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ABSTRACT:

This study examines the performance and the durability of the geocomposite obtained by replacing cement by rice husk ash (RHA)-
based geopolymer in stabilizing laterite soil for the use in pavement construction. For that laterite soil was first characterized through
tests such as Atterberg limits, compaction test, Californian Bearing Ratio (CBR) and Unconfined Compressive Strength (UCS), and
X-ray diffraction. Thermogravimetry (TG) coupled with differential (DTG) and X-ray diffraction analysis showed that the calcination
of rice husk power (RHP) at 800°C leaded to amorphous silica needed for the geopolymer synthesis. It was found that the optimum
geopolymer formulation 80%MK+20%RHA presents the best physical and mechanical performance, achieving a density of 1.61 t/m?,
a water accessible porosity of 20% and an unconfined compressive strength of 24.6 MPa. The optimum geopolymer formulation was
used to stabilize the laterite soil for base layer of pavement. Unconfined compressive strength of geopolymer-stabilized laterite soil is
approximately 8% larger than that of cement-stabilized laterite soil. Unconfined tensile strength of geopolymer-stabilized laterite soil
is approximately 20% larger than that of cement-stabilized laterite soil. Furthermore, the durability analysis showed that the unconfined
compressive strength and the bending strength of geopolymer-stabilized samples decrease up to 70% of the initial compression strength
and 75% of the initial bending strength with increasing cyclic wetting-drying, respectively. However, the unconfined compressive
strength and the bending strength of geopolymer-stabilized laterite soil are approximately twice those of cement-stabilized laterite soil
for a given cyclic number of wetting-drying. The FE simulations of pavement under traffic loading showed that the base layer stabilized
with geopolymer and the base layer stabilized with cement present comparable performance regarding the vertical and shear
deformation.
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1. INTRODUCTION a prominent place in public policies, as illustrated by the case of

Benin, where the transportation infrastructures account for more

Infrastructures play fundamental role in the development of than 25% of the Government Action Program 2021-2026.
nations, and boost economic, social, and environmental  However, although these construction projects are essential, they
prosperity of countries. Their construction and maintenance hold face major technical challenges, particularly the low bearing
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capacity of the soils used for pavements, which leads to high
costs and limits the durability of infrastructures (Elvis et al.
2023).

Soil stabilisation using traditional binders such as cement or lime
has long been the preferred solution for improving soil
performance. However, this approach has significant limitations,
particularly in terms of cost and environmental impact. The
cement industry alone was responsible for 8% of global
greenhouse gas emissions in 2009 (Habert et al. 2020). CO2
emissions are expected to increase significantly in the coming
decades (Humphreys et al. 2002) (Damtoft et al. 2008). If no
action is taken, this trend could quadruple by 2050 (Damtoft et
al. 2008). Hence, cement production can represent a serious
threat to the ecological balance of the planet. Therefore, the
questions of exploring alternative, sustainable, and economically
viable solutions needed to be solved.

Rice husk ash (RHA) is one of interesting industry by-products
for replacing cement due to its pozzolanic properties. Produced
from the calcination of rice husks, RHA has a high silica content,
reaching approximately 91.37%, which enhances mechanical and
chemical properties of RHA stabilised soil (Botchway et al.
2020) (Ahlinhan et al. 2024). The silica in rice husk ash is
primarily in amorphous form, making it a reactive material.
Indeed, RHA can participate to pozzolanic reaction in the
presence of an activator such as calcium hydroxide (lime or
cement), leading to the partial substitution of cement by RHA
(Elvis et al. 2023), (Nguyen 2020), (Ahlinhan et al. 2024).

In recent years, rice husk ash instead of cement has been widely
used in soil stabilization, particularly for laterite soils and clays
for reducing greenhouse gas emissions. Soil stabilization is
simply a method to improve the properties of soil. There are
many methods for soil stabilization, including chemical,
physical, mechanical, and thermal techniques. The chemical
stabilization of soil, such as laterite, is achieved by adding
chemical agents like cement to ensure good grain bonding and
improve various soil properties (Ahlinhan et al. 2024). Several
studies have obtained interesting results using RHA as a partial
substitute for cementitious binders. For instance, (Wibowo et al.
2023) used rice husk ash and pozzolanic cement as additional
materials for soil stabilization. Their study concluded that the
bearing capacity of the stabilized soil increased compared to the
unstabilised soil.

O. Eberemu (2011) studied the consolidation properties of
compacted laterite soil treated with rice husk ash. It was observed
that the pre-consolidation stress increased with increasing RHA
content and that it first decreased before increasing again with
higher moisture content. B. Bournebe (2023) used rice husk ash
for soil stabilization, and observed that the optimum cement
proportion was 8%, and the treated soil's UCS and soaked CBR
values increased up to 1.83 MPa and 142%, respectively.

