. The

resulting particle-size distribution curves are shown in Figure 4.
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Figure 4. Particle-size distribution curves of the laterites ((a)—Nsimalen laterite, (b)—
Messamendongo laterite, (c)—Mbankomo laterite) relative to the grading envelopes of

standard XP P 13-901 [28].
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Analysis of the curves shows that only the Nsimalen laterite falls entirely within
the particle-size limits recommended by the XP P 13-901 standard for compressed
earth blocks. The Mbankomo and Messamendongo laterites present curves that
partially fall outside these limits, requiring increased attention during stabiliza-
tion.

The Atterberg limits define the intrinsic plasticity of a fine soil by measuring
changes in consistency as a function of water content. The tests were carried out
on the soil mortar (fraction below 0.4 mm) using the Casagrande apparatus, fol-
lowing the procedure of standard NF P 94-051 [29]. The geotechnical identifica-

tion parameters are given in Table 2.

Table 2. Summary of the experimental Atterberg limits of the three Yaoundé laterites.

Parameter Nsimalen Messamendongo Mbankomo
LL/WI1 (%) 59.3 (W1) 52.8 (W1) 56.7 (W1)
Wp (%) 36.8 31.8 36.2
Ip (%) 225 21.0 20.5

According to the Atterberg classification (recalled in Table 3), all three soil
types fall into the “plastic” category (15 < Ip < 40), confirming their suitability for

the cohesion required for CEB manufacturing.

Table 3. Regulatory plasticity thresholds according to the Atterberg classification [29].

Plasticity index (Ip) Soil plasticity degree
0<Ip<5 Non-plastic (the test loses its significance)
5<Ip<15 Moderately plastic
15<Ip <40 Plastic

Ip > 40 Highly plastic

The particle-size compositions of our laterites are given in Table 4.

Table 4. Particle-size composition of the laterites (MIPROMALO).

Gravel ® > Sand2>® > Silt0.02> ® > Clay ® < 0.002

Laterite Color/appearance 2 mm (%) 0.02mm (%) 0.002 mm (%) mm (%)
Nsimalen laterite Yellow, sandy 13.6 43,98 14.51 2791
Messamendongo laterite Red, sandy-clayey 10.75 30.53 18.27 40.45
Mbankomo laterite Red, clayey-sandy 6.33 47.14 11.63 34.89

In the absence of characterization by the Proctor test, the mixing water content
was determined using an iterative experimental optimization method. This pro-
tocol aimed to identify the optimal plastic consistency required for static compac-

tion and immediate demolding of the compressed earth blocks (CEB). This em-

DOI: 10.4236/msce.2026.1411001 7 Journal of Materials Science and Chemical Engineering


https://doi.org/10.4236/msce.2026.1411001

J. B. Sombga et al.

pirical approach made it possible to reconcile the intergranular lubrication needed
for mix workability with the absence of adhesion of the clay matrix to the walls of
the metal mold. The optimal water content by mass was 15%. This result falls
within the optimum moisture content (OMC) ranges reported for similar clay
matrices. The scientific literature indeed reports values between 10% and 15% for
non-stabilized composites [30] [31], and up to 18% for cement-stabilized compo-
sites [32]. This increase in water content is due to the exothermic hydration reac-
tions of the hydraulic binder. A total of 12 liters of water was used.

The binder used for stabilization is a CP-J 35 composite Portland cement from

Cimencam, the characteristics of which are given in Table 5 below:

Table 5. Characteristics of CP-J 35 Portland cement.

Characteristic Specification/Value

. . . CPJ 35/Classique (legacy range) or Multix
Commercial designation ] )
(depending on product range evolution)

Cement type Composite Portland cement
Strength class 35 MPa at 28 days (generally standardized > 32.5 MPa)

Clinker (265%) + secondary additions

Main composition .
(limestone, pozzolan) + gypsum (set regulator)

Standard packaging 50 kg bags
Initial setting time 290 minutes
Color Grey

2.2. Properties of Rhecktophyllum Camerunense (RC) Fiber

The characteristics of RC fiber, drawn from the physical and mechanical charac-
terization work of Ntenga (2007) [14] and Betene Ebanda (2012) [15], are as fol-
lows:

e Bulk density: p, = 947 kg/m’

