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Mechanistic and comparative
laboratory assessment of lime
dosage and uniaxial geogrid on the
strength and durability of classified
lateritic subgrade
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This study presents a mechanistic and comparative laboratory assessment of lime stabilization and
uniaxial geogrid reinforcement, applied independently and in combination, to improve the engineering
performance of a classified A-7-6 (CL-ML) lateritic subgrade from Ogun State, Nigeria. The objective
was to evaluate the effect of lime dosage and geogrid inclusion on the short- and long-term California
Bearing Ratio (CBR), Unconfined Compressive Strength (UCS), and Resilient Modulus (MR), and to test
the hypothesis that chemical and mechanical stabilization mechanisms act synergistically to enhance
stiffness and durability. Quicklime (CaO > 90%) was added at 2-8% by dry weight, while the geogrid
used was uniaxial polypropylene with an aperture size of 30 mm and tensile strength of 22 kN/m.
Specimens were prepared by mixing, compacting, and curing at 25+2 °C and 95 +2% RH for 7, 14, and
28 days, then tested according to ASTM and AASHTO standards. Each condition was replicated thrice,
and the data were analyzed using one-way ANOVA (p < 0.05). Results showed that lime treatment
reduced the plasticity index from 30+1.2 to 6 +0.5%, increased UCS from 300 +15 to 950 + 40 kPa

and improved soaked CBR from 23 +1.1 to 57.5 +2.3% after 28 days. Single and double geogrid layers
enhanced soaked CBR to 33 +1.4% and 43 +1.7%, respectively, with negligible strength loss after
three moisture cycles, confirming durability under wetting—drying conditions. Combined lime-geogrid
stabilization achieved the highest performance, with CBR >65%, MR >90 MPa, and UCS>1.0 MPa,
exceeding AASHTO subgrade requirements. The findings demonstrate that lime primarily enhances
chemical bonding, whereas geogrid reinforcement improves mechanical confinement; their
combination offers a durable, cost-effective, and low-carbon alternative to conventional cement
stabilization for tropical lateritic subgrades.

Keywords Lateritic soil, Lime stabilization, Geogrid reinforcement, California bearing ratio, Unconfined
compressive strength, Pavement subgrade

Abbreviations

AASHTO  American Association of State Highway and Transportation Officials
ASTM American Society for Testing and Materials

BS British Standard

CBR California bearing ratio

CL-ML Low-plasticity clay-silt (unified soil classification system)
CaO Quicklime (calcium oxide)

Ca(OH), Hydrated lime (calcium hydroxide)

LL Liquid limit

PL Plastic limit

PI Plasticity index
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MDD Maximum dry density

OMC Optimum moisture content

NMC Natural moisture content

UCS Unconfined compressive strength
XRD X-ray diffraction

XRF X-ray fluorescence

TEM Transmission electron microscopy
SEM Scanning electron microscopy

USCS Unified soil classification system

PP Polypropylene (geogrid material)
SWCC Soil-water characteristic curve

RM Resilient modulus

C&D Construction and demolition (waste)
R? Coefficient of determination

w/c Water-to-cement ratio (if mentioned)

The performance and longevity of pavement structures fundamentally depend on the mechanical behavior of
subgrade soils. In tropical regions such as southwestern Nigeria, subgrades often consist of highly weathered
lateritic soils with variable mineralogy and high plasticity, which significantly reduce bearing capacity and
deformation resistance!?. Field investigations at the present study site in Ogun State, Nigeria, revealed a lateritic
soil classified as A-7-6 under the AASHTO system and CL-ML under the USCS. The soil exhibited a liquid
limit of 58%, a plasticity index of 30%, a soaked CBR of 22%, and a natural moisture content of 15%. X-ray
fluorescence (XRF) confirmed a predominantly siliceous—aluminous composition (SiO, =52%, AL,Os =25%)
with minor ferric and calcium oxides. These properties, that is, high plasticity, low strength, and moisture
susceptibility, are typical of problematic laterites that deform excessively under traffic and wet season conditions,
leading to premature pavement distress such as rutting, cracking, and shear failure®*.

The stabilization of such soil is an established strategy for improving the workability, strength, and stiffness.
Among the chemical stabilizers, lime remains one of the most effective for clayey and lateritic soils, promoting
improvements through cation exchange, flocculation-agglomeration, and pozzolanic reactions that produce
calcium silicate and aluminate hydrates®~’. Typical lime dosages of 4-8% by dry soil weight improve plasticity,
compaction, and long-term strength. Conversely, geogrid reinforcement enhances the subgrade performance by
providing tensile restraint and mechanical interlocking with soil aggregates, redistributing applied stresses, and
limiting lateral deformation®®. Uniaxial polypropylene geogrids with aperture sizes of 25-40 mm and tensile
strengths exceeding 20 kN/m have shown significant benefits in reducing permanent strain and improving
the resilient modulus in both cohesive and granular soils'®!!. Despite their proven effectiveness, comparative
evidence under identical laboratory conditions remains scarce, particularly for lateritic soils.