However, despite these promising results, studies on soil
stabilization using RHA face limitations when it is used alone
due to its low soil improvement potential. Therefore, RHA was
sometimes combined with cement (Alhassan 2008). These
limitations open the way for the exploration of alternative
binders, such as geopolymer binders, which were once widely
used in the production of compressed earth bricks (CEB) (Sore et
al. 2018), (Ahlinhan et al. 2024). These binders stand out for their
ability to produce durable, high-performance materials with low
environmental impact. Synthesized from aluminosilicate-rich
materials like metakaolin and activated by alkaline solutions,

these binders offer a credible alternative to cement while utilizing
agricultural waste such as RHA for the stabilization of pavement
layers.

This study follows an innovative approach by integrating
geopolymer technology, previously used in concrete or CEB
manufacturing, into pavement engineering, an area that, remains
largely unexplored. The objective of this research is to develop
and characterize a geocomposite material derived from the
stabilization of laterite soil using RHA- based geopolymer
binder, and to assess the performance and the durability of the
resulting geocomposite. This material, intended for road base
layers, aims not only to improve the mechanical performance and
durability of road infrastructure but also to reduce greenhouse gas
emissions and associated costs. By focusing on the interaction
between laterite soil and the geopolymer binder, as well as the
behaviour of the material in its environment, this research
contributes to the development of sustainable solutions for road
infrastructure in alignment with sustainable development goals.

2. MATERIALS AND METHODS
Materials

The laterite gravel studied in this research was gathered in the
department of Zou, specifically in the commune of Djidja, in the
district of Mougnon. The geographic coordinates of the site are
7°13'42.92"N (latitude) and 1°59'38.67"E (longitude). The
kaolinite clay used for obtaining metakaolin was extracted from
a local quarry in Zogbodomey (7.0670° N and 2.33466° E) in the
department of Zou in Benin. Table 1 presents the semi-
quantitative composition of the clay, which contains 40%
kaolinite and 39% quartz (Ahlinhan et al. 2024).

Kaolinite Quartz

40% 39% 10% 5% 4% 2%

Goethite  Smectite Illite Anatase

Table 1. Semi-quantitative composition of the Zogbodomey
clay (Ahlinhan et al. 2024)

The data in Table 1 show that the clayey soil from Zogbodomey
was mainly composed of kaolinite and quartz. This natural
mineralogical composition is favourable for the production of
geopolymer binder. The rice husk was collected from the rice
husk disposal near the rice factory of Zinvé in the distinct of
Abomey-Calavi in Benin. In this factory, the edible rice grains
were separated from their husks, which were discarded in the
disposal. The collected rice husks were washed to eliminate
organic matters and debris. The clean rice husks are then ground
into fine particles and passed through 400 mm sieve to obtain the
Rice Husk Powder (RHP), that are calcined to obtain the Rice
Husk Ash (RHA). Tape water at temperature of about 25°C was
used for the experimental tests.

Methods

The laterite soil and the kaolinite clay were firstly characterized.
Table 2 presents physical identification and mechanical tests
performed for characterizing materials. Additionally, laterite soil
sample and rice husk powder were subjected to X-Ray
Fluorescence (DRX) test to determine their chemical
composition. The test was conducted at research centre SEME
CITY in Republic of Benin.
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Physical identification
tests
Moisture content

Standards applied

NF EN ISO 17892-1 (BS EN ISO
17892-12, 2018)

NF EN ISO 17892-4 (EN ISO
17892-10: 2018)

NF EN ISO 17892-12 (CEN ISO
TS 17892-1: 2014)

Particle size
distribution
Atterberg limits tests

Methylene-blue EN 933-9
absorption test
Organic matter content ~ ISO 14235

Proctor compaction test NF P94-093, 2014

California Bearing NF P94-078, 2014

Ratio (CBR)

Unconfined ASTM C39/C 39M, 2009
Compressive Strength

(UCs)

Table 2. Physical identification and mechanical tests performed
on materials

Moreover, RHP was subjected to combined thermogravimetry
(TG) and differential (DTG) for determining the optimum
calcination temperature by which the Rice Husk Ash (RHA)
presented amorph chemical compound (no crystalline form of
chemical compound), that can react with the chemical
compounds of laterite soil and kaolinite. Then, four geopolymers
binder with different formulations were synthesised by mixing
metakaolin with RHA and activator solution of 12M NaOH. The
performance of geopolymer samples of 4cm x 4cm x 16cm were
evaluated by means of density, absorption, UCS test for
determining the optimum geopolymer formulation.

The laterite soil was stabilized with the optimum geopolymer
formulation. The stabilized soil samples were then subjected to
compaction, CBR and UCS test for determining the physical and
mechanical properties of the geo-composite (laterite soil +
geopolymer). For control samples, the laterite soil was further
stabilized with Portland cement and the physical and mechanical
properties of stabilized soils such as optimum moisture content
(OMC), Maximum Dry Density (MDD), California Bearing
Ratio (CBR) and Unconfined Compressive Strength (UCS) were
determined.

Finally, the performance of geopolymer stabilized laterite
samples and cement stabilized laterite samples was compared and
evaluated for fulfilling the requirement of road design guideline
CEBTP for tropical countries. The graphic abstract presents a
simplified graphical illustration of the methodology used for this
study.