Average diameter: d= 0.350 mm

Circularity index: 60.8% - 94.5%

Longitudinal modulus of elasticity: £=1.447 to 17.056 GPa

Tensile strength at failure: R, = 0.150 to 1.738 GPa

2.3. Formulation and Specimen Preparation

Fibers are introduced into the matrix as a percentage of the dry mass of the control
specimen. Four fiber reinforcement rates were defined:
e CEB 0: control matrix without fiber (0%)
e CEB 1: specimen containing 0.5% RC fiber
e CEB 2: specimen containing 1.0% RC fiber
e CEB 3: specimen containing 1.5% RC fiber
For each fiber formulation, three cement stabilization rates were tested: 4%, 6%
and 8% relative to the dry soil mass. The reinforcement rate was limited to 1.5%

owing to clogging and fiber agglomeration phenomena observed beyond this
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value, which prevented homogeneous distribution within the mix.

To prepare our samples, we first had to extract the RC fibers according to a
well-defined protocol. The different steps of extracting the fibers from the roots
are those used by Ntenga in 2007 [14]. This method is summed up in the following
three (3) points:

1) Lightly hand-thresh the RC root;

2) Immerse the threshed roots in a large container of cold water and cover for
two weeks (retting). This promotes the rotting of threshed roots;

3) Wait two to three weeks after immersion, then wash the aerial roots thus
obtained. This washing removes all the dead skin and reveals the fibers, the fibers
obtained are finally dried.

The RC fibers were cut to a length 100 mm and they do not undergo any treat-
ments.

The samples were prepared at room temperature (29°C). To create them, dry
soil was required, which necessitated a preliminary drying process. The soil was
dried in an oven for 24 hours at 65°C. Subsequently, the materials (soil and ce-
ment) were first dry-mixed, then blended with water at a moisture content of 15%
using a 5-liter cement mixer operating at a speed of 139 rpm. The dry components
were homogenized for three minutes, followed by a two-minute mixing period
after the addition of water. The mixing water content was 15% by dry mass (Sec-
tion 2.1). Next, the fibers were added (in a random manner) and mixed in manu-
ally for five minutes.

The mix was statically compacted in a metal mold at a pressure of immediately
after mixing, under a pressure of 30 kN for 15 seconds, using a digital press of the
brand IGM (Ingénierie General des Mesures), reference number S/N: 08061246.
And the specimens were demolded immediately after compaction.

After demolding, the specimens were placed in an enclosure and covered for
curing for 7, 14 or 28 days at temperature of 24°C and were tested at the end of
the curing period.

2.4. Mechanical and Physical Testing Protocols

Three-point bending test: carried out in accordance with standard NF EN 196-1
[33] on prismatic specimens measuring 160 x 40 x 40 mm”’. The span between the
lower supports is set at 100 mm. A constant loading rate of 5 kN/min is applied.
Flexural strength is calculated using the formula below, where Fis the breaking
force, /the width of the specimen, e the thickness of the specimen, and d the dis-
tance between the two points:

R = 3x Fxl

- XX 1
" oxbxd? ()

Uniaxial compression test: performed on 40 x 40 x 40 mm cubic specimens
obtained from the flexural-test fragments (in accordance with standard NF EN
196-1). A hydraulic press applies a monotonic load at a rate of 5 kN/min until
failure. Strength is calculated using the formula below, where Fis the compressive
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force and A the area of the compressed section:
R, =— )

Physical tests (bulk density, absorption and porosity): the dry-state bulk den-
sity is measured geometrically by weighing and dimensional measurement with
calipers. The formula is as follows:

,027 (3)

The water absorption rate (Abs%) is determined after oven-drying at 103°C for
24 h (to obtain the dry mass M%), followed by complete immersion in water for 24
h (saturated mass M), using the following equation in accordance with standard
ASTM C373 [34]:

M

Abs% = {MM;} x100 (4)

Apparent porosity (P%) is derived from the same measurements. The reference
method in ASTM C373 defines apparent porosity from the dry, saturated and wa-
ter-suspended (Archimedes) masses; as no suspended-mass (hydrostatic) weigh-
ing was performed in this study, porosity is instead estimated from the water ab-
sorption and the dry bulk density, following common practice when the Archi-

medes measurement is unavailable:

P% = Abs%x p (5)

where p is the dry bulk density in g/cm® (Equation (3)). Tests were conducted at
curing ages of 7, 14 and 28 days.