Recent studies have emphasized the potential of sustainable hybrid stabilizers. Phummiphan et al.!?
demonstrated that high-calcium fly ash-based geopolymers markedly improved the unconfined compressive
strength (UCS) and durability of marginal lateritic soils, with curing duration strongly influencing strength gain.
Nano-geopolymer treatments further enhance stiffness and moisture durability, achieving significant increases
in the resilient modulus and reduced crack susceptibility in expansive and tropical soils'*!“. Incorporating
industrial and agricultural wastes, such as limestone powder, rock powder, and palm-bunch ash, has produced
comparable stabilization performance to cement, while reducing embodied carbon'®. Mechanistic studies have
shown that lime-soil interactions form denser matrices and reduce pore connectivity, thereby improving long-
term resistance to moisture-induced degradation”:117,

Parallel advances in geosynthetics have demonstrated the efficacy of geogrid reinforcement in enhancing the
bearing capacity and minimizing the rut depth under cyclic loading'®!®. Geogrids act as confinement elements,
mobilizing tensile forces that improve the load transfer and stiffness, particularly in weak subgrades subjected to
repeated trafficloads?®. Combined lime-geogrid systems have recently shown synergistic effects, where chemical
bonding enhances cohesion and mechanical interlocking improves deformation resistance???. Nevertheless, the
published data remains largely qualitative, and few studies have quantitatively linked the chemical composition,
microstructure, and mechanical response under unified testing frameworks.

Further research has applied artificial intelligence and machine learning (ML) to predict the stiffness,
CBR, and swelling pressure in stabilized soils?**?*. However, these predictive models require extensive, high-
quality experimental datasets for calibration, which are limited to lateritic soils treated with lime and geogrids.
Moreover, long-term durability under moisture cycles, constructability, and life-cycle sustainability have not
been systematically evaluated, leaving a knowledge gap in mechanistic design and practical implementation®2°.
From this review and synthesis of prior studies (Table 1), three major gaps were identified: (1) lack of side-
by-side laboratory comparisons between lime stabilization and geogrid reinforcement on a single lateritic soil
under standardized compaction and curing conditions; (2) insufficient mechanistic linkage between chemical
composition, microstructure, and micromechanical response (UCS, CBR, and resilient modulus); and (3)
limited evaluation of long-term durability, environmental impact, and cost efficiency relative to cement-based
stabilization. These gaps hinder the rational selection and optimization of stabilization techniques for tropical
lateritic soils.

This study addresses these gaps through a mechanistic and comparative laboratory assessment of lime
stabilization and uniaxial geogrid reinforcement applied to A-7-6 lateritic soil from Ogun State, Nigeria. This
study systematically evaluated the short- and long-term effects of lime dosage (2-8% by dry weight) and geogrid
configuration on California Bearing Ratio (CBR), unconfined compressive strength (UCS), resilient modulus,
and durability under soaked and unsoaked conditions. Microstructural analyses using X-ray fluorescence (XRF),
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X-ray diffraction (XRD), and transmission electron microscopy (TEM) were performed to elucidate the chemical
and physical mechanisms governing the improvement of performance. The central hypothesis is that lime
primarily enhances strength through pozzolanic bonding, whereas geogrid reinforcement improves stiffness and
deformation control through mechanical interlocking, and that a combined lime-geogrid system yields superior
overall performance compared with either method alone. The novelty of this work lies in its unified mechanistic
comparison of chemical and mechanical stabilization strategies using identical lateritic soil, test conditions, and
evaluation metrics. By integrating compositional, microstructural, and mechanical data, this study develops a
holistic understanding of stabilization mechanisms, identifies optimal treatment parameters, and proposes a
sustainable, lower-carbon alternative to cement-based subgrade stabilization for tropical highway infrastructure.
These findings are expected to support mechanistic empirical pavement design frameworks and contribute to
the broader adoption of environmentally responsible ground improvement techniques in developing regions.

Objectives of the study
Here are clear, study-aligned objectives:

+ The chemical and mineral composition of the soil and lime were determined using XRF/XRD to assess the
reactivity for pozzolanic stabilization.

« Quantify the Effects of lime content (2-8% by dry soil weight) on compaction behavior (MDD, OMC), plas-
ticity (LL, PL, PI), strength (UCS), and bearing capacity (CBR—soaked/unsoaked).

o The geogrid reinforcement performance (uniaxial PP; single vs. double layer, varying embedment depths) on
soaked/unsoaked CBR and UCS of compacted soil was evaluated.

« Compare by side the effectiveness of lime stabilization versus geogrid reinforcement under identical labora-
tory conditions.

o Optimal lime dosage (mechanical/strength optimum) and effective geogrid configuration for lateritic sub-
grade improvement.

« Investigate microstructural mechanisms via TEM (and link to macro-properties) to explain strength/stiffness
gains with lime and geogrid.

« Assess the potential benefits of a combined strategy (lime + geogrid) for heavily trafficked moisture-suscep-
tible pavements.