2.1.1 Syntheses of geopolymer binder with RHA: The
metakaolin used for the synthesis of the geopolymer was
obtained by calcining local clay at 800°C for 3 hours (10°C/min).
Before calcination, the clay was first ground and sieved to 100
pum mesh sieve. The rice husk was also ground and sieved to 100
um before the calcination. Rice husk ash was obtained by
calcining local rice husks powder at 800°C for 4 hours at a
temperature rate of 10°C/min.

A 12M sodium hydroxide solution, prepared by dissolving 99%
pure NaOH crystals in distilled water, was used as the activation
solution for the calcined materials. The synthesis of the
geopolymer binder was carried out in two distinct phases.

First, the aluminosilicate ash (metakaolin) and silicate ash (rice
husk ash) were carefully mixed and blended in a mixer about 10
minutes until the mix became homogeneous. Then, the alkaline
solution NaOH was added, and the mixture of the ashes and the
solution was thoroughly homogenized in the mixer for an
additional 10 minutes until the mixture became homogeneous. A
mass ratio (alkaline solution of NaOH to the ashes (metakaolin +
RHA)) of 0.7 was used for the geopolymer synthesis. This ratio
of 0.7 resulted from its influence of the physical performance of
geopolymer for achieving a consistent geopolymer binder (Sore
et al. 2018), (Ahlinhan et al. 2024).

The resulting geopolymer binder was then used to produce
geopolymer sample of 4x4x16 cm?® The geopolymer in the
mould of 4x4x16 cm® was subjected to compaction using a
vibrating table. The sample in mould underwent 120 impacts to
expel air trapped within the geopolymer's pores (Ahlinhan et al.
2024).

Based on the results reported by Ahlinhan et al. (2024) [6], where
geopolymer was produced with the same metakaolin but with
corn cob ash, it was observed that the strength of geopolymer
binders increases with the ash content, reaching 12.08 MPa after
14 days of curing for the formulation of 85% metakaolin and 15%
activated ash.

Therefore, the following four formulations of geopolymer
binders are synthesized in the present study:

*GB1: 100% metakaolin activated by NaOH solution (12 M)
*GB2: 90% metakaolin and 10% rice husk ash activated by
NaOH solution (12 M)

*GB3: 80% metakaolin and 20% rice husk ash activated by
NaOH solution (12 M)

*GB4: 70% metakaolin and 30% rice husk ash activated by
NaOH solution (12 M)

Once the samples were prepared, they were covered with a
polyethylene film to prevent water evaporation during setting and
hardening. The samples were left at the laboratory's ambient
temperature approximately 30°C for 7 days before undergoing
heat treatment at 60°C, in accordance with the studies conducted
by Ferone et al. (2011), Ahlinhan et al. (2024). Laterite soil was
stabilised with geopolymer binders for improving its physical
and mechanical performance in base layer of pavement. Similar
methodology was adopted for the control samples, i.e. laterite soil
stabilized with cement. Reference is made to (Ahlinhan et al.
2024), (Sore et al. 2018) for details regarding stabilisation
process of laterite soil with geopolymer binder and cement.

2.1.2  Durability analysis procedure: To evaluate the
durability of geopolymer-treated road foundation materials, the
geopolymer-stabilized samples were compacted, subjected to
wetting-drying cycles before subjecting to unconfined
compressive strength and bending strength. Finally, the test
results of geopolymer-stabilized laterite soil were compared to
cement-stabilized ones. The test procedure for the durability
consists of two main parts: phase of sample compaction and
phase of wetting-drying to simulate the wet (flooding) and dry
(drought) seasons.

The dynamic compaction of the prepared sample was achieved
by a falling mass of 4.5 kg from a height of 45.7 cm
corresponding to compaction energy for Proctor test modified,
used for compacting the base layer of pavements, The mixture
consisting of laterite soil and geopolymer were then compacted
in two layers with repeated blows. Initially, the first layer is
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formed by filling the 4x4x16 cm? mould with the mixture and
compacting it using the modified Proctor hammer. Scratches and
grooves are made on the surface of the first layer to roughen it,
enhancing the bond between the first and the second layer. After
compaction, each layer has an approximate thickness of 2 cm.
The hammer diameter of 5 cm for Proctor test modified is larger
than the mould width of 4 cm, so that the hammer cannot enter
into the mould for compacting the mixture. To facilitate the
compaction and the adapted compacting energy accounting for
sample volume and additional metal plate, the blows (12 blows
per layer) were applied to the mixture through a metal plate (37
mm width, 157 mm length, and 35 mm thickness) placed onto the
sample surface. The metal plate is divided into three sections with
specific compaction patterns, as shown in 3 and 4. After the
compaction, the stabilized samples are wrapped in plastic film
and cured for 28 days before being subjected to wetting-drying
cycles.
16 cm

<
<

v

1 2 3

7 Figufe 3. Compaction plane of sample

Figure 4. Sample compaction: modified Proctor hammer (A),
metal plate (B) 3xmould 4x4x16 cm?3

In this study, the wetting-drying cycle test was carried out
following the procedure described in Abbey et al. (2023), ASTM
D559/D559M-15 (2016). After curing the samples, the plastic
film was removed from the samples, and they were wrapped with
adhesive tape, leaving the top and bottom exposed. This was done
to keep the sample intact as a single piece during the wetting-
drying cycles. All samples were immersed in water for 5 hours at
an ambient temperature of 20 + 2 °C to simulate flooding during
heavy rainfall.