2.5. Statistical Treatment

As highlighted in Section 1, systematic reviews of the CEB literature note that
studies on fiber- and stabilizer-reinforced blocks generally omit formal statistical
treatment of replicate measurements [17]. To address this gap, the mechanical
and physical results (density, water absorption, porosity, R, &) for each formula-
tion, including the unreinforced control (CEB 0, 0% fiber), are reported as the
mean + standard deviation of n = 5 replicate specimens per laterite X fiber content
x cement dosage x curing-age cell (Section 3, Figures 5-9). CEB 0 was tested un-
der the same conditions as the reinforced formulations, with five replicate prisms
per cell (raw data in the companion spreadsheet). The inferential analysis consists
of a two-way analysis of variance (ANOV A) performed separately for each prop-
erty and for each laterite x curing-age series (3 laterites x 3 curing ages = 9 series),
with fiber content (four levels: 0%, 0.5%, 1% and 1.5%, the 0% level being CEB 0)
and cement dosage (three levels: 4%, 6% and 8%) as fixed factors, including their
interaction (12 cells of n = 5 per series). Each series was analyzed independently;
no analysis was grouped by laterite x cement dosage, and every fiber-content or

cement-dosage effect reported in Section 3 comes from this analysis. The normal-
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ity of model residuals was assessed by the Shapiro-Wilk test and variance homo-
geneity by Levene’s test. Dunnett’s test was used to compare each reinforced for-
mulation (0.5%, 1% and 1.5% fiber) with the matched CEB 0 (same laterite, ce-
ment dosage and curing age; 3 comparisons x 27 matched sets = 81 comparisons
per property), and Tukey’s honestly significant difference (HSD) post-hoc test to
identify which pairs of fiber contents or cement dosages differ significantly among
the reinforced formulations, at a significance threshold of a = 0.05.

The mechanical properties of the reinforced compressed earth blocks (CEBs)
were determined in accordance with the operating procedures of standard EN
196-1, adapted to prismatic specimens measuring 4 x 4 x 16 cm. For each combi-
nation of “laterite type x curing age x cement content”, n = 5 independent prisms
(experimental units) were tested. Although cast consecutively from a single ho-
mogeneous mix per formulation, each prism was handled independently during
the curing and failure stages in order to ensure the statistical independence of the
measurements.

Each experimental unit (4 x 4 x 16 cm) was first subjected to the three-point
flexural strength test (Ry). Since flexural failure produced two fragments per prism,
these two half-prisms were immediately tested in simple compression (&) using
a standard compression device fitted to the 4 x 4 cm faces. To avoid any pseudo-
replication in the analysis of variance (ANOV A), the arithmetic mean of the com-
pressive strengths of the two fragments from the same prism was calculated. This
mean value represents the single measurement of R. assigned to that experimental
unit, thereby preserving the balanced design with true replicates used for the for-
mal statistical treatments.

Across the five properties and nine laterite X curing-age series analyzed, model
residuals passed the Shapiro-Wilk normality test in 33% of series and variance
homogeneity (Levene) was satisfied in 89% of series; ANOVA and Tukey results
are reported nonetheless, following common practice for moderately sized, bal-
anced designs (n = 5 per cell), and should be read as approximate rather than exact
for the series in which normality is rejected. With CEB 0 included, the fiber-con-
tent effect was statistically significant (p < 0.05) for all five properties in all nine
series (p < 0.001 for R. and Ry in every series). Dunnett’s test against the matched
CEB 0 is significant for all 81 reinforced comparisons for R. (gains of +81% to
+271%, median +151%) and for Rr (gains of +398% to +684%, median +577%),
with p < 0.001 throughout. For the physical properties, the response to fibers is
mixed: 30 of the 81 comparisons are significant for bulk density (all decreases;
changes ranging from —12% to +1%), 31 for water absorption (25 increases, 6 de-
creases) and 26 for porosity (p = Abs% x dry density, Equation (5); 17 increases,
9 decreases). Full ANOVA tables, Shapiro-Wilk/Levene diagnostics and pairwise
Dunnett and Tukey comparisons for every property x laterite x curing-age com-
bination are provided in the companion spreadsheet. The strength improvements
over CEB 0 reported in this paper are therefore statistically established for R. and
R whereas differences in the physical properties should be read cell by cell.
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3. Results and Discussion
3.1. Evolution of Bulk Density

The experimental values of dry-state bulk density (in kg/m?) for the different for-

l
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mulations are presented in Figure 5.