Significance of this study
This study is significant in several respects, both for geotechnical research and practical highway engineering
applications.

o Addressing Weak Subgrades in the Tropics: Lateritic soils dominate much of West Africa, yet their high plas-
ticity and low shear strength often lead to premature pavement failure. By improving their performance, this
study directly addresses one of the root causes of Nigeria’s road deterioration.

o Comparative Insight into Two Widely Used Techniques: Although lime stabilization and geogrid reinforce-
ment are well established, side-by-side evaluations under identical conditions are limited. This study provides
a direct comparison, clarifying where each method excels (lime for chemical strength gain and geogrid for
stiffness and deformation resistance).

« Development of Optimal Stabilization Strategies: This study identifies the optimum lime content (~ 6%) and
effective geogrid configurations (single vs. double layer), providing engineers practical benchmarks for field
applications rather than relying solely on generic recommendations.

« Integration of Microstructural and Mechanical Analysis: By linking TEM and XRF/XRD findings to mac-
ro-scale strength and compaction behavior, this study provides a mechanistic understanding of how stabiliza-
tion works, bridging material science and engineering performance.

No. | Authors Materials Key findings Limitation/gap

1 Cabalar et al.?’ Silt with waste limestone powder Improved strength and compressibility using quarry fines | Durability and field-scale testing lacking
2 Cabalar et al.?® Organic soil plus rock powder Increased UCS; reduced compressibility Limited microstructural analysis

3 Mohajerani et al.?’ Recycled rubber inclusions Enhanced ductility; promoted circular economy Lack of design standardization

4 Phummiphan et al.!? Clay with metal waste Significant strength gain; good subgrade potential Only single soil type evaluated

5 Phummiphan et al.'? Lateritic soil plus fly ash geopolymer | Curing time strongly affects UCS Long-term durability untested

6 Al-Taie et al.*® Lime-treated expansive clay Reduced swelling, improved strength SWCC-strength coupling unassessed

7 Mohammadinia et al.3! | Recycled C&D plus lime Improved stiffness and bonding Environmental impact is not quantified
8 Ikechukwu et al.!3 Nano-geopolymer plus expansive soil | Increased resilient modules, reduced cracks Durability and moisture cycles were not tested
9 Onyelowe et al.* Al model for geopolymer-treated soil | Reliable prediction of stiffness gains Requires experimental validation

10 | Patel etal®® Lime-treated laterite Strength improved; cost-effective vs. cement No geogrid comparison

11 | Amare etal.®* Laterite with hybrid binders Combined mechanical/chemical treatment effective Lack of long-term durability data

12 | Styer etal.! Geogrid-reinforced subgrades Reduced rutting under cyclic load No comparison with chemical methods

Table 1. Summary of recent studies on soil stabilization and reinforcement of lateritic and fine-grained soils.

Scientific Reports |

(2025) 15:42901

| https://doi.org/10.1038/s41598-025-30041-1

nature portfolio



http://www.nature.com/scientificreports

www.nature.com/scientificreports/

« Contribution to Sustainable Infrastructure: The findings suggest that combining lime and geogrid can reduce
reliance on cement-based stabilization, lowering the carbon footprint and construction costs while enhancing
pavement service life.

« Practical Application for Policy and Practice: Results can inform highway agencies, contractors, and policy-
makers in developing regions of cost-effective and durable methods for upgrading subgrade soils, supporting
better road performance, reduced maintenance, and improved transport reliability.

Materials and methods

A comprehensive experimental program was undertaken to achieve a thorough characterization of the
tested materials in accordance with established international standards. Geotechnical investigations include
sieve analysis, determination of Atterberg limits, measurement of natural moisture content, specific gravity
determination, standard compaction testing, California Bearing Ratio (CBR) testing, and unconfined
compressive strength (UCS) testing. These tests provide fundamental engineering properties of soils and
aggregates and offer insights into their classification, strength, and suitability for engineering applications.
In addition to conventional laboratory characterization, advanced analytical techniques have been employed
to obtain a more comprehensive understanding of materials at the microstructural and compositional levels.
Transmission Electron Microscopy (TEM) was used to investigate the surface morphology, microstructural
features, and localized chemical composition with high spatial resolution, enabling the identification of fine-
scale structural characteristics. X-ray Fluorescence (XRF) analysis complemented this by providing quantitative
mineralogical and chemical composition data for soils, rocks, and slag-based aggregates. XRF is particularly
effective for the characterization of fine-grained soils, where its high accuracy and reliability in determining the
crystalline phases and elemental composition make it an essential tool for geotechnical and material research.
Figure 1 shows the materials used in the experiments.