After the 5-hour soaking period, the samples were removed,
weighed, and their mass was recorded for monitoring mass
variations throughout the cycles. Following the soaking phase,
six samples were set aside, three samples were tested for
unconfined compressive strength (UCS) and three samples were
tested for bending strength (wetting cycle No. 1).

The remaining soaked samples were then placed in an oven at a
temperature of 71 £ 3 °C for 42 hours to simulate extreme
drought conditions or high temperatures. After 42 hours, the dry
samples were taken out, and their masses were recorded. Next,
six samples were set aside, three tested for unconfined
compressive strength (UCS), and three tested for bending
strength (drying cycle No. 1).

This procedure constitutes one wetting-drying cycle (48 hours).
The process was repeated until 12 cycles were completed to
assess the effect of wetting-drying cycles on the durability of the
treated foundation layers for pavement. To evaluate the durability
of geopolymer-treated road foundation materials, the
geopolymer-stabilized samples were compacted, subjected to
wetting-drying cycles before subjecting to unconfined
compressive strength and bending strength. Finally, the test
results of geopolymer-stabilized laterite soil were compared to
cement-stabilized ones. The test procedure for the durability
consists of two main parts: phase of sample compaction and
phase of wetting-drying to simulate the wet (flooding) and dry
(drought) seasons.

2.1.3  Simulation and modelling: A three-dimensional finite
element model of a pavement system consisting of surface layer,
base layer stabilised with geopolymer, sub-base layer and natural
soil has been developed and analysed. The finite element
programme Abaqus 3D CAE Version, 2021 has been used for the
simulations. In order to reduce computational effort, only one
half of the pavement structure was modelled. Preliminary
analyses have been carried out for determining the model
geometry and the mesh size in order to reach sufficient accuracy
of the results and to avoid the influence of the boundary
conditions. These analyses lead to model with width of 3 m,
length of 3 m and depth of 2 m. A mesh based on C3D8 (8-knot
volume elements) elements available in the Abaqus 3D has been
applied. The elastic behaviour is considered for the different
layers of the pavement. A static load was applied to at the centre
of the FE model. This load was applied perpendicularly to
equivalent surface of the pavement, approximately
corresponding to the footprint of a truck tire (Hadi et al. 2003).
The load used in this analysis is 3.25 tons, representing the load
on one wheel of a standard 13-ton tandem axle load. Fixed
boundary conditions are applied at the corner and bottom of the
model. The parallel faces to the z-axis is blocked in the direction
of the x-axis, and the model is fixed at the bottom (Wang et al.
2021).

3. RESULTS AND DISCUSSIONS
Physical and chemical analysis of raw materials

3.1.1 Physical analysis: Figure 5 presents the curves of grain
size distribution for the laterite soil and clay used. The soil
consists of wide graded clayey and silty sand with about 20% of
gravel. The soil classification in accordance with NF EN ISO
17892-4, (EN ISO 17892-10: 2018) shows that the laterite soil
tested is of class BS. The grain size distribution curves lie within
the lower and upper bound curves for the base layer specified by
the road guideline CEBTP. Therefore, the laterite soils tested can
be used for base layer of pavement regarding the grading point of
view.
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Figure 5. Grain size distribution curve of laterite soil and
kaolinite clay

Based on the particle size distribution shown in Figure 5, the
laterite soil contains approximately 20% gravel, 60% sand, 10%
silt and 10% clay. Atterberg limits tests showed a liquid limit of
31.25 % and plasticity index of 12.25% of the laterite soil. For
obtaining the metakaolin, the kaolinite clay was used. The clay is
characterised with a liquid limit of 70% and a plasticity index of
30%, so that this clay can potentially experience a high swelling.
The results of Proctor compaction test for the laterite soil showed
optimum water content of 10% with corresponding maximum
dry density of 2.27 t/m’.

3.1.2 Thermogravimetry (TG) and differential (DTG)
analysis: For the determination of the optimum calcination
temperature for mobilizing amorphous silica, RHP was subjected
to combined thermogravimetry (TG) and differential (DTG).
Figure 6 shows the curves of the thermal degradation
characteristics of RHP at a heating rate of 10°C/min. The
decarbonation process of the lignocellulosic biomass can be
divided into three main regions: moisture and very light volatiles
components removal (< 120°C); degradation of hemicellulose
(220-315°C); lignin and cellulose decomposition (315-400°C)
and lignin degradation (> 450°C) (Sanchez-Silva et al 2012),
(Yang et al 2007). The loss of lignin typically occurs at a slower

rate over a much wide temperature range of 180—-900°C.
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husks are known to contain hemicelluloses, cellulose and lignin.
The devolatilization region should correspond mainly to the
degradation of these components (Biagini et al. 2006). On the
DTG curves the temperatures at which maximum rate of weight
loss occurred are described by the position of the peaks in the
curve. The DTG curve of the rice husk materials during the
devolatilization stage shows a peak (after which is represented by
a noticeable change in slope of the TG curve). Based on the
temperature range at which cellulose, hemicelluloses and lignin
have been previously observed to decompose, the DTG peaks of
rice husks powder can be assigned as follow: The first DTG peak
at 120°C is probably due to the decomposition of hemicelluloses
and the second peak at 440°C is due to cellulose. Hereby, the first
and second peak are well distinct, that can be explained with high
about 20% of ash content of RHP (Antal and Varhegyi 1995).