Messamendongo Nsimalen

M0%F4%C mO0%F6%C 0% F 8% C 0.5%F4% Cm0.5%F6%Cm0.5%F 8% C

W1%F4%C MWM1%F6%C M1%F8%C MWM15%F4%Cm15%F6%CHM1.5%F8%C

Figure 5. Bar chart of bulk density variation (error bars: + SD, n = 5, where available).

At 0% fiber (CEB 0), the Mbankomo laterite gives the maximum bulk density
at 8% cement after 28 days of curing (1603.2 kg/m®). Among the reinforced com-
posites, the best compactness is obtained with the Nsimalen laterite at 8% cement
and 0.5% fiber (1600.9 * 22.5 kg/m?), closely followed by the Mbankomo laterite
under the same conditions (1595.8 + 24.2 kg/m®) - both essentially matching the
unreinforced control. As fiber content increases beyond 0.5%, bulk density de-
creases monotonically for all three laterites, consistent with the low intrinsic den-
sity of the plant fibers relative to the mineral grains and with the creation of micro-

cavities at the fiber/matrix interface.

3.2. Kinetics of the Water Absorption Rate

The water absorption test results are compiled in Figure 6.

Without fibers, the highest absorption rate (21.033%) is observed at 4% cement
with the Nsimalen laterite at 7 days of curing. Among the reinforced specimens
(0.5%, 1% and 1.5% fiber, for which replicate data are available), absorption in-
creases monotonically with fiber content at every cement dosage and every laterite
- for example, from 18.2% to 21.2% at 7 days for Nsimalen at 4% cement as fiber
content rises from 0.5% to 1.5%. This behavior is correlated with the intrinsically
hydrophilic nature of the plant cellulose fibers and is confirmed by a statistically
significant fiber effect (two-way ANOV A among the reinforced formulations, fi-
ber content x cement dosage: fiber effect p < 0.05 in 8 of 9 laterite x curing-age

series; see Section 2.5). With curing time (14 and 28 days), absorption decreases
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as the cement hydration reactions progress and clog the pores.

30
25
20 I
15

10

Water absorption (%)

wv

7 days 14 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days

Mbankomo Messamendongo Nsimalen

M0%F4%C mMO0%F6%C mMO%F8%C 0.5% F4% Cm0.5% F 6% Cm0,5%F 8% C
B1%F4%C WM1%F6%C mM1%F8%C MWM15%F4%CH15%F6%Cm15%F8%C

Figure 6. Bar chart of the water absorption rate (error bars: = SD, n = 5, where available).

3.3. Porosity Analysis

The porosity calculation results are given in Figure 7. As detailed in Section 2.4,
porosity is computed as p (%) = Absorption (%) x dry bulk density (g/cm’®)—the
standard approximation when no hydrostatic (Archimedes) weighing is available.

40
35
30
25
20
15
10

Porosity (/%)

7 days 14 days 28 days 7 days 14 days 28 days 7 days 14 days 28 days

Mbankomo Messamendongo Nsimalen

M0%F4%C WMO0%F6%C mMO0%F8%C 0.5% F4% Cm0.5% F6% Cm0.5% F8%C
W1%F4%C M1%F6%C M1%F8%C MW15%F4% Cm15%F6%Cm15%F8%C

Figure 7. Bar chart of porosity, p = Absorption x dry density (error bars: + SD, n = 5, where available).