Materials
Lateritic soil
Lateritic soils are highly weathered tropical soils characterized by significant concentrations of iron and aluminum
oxides resulting from prolonged chemical weathering in hot and humid environments**~*3. These soils are widely
encountered in engineering projects across West Africa and are often used as subgrade or fill materials in road
construction. Their variable mineralogy, particle size distribution, and plasticity necessitate rigorous sampling
and preparation protocols to obtain representative results. In this study, lateritic soil was collected from a road
construction site in Ogun State, Nigeria (Fig. 2), at a depth of 1.0-1.5 m. Sampling below the topsoil horizon was
intentional to minimize the influence of organic matter, root structures, and surface contaminants, which can
significantly alter geotechnical properties*. The choice of site was guided by the representativeness of the typical
subgrade conditions in the region. Samples were sealed in polythene bags immediately after collection to preserve
in situ moisture conditions and transported to the laboratory in accordance with the BS 1377 (1990) standards
for soil testing**°. Upon arrival, the samples were stored in a controlled dry environment and air-dried for 72 h
to remove residual moisture, thereby preventing microbial activity and facilitating particle size reduction without
altering soil mineralogy. Manual crushing with a rubber mallet was employed to disaggregate soil clods while
avoiding excessive particle breakdown, which is a critical step in preserving the natural gradation ASTM D421,
The material was first sieved through a BS No. 4 (4.25 mm) sieve, followed by a 2.0 mm (No. 10) sieve, ensuring
the removal of oversized particles for uniformity in laboratory tests. Homogenization via the quartering method
further minimized variability, ensuring a representative sample for subsequent characterization tests such as
Atterberg limits, compaction, and shear strength analyses.

This systematic procedure reflects internationally recognized practices and ensures reproducibility, which is
a crucial factor in geotechnical investigations. Appropriate sample preparation mitigates the risk of experimental
errors and supports the reliability of the data used in pavement design, foundation assessment, and material
classification frameworks, particularly for tropical soils that often exhibit high heterogeneity.

(a) laterite (b) Geogrid reinforcement (c) lime

Fig. 1. Materials for experimental analysis. a Laterite; b geogrid reinforcement; ¢ lime.
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Fig. 2. Map of sampling site at Ogun State and borrow pit location.

Lime

Commercial hydrated lime [Ca (OH),] was procured locally in 25 kg bags and stored in airtight containers
to minimize exposure to atmospheric CO, and moisture, thereby preventing carbonation and agglomeration
prior to use. Lime stabilization is widely recognized for its effectiveness in modifying soil plasticity, improving
workability, and enhancing long-term strength by promoting pozzolanic reactions between lime and clay
minerals*. The lime employed in this study had a certified purity of > 90%, meeting the specifications outlined
in ASTM C977-18% for lime used in soil stabilization. High-purity lime ensures consistent reactivity, which is
crucial for reproducible test outcomes and reliable field-performance predictions. Proper storage and handling
are critical for maintaining its chemical integrity, as carbonation or moisture absorption can reduce the reactivity
of lime and compromise the efficiency of stabilization processes****. The selection and management of lime
reflect standard geotechnical practices, ensuring compatibility with widely accepted design methodologies and
laboratory protocols. Equations 1 and 2 represent the chemical reactions that constitute the hydrated lime.

Ca (OH), + Si02 — C — S — H (Calcium Silicate Hydrate) (1)

Ca (OH), 4+ Al03 — C — A — H (Calcium Aluminate Hydrate) 2)
Geogrid

A uniaxial polypropylene (BP) geogrid with an aperture size of 30 x 30 mm and a tensile strength of 20 kN/m,
conforming to ASTM D6637%%, was employed in this study. uniaxial geogrids are widely utilized in pavement
and foundation applications because of their high tensile stiffness in both principal directions, which enables
an effective load distribution and soil confinement®’. The selected aperture size was appropriate for lateritic
soils, which exhibited particle gradations conducive to interlocking and mechanical restraint when paired with
a uniaxial reinforcement. The geogrid was fabricated from polypropylene, a semicrystalline thermoplastic
polymer composed of repeating propylene monomer units (C,H) , . Its chemical structure is shown in Eq. 3.
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Polypropylene : [-CHz — CH (CH3) —], (3)

This chemical configuration provides excellent resistance to biological degradation, chemical attack, and
ultraviolet (UV) exposure, making polypropylene geogrids well-suited for tropical and chemically aggressive
environments. The geogrid specimens were cut into circular discs with a diameter of 150 mm to fit the
standard compaction molds and ensure reinforcement, uniformity, and repeatability. The integration of geogrid
reinforcement aims to enhance the mechanical performance of lime stabilized lateritic soils by improving
stiffness, reducing deformation, and increasing load-bearing capacity'!. The selection and preparation processes
complied with the established industry standards to ensure field relevance and experimental reproducibility in
Fig. 3.

Sample formulation

The control samples consisted of untreated lateritic soil compacted with natural moisture content. Lime was
incorporated at 2, 4, 6, and 8% of the dry weight of soil. The mixtures were blended with distilled water to achieve
optimum moisture content (OMC). For the reinforcement studies, geogrid layers were embedded at the mid-
depth and one-third depth of the compacted specimens (150 mm diameter x 150 mm height) to assess the effect
of the reinforcement position. Single- and double-layered geogrid-reinforced specimens are prepared. Figure 4
showing the testing procedures for the Lateritic sample with lime at various percentange and geogrid material.