The third region sees a much lower rate of weight loss than the
second stage. This region of biomass decomposition corresponds
to the end of cellulose decomposition, and the degradation of
heavier volatiles, the cracking of C—C bonds and the formation
of amorphous silica with high pozzolanic activity. For
temperature larger than 800°C, crystalline quartz showing poor
reaction activity with other chemical compounds will be formed.
Therefore, the decarbonation of rice husks powder was carried
out at 800°C.

3.1.3  X-ray diffraction (to be improved regarding analysis
DRX soil and RHA): The result of X-ray diffraction for laterite
soil is shown in figure 7. The diffractogram indicated that the
main chemical compounds (minerals) of the laterite soil are
silicate oxide (quartz), aluminium oxide (alumina) and iron oxide
(iron). With the EVA software, the relative abundance of each
identified mineral was estimated semi quantitatively considering
the net area of the peaks in the diffraction pattern (Table 8). The
diffractogram of RHA indicated that quartz is the main mineral
of RHA (figure 9), and the percent of the minerals is given in
Table 8. These mineral phases are those commonly present in
laterite soil reported in (Sore et al. 2008), (Millogo et al. 2008),
(Ahlinhan et al. 2024).

10000

“"“\‘(L\JLJJ

F-0.20

Zone | Zone Il Zone lll ]

0 - - - . - - -0.30

400 600 800 1000 1200
Temperature (°C)

Figure 6. Thermo-gravimetric analysis (TGA) and differential
thermal analysis (DTA) curves for RHP

As shown in figure 6, the moisture loss and very light volatiles
components removal is followed by the second region of weight
loss, i.e. devolatilization, at 240°C for rice husk powder. Much
of the devolatilization occurred in the second region of weight
loss, a result of the thermal breaking of weak bonds in the
polymeric structure of the constituent components of the biomass
and the formation of stronger, more stable bonds to take place
(Roque-Diaz et al. 1985). Lignocellulosic biomasses such as rice

Y — [ e [ SR —
10 %0 40

20

Figure 7. X-Ray diffraction of laterite soil
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Table 8. Physical and chemical properties of laterite soil,
calcined clay, cement and RHA
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Figure 9. X-Ray diffraction of calcined kaolinite clay
Physical behaviour of geopolymer

The mass loss, the apparent density, the water-accessible
porosity, and the compressive strengths of RHA-based
geopolymer binders are presented in this section, and compared
to those of CCA-based geopolymer reported in (Ahlinhan et al.
2024). Figure 10 presents the mass loss of different geopolymer
binder samples after thermal curing at 60°C for 7 days. Mass loss
of 21.29%, 21.07%, 14.38%, and 12.01% were determined for
binders GB1, GB2, GB3 and GB4, respectively. This mass loss
is attributed to the evaporation of water from the alkaline solution
(figure 11). Similar results were reported by Sore et al. (2018) for
RHA-based geopolymer and by Ahlinhan et al. (2024) for CCA-
based geopolymer.

Counts

55 min from 3deg theta 16 mm_CEMDRE BALLES DE RIZ
= Siicon Oxide: 01-089-196° |

Position [*20] (Copper (Cu))

Figure 10. X-Ray Diffraction of RHA

Furthermore, the mass loss decreases as the partial substitution of
calcined clay and rice husk ash increases. This reduction can be
explained by the fact that the silica in rice husk ash is less soluble
in hot water than in cold water. Consequently, this silica migrates
out of the geopolymer during thermal curing, reducing the
geopolymer porosity and limiting the amount of water that can
be trapped inside (Ahlinhan et al. 2024). The addition of rice husk
ash to metakaolin generally increased the amount of amorphous
silica in the aluminosilicate mixture. This likely enhanced the
release of silicate (SiO(OH)s;) compounds during the alkaline
hydrolysis dissolution stage, and improves the performance of
geopolymer. Figure 12 presents the apparent density and water-
accessible porosity of geopolymer binders cured at 60°C.
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Figure 12. Apparent density and water accessible porosity of geopolymers

In general, the density increases and the porosity decreases with
increasing RHA or CCA content. Apparent density ranges from
1.57 to 1.61 t/m3, with the maximum density achieved by GB3
(80%MK-+20%RHA). This maximum density can be attributed

to gelation and good condensation of the geopolymer gel at the
curing temperature, as well as the more developed geopolymer
phase. However, the lower density for samples GB1, GB2 and
GB4 is likely due to slower dissolution of raw materials and
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slower gel condensation, leading to lower density and higher
porosity. This higher density of the GB3 sample can lead to large
strength (Ahlinhan et al. 2024). The apparent density of the three
types of geopolymer samples (GB1, GB2 and GB4) presented in
this study are slightly lower than those obtained by Gao et al.
(2013), Sore et al. (2018). The porosity ranges from 20% to
25.99%, while the density ranges from 1.57 to 1.61.