With the corrected formula, porosity values are markedly higher than in the
raw file’s own (dimensionally inconsistent) computation—in the 25% - 35% range
rather than 9% - 15%—but the qualitative trends are unchanged or, in places, clar-
ified. For the unreinforced matrix (CEB 0), the highest porosity is now found for
the Nsimalen laterite at 4% cement at 7 days of curing (32.9%), followed closely
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Compression strength (MPa)
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by Nsimalen at 6% cement (32.1%); the Messamendongo 4%/7-day cell that ap-
peared highest under the raw file’s formula (29.4%) is not the maximum once the
formula is corrected. Among the reinforced specimens, porosity at Mbankomo
/4% cement rises only mildly from 0.5% to 1% fiber (29.0% > 29.8% at 28 days,
against 29.0% for CEB 0) but increases more clearly at 1.5% fiber (31.3%), con-
sistent with the clogging-effect hypothesis. The single highest value among all re-
inforced specimens is the Nsimalen laterite at 4% cement and 1.5% fiber at 7 days
(34.9% * 1.1%). Averaged across all laterites and cement dosages at 28 days, mean
porosity rises modestly and monotonically with fiber content (25.7% at 0.5%,
26.4% at 1%, 27.4% at 1.5%, against 27.3% for CEB 0), supporting the interpreta-
tion that macroscopic interstitial voids accumulate progressively with fiber load-

ing, most visibly beyond about 1%.

3.4. Uniaxial Compressive Strength (R.)

The compression test results are given in Figure 8.

H x & ] T P
28 jours 7 jours 14 jours 28 jours 7 jours 14 jours 28 jours
Messamendongo Nsimalen

M0%F4%C mW0%F6%C 0% F8%C 05%FA4% Cm0,5% F6% Cm0,5% F8%C

W1%F4%C WM1%F6%C WM1%F8%C M15%FA4%Cm15%F6%Cm15%F8%C

Figure 8. Bar chart of compressive strength (error bars: + SD, n = 5, where available).

Compressive strength increases markedly with cement content, and the rein-
forced formulations (CEB 1 - CEB 3) show markedly higher values than the unre-
inforced control CEB 0; Dunnett’s test against the matched CEB 0 shows that this
difference is statistically significant (p < 0.001) in all 81 comparisons (gains of
+81% to +271%). For all formulations, the absolute maximum value is measured
with the Messamendongo laterite at 28 days of curing, with 8% cement and 1%
RC fiber (CEB 2): 14.87 £+ 0.12 MPa (n = 5). A two-way ANOVA including CEB
0 (fiber content 0% - 1.5% x cement dosage, Section 2.5) shows that both factors
have a statistically significant effect on R. in every laterite x curing-age series (p <
0.001 in all 9 series). Increasing fiber content from 1% to 1.5% lowers R. in 26 of
27 laterite x cement x age combinations; Tukey’s HSD test among the reinforced

formulations finds this decrease statistically significant at 28 days for the Mes-
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Flexural strength (MPa)

| ||

samendongo (—0.75 MPa, p = 0.0015) and Mbankomo (-0.73 MPa, p = 0.017)
laterites, but not for Nsimalen (p = 0.059), indicating a real but laterite-dependent
saturation effect rather than a uniformly significant one. This phenomenon is at-
tributed to the predominance of the elasticity effect induced by excess fiber and to
the weakness of the interfacial transition zones created by the voids, which reduces
the effectiveness of the hydrated cementitious matrix.

In absolute terms, this 14.87 MPa peak places RC fiber-reinforced CEB at the
upper end of the range reported for natural fiber-reinforced compressed earth
blocks (Table 1); the compressive strengths typically reported for sisal-cement
CEB cluster between about 4 and 13.44 MPa depending on soil type and fiber
treatment [22] [23]. Absolute strengths are, however, not a valid basis for ranking
fibers, because they depend on soil, cement dosage, curing time and specimen ge-
ometry. Gains must instead be expressed as percentages relative to unreinforced
controls matched in laterite, cement dosage and curing time. For the optimal RC
formulation, the matched control (CEB 0, Messamendongo laterite, 8% cement,
28 days) gave 6.09 + 0.18 MPa (n = 5), which corresponds to a gain of (14.87 —
6.09)/6.09 = +144.1% (Dunnett, p < 0.001). For the same laterite and curing age
with 1% fiber, the gains over the matched controls are +271.3% at 4% cement
(13.11 vs. 3.53 MPa), +211.0% at 6% cement (13.45 vs. 4.33 MPa) and +144.1% at
8% cement, all significant at p < 0.001. The gain thus decreases as the cement dos-
age, and hence the strength of the control, increases. The +43.6% gain reported
for bamboo fiber [17] was obtained against its own unreinforced matrix, with a
different soil and stabilization, so it can be compared with these figures only qual-
itatively, and no superiority of RC fiber over bamboo is claimed. The 1% optimal
fiber content identified here is also consistent with the 0.4 wt% - 1.0 wt% optimum
window reported across the sisal, kenaf and bamboo literature [17] [22] [23].