Compaction strength tests (standard proctor test)

The Standard Proctor compaction test was performed to establish the optimum moisture content (OMC) and
maximum dry density (MDD) of untreated and lime stabilized lateritic soils, in accordance with ASTM D698%.
Compaction was carried out using a 944 cm’® cylindrical mold and a 2.5 kg rammer dropped from a height of
305 mm. The soil was compacted in three layers, with 25 blows per layer, to ensure consistent energy application.
Prior to testing, the mold and its base plate were weighed to the nearest 1 g and fitted with an extension collar.
Moist soil was placed into the mold in increments, and each layer slightly exceeded one-third of the mold height.
After compacting each layer, the collar was removed, excess soil was trimmed flush with a straightedge, and any
displaced material was replaced and pressed to preserve volume consistency. The compacted specimen, which
was still in the mold, was weighed, extruded, and oven-dried at 105 + 5°C to determine the moisture content.
This procedure was repeated for multiple moisture contents to generate compaction curves, from which the
OMC and MDD values were determined.

California bearing ratio (CBR)

The CBR tests were conducted under both soaked and unsoaked conditions. In the soaked condition, the
samples were submerged in water for 96 h to simulate prolonged rainfall, whereas the unsoaked samples were
tested immediately after the compaction. Penetration resistance was measured at depths of 2.5 mm and 5.0 mm.
The setup consisted of a loading machine, plunger (50 mm diameter cylindrical rod), ring for load measurement,
dial gauge for penetration measurement, and mold to contain the soil specimen. A water bath was used to soak
the specimens under the soaking conditions ASTM D1883°!. Specimen preparation and test procedure: Soil
specimens were compacted to the desired density. Optimum moisture content (OMC) was determined using
compaction tests. Each mold was filled with five layers and each layer was compacted to the required density. The
proving ring and dial gauge were attached to the plunger. A load was applied to the plunger at the penetration
rate of 1.25 mm/min. The corresponding loads were recorded at 2.5 mm and 5.0 mm. The CBR values were
computed from the recorded loads.

Unconfined compressive strength (UCS) testing

Cylindrical specimens (38 mm diameter x 76 mm height) were tested using a hydraulic press at a strain/
penetration rate of 1.0 mm/min. Sample collection and preparation: Lateritic soil samples were collected to
ensure representativeness and to avoid contamination. The samples were air-dried and sieved to remove the
coarse particles. Each test specimen was prepared by adding water to achieve the desired moisture content,
compacting it into a cylindrical mold, and ensuring proper alignment in an unconfined compression apparatus
ASTM D2166°2. The specimens were mounted and the load was applied at a constant rate until failure. The
maximum load at failure was recorded.

Particle size distribution

Sieve analysis was conducted to determine the particle size distribution (PSD) and assess the grading
characteristics of the lateritic soil in accordance with ASTM D422-63. Representative soil samples were oven-
dried at 100+ 5 °C for three hours and cooled to room temperature before testing. A nest of standard sieves with
apertures of 2.36 mm, 1.18 mm, 0.600, 0.425, 0.300, 0.212, 0.150, and 0.075 mm was arranged in descending
order, with a pan placed at the base to collect fines. The prepared soil sample was introduced into the top sieve
and the stack was manually agitated for 15 min to ensure adequate separation of the particles. The material
retained on each sieve and in the pan was weighed, and the percentage passing through each sieve was calculated.

Atterberg limits

Atterberg limit tests, including liquid limit (LL), plastic limit (PL), and plasticity index (PI), were performed in
accordance with ASTM D4318-17°3. The liquid limit was determined using the Casagrande apparatus, with the
water content corresponding to 25 blows taken as the LL. The plastic limit was obtained using the thread-rolling
method, in which the soil threads were rolled by hand until crumbling occurred at a diameter of 3 mm. The
plasticity index is an indicator of the soil consistency and plasticity characteristics.
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Fig. 3. Flow chart illustrating the research process.

Results and discussion

Chemical and mineralogical composition

Mineral quantification using Rietveld refinement confirmed the relative abundances of quartz (32%), kaolinite
(25%), and goethite (8%). These results align with the tropical laterite mineralogy, which is dominated by low-
activity clay minerals. The diffractograms and peak assignments were included for transparency. Qualitative and
quantitative X-ray diffraction (XRD) analyses revealed five dominant mineral phases in lateritic soil (Table 2).
These include quartz, orthoclase, lime, albite, and goethite, which contribute to the geochemical behavior of
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(c) Seiving

(d) soaking CBR (e) Specific gravity

Fig. 4. Testing procedures for the Lateritic sample with lime at various percentange and geogrid material.

Mineral phase | Chemical formula | Primary component | Likely source

Quartz SiO, Silica Laterite

Orthoclase ALO; KO, SiO, Alumino-silicates Laterite (clay mineral)
Lime CaO Calcium Oxide Stabilizer

Albite Na Al $i;04 Feldspar (Sodium) Laterite

Goethite Fe,0,-H,0 Iron Oxide Laterite

Table 2. Identified mineral phases in lateritic soil.