Mechanical performance of geopolymer

The compressive strengths of the geopolymers produced with
metakaolin, RHA and NaOH, are shown in figure 13.
Geopolymers GB3 (80%MK+20%RHA) exhibit compressive
strengths of 24.60 MPa higher than those of the samples of GBI,
GB2, GB4). This result can be linked to the high density of the
geopolymer binders (LG3) as shown earlier. These results are
consistent with those reported by Sore et al. (2020), Ahlinhan et
al. (2024).

Unconfined Compressicn strength (MPa)

0% MiKs 0% RHA SOUMK10%RHA

Geopolymer sample

80%MK+20%RHA TOUMI30% RHA

an

Atanhan etal (2024

=Y

Unconfined Comprassion strength (MPa)

100% MK+ 0% CCA 55 MK+5%CCA

Geopolymer sample

90%MK+HO%CCA B5%MKHSHCCA

Figure 13. UCS of geopolymer after 14 days of curing

The improvement in mechanical strengths of geopolymers
produced with metakaolin, RHA and NaOH is in line with the
findings by (Duxson et al. (2007), (Sore et al. 2020). The
increased compressive performance of NaOH-based samples can
be attributed to a greater dissolution of aluminosilicates in the
presence of sodium hydroxide solution (Xu and Deventer 2000),
(Sore et al. 2020). The studies argued that the smaller ionic size
of Na+ promotes the formation of ion pairs with smaller silicate
oligomers, improving the bond and the cohesion between
particles.

Furthermore, it is important to note that the mechanical properties
of geopolymer binders were improved in proportion to the
amount of rice husk ash (RHA). It was found that this
improvement in strength reaches a maximum for sample GB3
(80%MK+20%RHA), achieving 24.6 MPa, before decreasing to
17.06 MPa by 30% RHA. The incorporation of rice husk ash
increases the amount of amorphous silica in the complex
aluminosilicate mixture. That facilitates the release of silicate
species such as [SiO(OH)s;] during the alkaline hydrolysis
dissolution phase. This incorporation leads to an improvement in
the mechanical properties of the geopolymer binders (Ahlinhan
et al. 2024), (Pacheco-Torgal 2008). The high concentration
(12M) of the alkaline solution used, induces the formation of a
gel composed of an extensive three-dimensional aluminosilicate
network that plays a key role in the bonding between particles,
allowing them to withstand stresses such as compression.

Despite the improvement in the mechanical properties of
geopolymer binders with the addition of RHA, it is important to
note that these properties remain almost lower than those
reported by Zhang et al (2014), Pelisser et al (2013) (20 to 70
MPa). This difference can be explained by the water/solid mass
ratio of 0.7 used during geopolymer synthesis, as well as the low
apparent densities of the samples, which could contribute to these
more modest mechanical strengths compared to the results
reported by these researchers. However, the mechanical

performance of the geopolymer binder GB3 with unconfined
compressive strength of 24.6 MPa fulfils the requirement of road
design guideline (CEBTP) to be used for stabilizing laterite soil
for base layer of pavements.

In summary, the results of this study highlight the influence of
rice husk ash incorporation on the characteristics of geopolymer
binders. The thermal curing of geopolymer binders accelerates
the dissolution of silicate compounds during the
geopolymerization reaction, although it leads to mass loss due to
evaporation of water from the alkaline solution. This significant
evaporation can promote the formation of micro voids, making
the samples more porous and less dense, particularly for the GB1
and GB2 samples.

Additionally, thermal curing improves the compressive strength
of geopolymer binders. The partial substitution of calcined clay
with rice husk ash promotes the development of the amorphous
phase at the expense of mineral crystallinity, resulting in
significant improvement in mechanical strength. This
improvement reaches a maximum when the proportion of rice
husk ash reaches 20% for samples GB3 before subsequently
decreasing to 17.06% at 30%RHA. Therefore, the formulation
GB3 (80%MK+20%RHA) is considered for stabilizing laterite
soil, to obtain the geocomposite for using in pavement structure,
due to its excellent physical and mechanical properties.

The CBR index of raw laterite soil is significantly lower than that
of the cement-stabilized and geopolymer-stabilized laterite soil
(Figure 14). However, CBR index of cement-stabilized laterite
soil is almost larger than that of geopolymer-stabilized laterite
soil. That can be explained with the different curing condition of
cement as hydraulic binder, and geopolymer binder as thermal
binder. Indeed, the CBR test requires the curing of the sample in
water, that strengthen the mechanical performance of cement-
stabilized soil. However, geopolymer is a thermal binder,
therefore geopolymer-stabilized soil needs thermal curing for
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boosting its mechanical performance. CBR value is above 160%,
the geocomposite (geopolymer stabilised laterite soil) can be
used for base layer of pavement according to the road design
CEBTP guideline.