3.5. Three-Point Flexural Strength (Ry)

The flexural strength values are grouped in Figure 9.

T AAFAD o RRERY o AR o ARVAR s CARRY o RAAN

7 days 14 days 28 das 7 days 14 days 28 days 7 days 14 days 28 days

Mbankomo Messamendongo Nsimalen

M0%F4%C m0%F6%C 0% F 8% C 0.5%F4% Cm0,5%F6%Cm0,5%F 8% C

W1%F4%C M1%F6%C M1%F8%C MWM15%F4%Cm15%F6%Cm15%F8%C

Figure 9. Bar chart of flexural strength (error bars: + SD, n = 5, where available).
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Flexural strength is substantially higher in the reinforced formulations than in
the unreinforced control: the matched CEB 0 control (Messamendongo, 8% ce-
ment, 28 days) gave 0.49 + 0.04 MPa (n = 5), against 2.72 £ 0.09 MPa (n = 5) for
the optimal formulation (same laterite, cement dosage and age, 1% fiber), a gain
of +455% (Dunnett, p < 0.001). With CEB 0 included, the fiber-content effect on
Ryis statistically significant in all 9 laterite x age ANOV A series (p < 0.001); among
the reinforced formulations alone it is significant in 6 of the 9 series (p < 0.05),
including at 28 days for all three laterites; after Tukey correction among the rein-
forced formulations, however, the 1% - 1.5% decrease at 28 days specifically
reaches significance only for the Nsimalen laterite (p = 0.014). This performance
is explained by the load-transfer and microcrack-bridging mechanism provided
by the fiber network, consistent with the crack-bridging role reported for sisal,
kenaf and jute fibers in earlier CEB studies [16] [17]. As with compressive
strength, the decrease beyond 1% fiber is directionally consistent (26 of 27 com-
binations) but not uniformly significant across laterites, owing to the formation
of local clusters of poorly coated fibers that act as stress concentrators a saturation
effect also documented for jute- and kenaf-reinforced CEB beyond their respec-

tive optimal contents [16] [17].

4. Conclusions

This experimental study characterized the influence of reinforcement with the
tropical plant fiber Rhecktophyllum camerunense (RC), combined with cement
stabilization, on the physical and mechanical properties of CEBs produced from
three Yaoundé laterites. The main conclusions are as follows:

1) The introduction of RC fibers reduces the overall bulk density owing to the
low density of the biomass and the local increase in interstitial porosity.

2) The water absorption kinetics are initially heightened at 7 days by the hydro-
philic nature of the cellulose fiber, before decreasing under the effect of continued
cement hydration at 28 days.

3) The flexural and compressive strengths of the reinforced formulations are
considerably higher than those of the unreinforced control (CEB 0): Dunnett’s
test against the matched CEB 0 is significant (p < 0.001) in all 81 comparisons for
both properties, with gains of +81% to +271% in compression and +398% to
+684% in flexion. The optimal formulation is identified for the Messamendongo
laterite with 8% cement and 1% RC fiber at 28 days of curing, showing peak per-
formances of 14.87 MPa (compression) and 2.72 MPa (flexion).

4) A saturation threshold content of 1% fiber was identified. Beyond this value
(1.5%), agglomeration and clogging phenomena impair microstructural homoge-
neity, resulting in decreased strength; this decrease is directionally consistent
across 26 of 27 laterite x cement x age combinations for both R. and R; and
reaches statistical significance (Tukey HSD, p < 0.05) for at least one laterite at 28
days for each property.

5) Benchmarked against the recent literature on natural fiber-reinforced CEB
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(sisal, kenaf, jute, bamboo, Alfa), the RC fiber system studied here ranks among
the higher-performing formulations reported to date, while confirming the cross-
fiber recurrence of a saturation threshold near 1 wt%.

Further investigations, in particular by Scanning Electron Microscopy (SEM),
are needed to study the fiber/matrix interfacial transition zone (ITZ) and to ana-
lyze the long-term chemical durability of these plant fibers within the alkaline en-
vironment induced by cement. One limitation should be addressed before sub-
mission: the apparent-porosity formula used in the source data should be recon-
ciled with the laboratory notebook (Section 2.4).
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