Oxide Lateritic soil (%) | Hydrated lime (%)
SiO, 51 3.12
Al,O; (Alumina) 45 1.20
Fe,0; (iron oxide) 0.9 0.87
CaO (calcium oxide) | 1.5 84.62
Sodium (NaAlSi;Os) 2.1 6.21
Others - 4.00

Table 3. Chemical composition of lateritic soil and hydrated lime.

the soil. The oxide composition determined by X-ray fluorescence (XRF) showed SiO, = 52.4%, Al,O5 = 25.1%,
Fe,0; = 5.2%, CaO =2.4%, and MgO = 1.6%, consistent with siliceous—aluminous lateritic soils of low natural
reactivity. X-ray diffraction (XRD) analysis identified the dominant minerals as kaolinite, quartz, gibbsite, and
goethite, with minor peaks for orthoclase and albite.

Chemical composition reflects that the lateritic soil was predominantly composed of silica (51%) and alumina
(45%), with minor contributions from iron oxide (0.9%) and calcium oxide (1.5%) (Table 3). This chemical
profile reflects the typical mineralogy of tropical lateritic soils, which are dominated by quartz, aluminosilicate
clays (orthoclase and albite) and iron oxides (goethite). The low native calcium content indicates that the soil
is inherently non-calcareous with limited natural cementation potential. The hydrated lime sample exhibited
an exceptionally high CaO content (84.62%), accompanied by trace amounts of silica, alumina, and sodium
oxide. This composition confirms the suitability of lime as a chemical stabilizer, as the high calcium oxide
concentration readily hydrates to form calcium hydroxide (Ca(OH),), initiating pozzolanic reactions with the
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silica and alumina present in the soil. Cation exchange, flocculation, and pozzolanic reactions occur when lime
is introduced into silica- and alumina-rich soil.

Immediate Reactions (Short-Term Effects) The exchange of calcium ions with adsorbed cations (Na* and
K*) on clay particle surfaces reduces the double-layer thickness, thereby promoting flocculation and particle
aggregation. This leads to immediate improvements in soil workability and reduced plasticity, as reflected in the
Atterberg limit results.

Pozzolanic Reactions (Long-Term Effects) Over time, the high CaO content of lime reacts with the available
silica and alumina to form cementitious calcium silicate hydrates (C-S-H) and calcium aluminate hydrates
(C-A-H). These compounds enhanced strength and stiffness and improved the load-bearing capacity of the soil,
as confirmed by the CBR and UCS test results.

PpH Rise and Dissolution of Silica/Alumina The introduction of lime increases the pH of the soil above 12.4,
promoting the dissolution of amorphous silica and alumina from clay minerals and accelerating the pozzolanic
reaction process. The relatively high silica-to-alumina ratio observed in the soil suggests a favorable reactivity
profile, where lime addition is expected to yield substantial improvements in mechanical properties. The
significant difference in CaO content between the untreated soil (1.5%) and lime (84.62%) underscores the
role of lime in chemically transforming the soil structure and strength characteristics. These findings provide
a strong geochemical basis for the observed experimental improvements in compaction characteristics, CBR
values, and UCS results with lime stabilization, particularly at 4-6% lime content, which is often considered
optimal for lateritic soils.

Effect of moisture content on shear strength

Moisture content governs the shear strength of fine-grained lateritic soils through three coupled mechanisms: (1)
changes in the soil fabric and effective stress with degree of saturation S,., (2) evolution of suction along the soil-
water characteristic curve (SWCC), and (3) binder- and reinforcement-dependent interactions (lime hydration/
pozzolanicity; geogrid confinement). For compacted laterites, strength typically peaks near the Optimum
Moisture Content (OMC) and declines for both drier-than-optimum and wetter-than-optimum states.

Mechanistic framework
For unsaturated states, the extended effective stress can be expressed with Bishop’s parameter x (S-) in Eq. (4):

o =0 —us+x(S) (Ua — Uw) 4)

where ugand . are pore—air and pore-water pressures. As moisture increases (at constant net stress o — ua),
matric suction (uq — ) decreases, reducing o’ and, via Mohr-Coulomb, the mobilized shear strength as
shown in Eq. (5):

Ty = d + U/tamp/ (5)

Consequently, both UCS and CBR decline as the soil moves from the dry side of optimum toward saturation. On
the dry side, insufficient lubrication and incomplete kneading lead to an open, interaggregate fabric and reduced
contact area; on the wet side, suction loss and pore-pressure build-up dominate (Fig. 5).

Trends observed in this study

« Untreated laterite: Standard Proctor testing gave OMC=15.7% and MDD =1.76 g/cm®. UCS and soaked CBR
were lowest when specimens were compacted several percent wetter than OMC due to suction loss; strengths
improved markedly when compacted at or just below OMC, consistent with the densest fabric and higher

/
o'.

o Lime-treated soil: Lime shifted the compaction curve (OMC t, MDD |), so the moisture window for peak
strength also shifted. At 4-6% lime, specimens compacted within + 1% of the new OMC achieved the high-
est UCS (up to 0.95 MPa at 28 days) and soaked CBR (57%). Two effects explain this: (i) adequate water is
required for hydration and early cation-exchange/flocculation; (ii) excess water beyond the shifted OMC
reduces suction and introduces larger, poorly drained pores before pozzolanic gels mature.

o Geogrid-reinforced mixes: Geogrid primarily affects stiffness and confinement, not intrinsic suction. Its ben-
efit is greatest when specimens are compacted near the OMC of the host matrix; at wetter-than-optimum
states, the grid still redistributes load but cannot fully compensate for suction loss.

o Combined lime + geogrid: Near the shifted OMC, chemical bonding (C-S-H/C-A-H) plus mechanical con-
finement produced the highest strengths (UCS >1.0 MPa; soaked CBR >65%). Moving wetter than optimum
diminished gains for the same suction-related reasons, although the rate of loss was smaller than for unrein-
forced, un-stabilized soil.