250

214.00

200
17§.00
s0
40.00
0 .

Raw soil Soik5% Coment Soiles% GB

CBR @ 95% OPM (%)
g

Geopolymer samples

Figure 14. CBR index of laterite soil stabilized with cement and
geopolymer binder

An optimum cement content of 5% by dried weight of mix was
assessed for the laterite soil studied, based on the results of
optimum water content, CBR and UCS of cement stabilized
laterite soil. Figure 15 presents unconfined compressive and
tensile strength of both cement- and geopolymer-stabilized
laterite soil. Unconfined compressive strength of geopolymer-
stabilized laterite soil is approximately 8% larger than that of
cement-stabilized laterite soil. Unconfined tensile strength of
geopolymer-stabilized laterite soil is approximately 20% larger
than that of cement-stabilized laterite soil. Since, CBR value and
UCS value are larger than those required by road design guideline
(CBR sup 160%, UCS 1.8-3 MPa), then the formulated
geopolymer binder based on local bio-sourced materials can be
used for base layer of pavement construction.

25

Unconfined strength (MPa)

Compression Tension

Figure 15. Comparison of unconfined strength

Durability of RHA-geopolymer stabilized laterite soil

The values of unconfined compressive strength (UCS) and the
bending strength presented in this section was the average value
of three samples to ensure validity and accuracy of the results.
Figure 16 presents the unconfined compressive strengths of the
geopolymer-stabilized laterite soil and cement-stabilized laterite
soil depending on cyclic numbers of wetting-drying.

Figure 15 illustrates the comparison of the different mechanical
strengths obtained.

The unconfined compressive strengths decrease with increasing
number of cycles. The observations confirm the findings by
(Abbey et al. 2023), (Hu et al. 2019) for clayey materials
subjected to cyclic wetting-drying. For the geopolymer-stabilized
samples, the unconfined compressive strength decreases from 15
MPa for cyclic number of 1 to 4 MPa for cyclic number of 12,
corresponding to an approximated 70% reduction in the initial
compression strength. For cement-stabilized samples an
approximated 85% reduction in the initial compression strength
was observed.

The decrease of the unconfined compressive strength can be
attributed to cyclic swelling-shrinking of clay minerals in laterite
soil due to repeated wetting-drying, resulting in weakening of the
binder strength within the samples. For geopolymer-stabilized
samples, the unconfined compressive strength in wetting phase is
generally larger than that in drying phase. However, the
unconfined compressive strength of cement-stabilized laterite
soil for wetting phase is smaller than that for drying phase for
number of cycles ranging from 1 to 3, above which the
compressive strength for wetting phase is larger than that for
drying phase.

The unconfined compressive strength of geopolymer-stabilized
laterite soil is larger than that of the cement-stabilized laterite
soil. The unconfined compressive strength of geopolymer-
stabilized laterite soil is approximately twice that of the cement-
stabilized laterite soil. This can be explained with high
compressive strength of 25 MPa of the RHA-geopolymer
synthetised (see figure 13).
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Figure 16. Unconfined compressive strength with number of cycles

Like the unconfined compressive strength, the bending strength
of both RHA-geopolymer stabilized laterite soil and cement
stabilized laterite soil decreases with increasing number of cyclic
wetting-drying (figure 17). For a given number of cycles, the
bending strength of the RHA-stabilized geopolymer in wetting
phase is generally slightly larger than that of RHA-stabilized
geopolymer in drying phase. For cement-stabilized laterite soil,
the bending strength in wetting phase and the bending strength in
wetting phase showed insignificant difference. For the
geopolymer-stabilized samples, the bending strength decreases
from 2.8 MPa for cyclic number of 1 to 0.7 MPa for cyclic

number of 12, corresponding to an approximated 75% reduction
in the initial bending strength. For cement-stabilized samples an
approximated 70% reduction in the initial bending strength was
observed (figure 17). The bending strength of RHA-geopolymer
stabilized laterite soil is larger than that of the cement-stabilized
laterite soil. The bending strength of RHA-geopolymer stabilized
laterite soil is approximately twice of that the cement-stabilized
laterite soil for a given number of cyclic wetting-drying (figure
17).
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Figure 17. Bending strength with number of cycles
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Results of modelling and simulation

Figure 18 shows the finite element model generated in Abaqus
software.

Figure 18. Meshing of the Model

The response of asphalt pavements under loading conditions can
be assessed through the deflection at the pavement surface, the
horizontal tensile displacement at the bottom of the base layer
(Ferone 2011). Table 19 presents the inputs parameters of
numerical model, that are derived to some extent from the
laboratory tests.

Pavement Modulus Poisson’s Thickness e | Density p

layers E (MPa) Ratio v (mm) (kg/m?)