Simple design relationships (useful for quality control)
Within a practical range around the relevant OMC, UCS and CBR can be captured with compact, field-friendly

forms:

« Parabolic UCS peak around OMC (good over +3% moisture range) represented in Eq. (6):

UCS (w) = UCSmax [1 — b (w — OMC)?] ,b >0 (6)
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Fig. 5. Effect of moisture content on shear strength.

Parameter Symbol Value (mm) | Interpretation

Effective size Dio 0.012 Represents 10% finer; controls permeability
Intermediate size D3, 0.045 30% finer by weight

Characteristic size Deo 0.155 60% finer by weight

Coefficient of uniformity C, =Dso/D1o 12.9 Indicates well-graded fines with some spread

Coefficient of curvature | Cc = (Dso)?/ (Dso-D1o) | 1.1 Within 1-3 range, showing smooth gradation curve

Table 4. Particle-size statistics of lateritic soil.

 Approximately linear CBR loss on the wet side of OMC in Eq. (7):

CBR (w) = CBROMC —k (w — OMC) , W > OMC. (7)

Here k is project-specific (often a few CBR-points per 1% moisture for lateritic fines; larger sensitivity without
lime, lower with lime + geogrid).

Practical implications for construction control

« Compact at or just below the correct OMC for the selected mix (untreated vs. lime-treated), not the untreated
soil's OMC.

« Moisture tolerance bands: target OMC + 1% for lime-treated layers to balance hydration and suction; outside
+2% expect noticeable losses in UCS/CBR.

o Curing moisture: for lime mixes, maintain moisture during the first 7-14 days to support pozzolanic gain
without creating saturation; sealed curing or light misting under covers is effective.

« Field testing: pair in-situ moisture/density (sand cone/nuclear gauge) with rapid index tests to verify the mix
is near its shifted OMC; adjust water or rolling passes accordingly.

« Geogrid placement: ensure proper confinement (embedment at ~0.25 H for single layer; correct seating) to
realize benefits when the host matrix is at the right moisture state.

In summary, moisture content controls shear strength through its impact on suction, fabric, and (for stabilized
soils) reaction progress. Peak performance occurs at the OMC appropriate to the mix; lime shifts that optimum
to higher water contents, while geogrid amplifies the benefit when compaction hits that moisture window.

Particle size distribution (PSD) and gradation characteristics

Particle size distribution (PSD) defines the textural composition and classification of the soil and was determined
in accordance with ASTM D7928%%. The procedure involved dry sieve analysis for coarse and intermediate
fractions (4.75-0.075 mm) using a nested stack of sieves with apertures of 2.36, 1.18, 0.600, 0.425, 0.300, 0.212,
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Fig. 6. Particle size distribution curve of the laterite.

Lime content (%) | Specific gravity sample
0 2.66
2 2.65
4 2.64
6 2.64
8 2.63

Table 5. Specific gravity result.

0.150, and 0.075 mm, followed by hydrometer analysis to quantify the silt and clay fractions (< 0.075 mm).
Hydrometer readings were corrected for temperature and meniscus effects to ensure accuracy for fine particles
(< 0.002 mm). Figure 6 presents the complete particle-size distribution curve of the lateritic soil, showing a
predominance of fine particles with limited coarse content. The cumulative percentage passing indicates 66%
fner than 0.075 mm, confirming the soil’s fine-grained nature. Characteristic diameters obtained from the curve
are summarized in Table 4.

Effects on specific gravity of lateritic soil with varying lime content

The specific gravity (G,) of soil solids reflects the mineralogical composition and density of the soil matrix and
serves as an indicator of changes in solid-phase chemistry during stabilization. Variations in G with lime content
therefore provide indirect evidence of mineral replacement, hydration, and pozzolanic reactions occurring
within the treated lateritic soil. The measured G, values decreased marginally from 2.66+0.02 for the untreated
soil to 2.63+0.01 at 8 wt% lime addition (Table 5). Statistical analysis using one-way ANOVA indicated that this
reduction, although small in magnitude (1.1%), was significant at p=0.041 (a=0.05). Each value represents the
mean of three independent measurements performed according to ASTM D854-23. The observed decrease in
G, is attributed to three concurrent mechanisms:

o Substitution by lower-density lime compounds: The replacement of heavier silicate and ferric minerals
(quartz, goethite; Gs = 2.65-2.75) with lower-density calcium hydroxide (Gs = 2.34) decreases the mean
density of soil solids.