Surface 1180 0.35 50 2400

Layer

Base Layer | LG: 3461 0.25 150 LG:2110
LC: 3057 LC: 2100

Sub-base 200 0.35 250 2170

Layer

Natural 100 0.35 o 1600

Soil

Table 19. Input material properties for FE model

Figure 20 shows the deformation of the numerical model
subjected to traffic loading.

u, uz
+0,000e+00

-6.428e-04
-7.713e-04
-8.999e-04
-1.028e-03
-1.157e-03

-1.414e-03
-1.543e-03

¥
ODB: jobfinalise.odb  Abaqus/Standard 2021  Sun Oct 27 15:45:35 Afr. ce
.,L_ Step: Step-1 X

Figure 20. Displacement for number of cycle N=0

Figure 21 represents the deflection at the surface of the pavement
whose base layer was stabilized with geopolymer. The shading
shows the variations in deflection, with a maximum deflection of
1.700 x 10~* m at the point of load application.
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Figure 21. Mesh deformation showing surface deflection of the
geopolymer stabilized pavement base layer

Figure 22 presents the numerical vertical displacements of
pavement surface whose base layer stabilized with geopolymer,
and stabilized with cement. Both curves exhibit a"V" shape, with
maximum deflection at the centre, as expected. For the cement-
stabilized soil for pavement base, the deflection is slightly higher
than those of the geocomposite, with values of 0.18 m and 0.17
m, respectively.

Distance over pavement width (m)

0.po 0.50 1.00 1.50 2.00 250 3.00 3.50

—e—Bass layer siabilised with geopolymer

—s—Base layer siabilised with Partiand cement

Displacement of pavement surface (mm)

-0.25

Figure 22. Comparison of deflection values at pavement surface

That demonstrates the comparable performance of both binders
used in stabilizing laterite soil in pavement layers.

Figure23 shows a slight difference in performance regarding the
tensile deformation at the bottom of base layer. That confirms the
comparable performance of geopolymer-stabilized und cement-
stabilized laterite soil for pavement layer.

Distance over pavement width (m)

0. 0.50 1.00 1.50 2.00 2.50 00 3.50

.02 —o—Base layer stabilised with gecpolymer

—#—Bass layer stakilised with Portiand cement

Transversal deformation of base layer (mm)

-0.16

Figure 23. Comparison of maximum tensile strain values at
bottom of base layer
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4. CONCLUSIONS

The laterite soil in this study consisting of clayey sand was
categorized B5 in accordance with NF EN ISO 17892-4, (EN ISO
17892-10: 2018 classification system. The chemical analysis
shows that the main chemical compounds of the laterite soils are
silicate oxide (quartz), aluminium oxide (alumina) and iron oxide
(iron). According to X-ray diffraction, rice husk powder contains
mainly silicate oxide (SiO2) and was classed as pozzolanic
material.

Combined thermogravimetry (TG) and differential (DTG)
analysis on rice husk powder revealed mass loss during the
moisture release for temperature range from 50°C to 240°C,
followed by release of volatile matter from 240°C to 400°C. The
release of fixed carbon was found to occur from 400°C to 800°C.
Hence, the decarbonisation of rice husk powder for mobilizing
the amorphous silica necessary for high mechanical performance
is established to be 800°C.

RHA-based geopolymers have been synthesised by substituting
metakaolin with RHA (0, 10, 20 and 30%). It was found that the
optimum geopolymer formulation 80%MK+20%RHA presents
the best physical and mechanical performance, achieving a
density of 1.61, a water accessible porosity of 20% and a
compression strength of 24.6 MPa.

The optimum geopolymer formulation was used to stabilise the
laterite soil for base layer of pavement. Unconfined compressive
strength of geopolymer-stabilized laterite soil is approximately
8% larger than that of cement-stabilized laterite soil. Unconfined
tensile strength of geopolymer-stabilized laterite soil is
approximately 20% larger than that of cement-stabilized laterite
soil. CBR value of 170% and UCS value of 2.12 MPa are larger
than those required by road design guideline (CBR sup 160%,
UCS 1.8 — 3.0 MPa), hence the formulated geopolymer binder
based on local bio-sourced materials can be used for base layer
of pavement construction.

The unconfined compressive strength and the bending strength of
stabilized laterite soil subjected to cyclic wetting-drying decrease
with increasing cyclic wetting-drying. For the geopolymer-
stabilized samples, the unconfined compressive strength and the
bending strength decreases up to 70% of the initial compression
strength and 75% of the initial bending strength, respectively.
The unconfined compressive strength and the bending strength of
geopolymer-stabilized laterite soil are approximately twice those
of cement-stabilized laterite soil for a given cyclic number of
wetting-drying.

The FE simulations of pavement under traffic loading shows that
the base layer stabilized with geopolymer and the base layer
stabilized with cement present similar performance regarding the
vertical and shear deformation. Hence, it can be concluded that
RHA-based geopolymer is an ideal material that can replace
cement in the process of laterite soil stabilization for pavement
construction purposes for reducing the greenhouse gases.

Data availability: The data that support the findings of this study
are available from the corresponding author upon reasonable
request.
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