« Formation of hydration and pozzolanic products: X-ray diffraction and electron microscopy confirm the gen-
eration of amorphous calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) gels. These
products are less dense and more porous than the parent minerals, further lowering G..

« Flocculation and aggregation effects: Cation exchange between Ca®* and monovalent cations (Na*, K*) causes
clay platelet flocculation and the development of micro-voids within aggregates, which reduces the apparent
density of the solid phase.
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Despite the minor reduction in G's, lime treatment markedly enhanced mechanical performance. The correlation
between G, and unconfined compressive strength (UCS) showed an inverse trend (R? = 0.87): as G, decreased
slightly, UCS increased from 300+ 15 kPa (untreated) to 950+ 40 kPa at 6 wt% lime. This relationship suggests
that microstructural reorganization and cementitious bonding dominate the strength behavior, while the
reduction in density is a secondary effect of the chemical transformation. The small but consistent decline in
specific gravity therefore signifies successful pozzolanic alteration rather than material degradation. Similar
magnitudes of change (1-2%) have been reported for lime-stabilized lateritic soils in tropical environments,
confirming the reproducibility of this trend.

Atterberg limits of lime-stabilized lateritic soil
The Atterberg limits of the lateritic soil samples exhibited distinct and systematic variation with increasing lime
content. The liquid limit (LL) decreased progressively from 45% at 0% lime to 33% at 8% lime, whereas the
plastic limit (PL) increased from 15 to 27%. Consequently, the plasticity index (PI) dropped sharply from 30%
to 6%, demonstrating a significant reduction in the plasticity of the soil. These changes reflect the profound
influence of lime on the physicochemical behavior of clay-rich lateritic soils. The observed decrease in LL can
be attributed to the lime-induced cation exchange and flocculation of clay particles. The introduction of calcium
ions (Ca®) from hydrated lime replaces exchangeable cations on the clay surface, neutralizing negative charges
and reducing the thickness of the diffuse double layer. This process causes clay particles to aggregate into larger
and more stable clusters, thereby reducing the capacity of soil to retain water in the liquid state. Conversely, an
increase in the PL was indicative of an enhanced soil structure and improved workability. Lime treatment reduces
clay activity, leading to a stiffer soil matrix that requires higher moisture content to reach plastic consistency. The
simultaneous reduction in the PI reflects a shift from highly plastic soil to a material of low to medium plasticity,
which significantly lowers the susceptibility of the soil to volume changes during wetting and drying cycles.
From an engineering perspective, these results are consistent with those of previous studies on lime
stabilization in tropical and lateritic soils, where lime addition is known to decrease plasticity, improve compaction
characteristics, and increase long-term strength. The data suggest that a lime content of 6-8% by weight is
effective in achieving substantial stabilization of this lateritic soil, making it more suitable for road subgrade,
embankment, and foundation applications. The stabilization process is further enhanced by pozzolanic reactions
between lime and silica/alumina in the soil, leading to the formation of calcium silicate hydrates (C-S-H) and
calcium aluminate hydrates (C-A-H), which impart additional binding and strength over time. Overall, the
Atterberg limit analysis confirmed that lime stabilization is a robust technique for modifying the properties of
fine-grained lateritic soils, offering improvements in workability, volume stability, and performance underload.

Compaction characteristics of lime-stabilized lateritic soil
The compaction test results (Fig. 7) show a clear trend of decreasing Maximum Dry Density (MDD) and
increasing Optimum Moisture Content (OMC) with progressive lime addition. The untreated lateritic soil
exhibits an MDD of 1.76 g/cm® and an OMC of 15.7%. As the lime content increased to 8%, MDD decreases to
1.60 g/cm?, while OMC increases to 18.9%.

This behavior is typical of fine-grained soils stabilized with lime and can be attributed to several key
mechanisms.
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Fig. 7. Trend showing decreasing maximum dry density (MDD) and increasing optimum moisture content
(OMC) with progressive lime addition.
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1. Lime particles have a lower specific gravity (~2.2-2.4) than the dominant mineral constituents of lateritic
soils (quartz, alumina, and iron oxides). Substituting heavier soil particles with lighter lime particles reduces
the overall mass per unit volume, thereby lowering the achievable dry density.

2. The addition of lime induces cation exchange between calcium ions (Ca®*) and exchangeable cations in the
clay mineral lattice. This process neutralizes negative changes on clay surfaces, leading to flocculation and the
formation of a more open aggregated soil structure. Such a structure is less capable of achieving high density
during compaction.

3. The increase in OMC is linked to the additional water required for lime hydration and pozzolanic reactions.
The reaction of lime with silica and alumina in the soil forms calcium silicate hydrates (C-S-H) and calcium
aluminate hydrates (C-A-H), which consume water, thus shifting the moisture-density relationship toward
higher water contents.

4. While the dry density decreased slightly, lime treatment enhanced soil stiffness, reduced plasticity, and im-
proved long-term strength. This aligns with stabilization objectives, where chemical modification of the soil
matrix is more critical than achieving high densities alone. A higher OMC facilitates easier compaction in
the field, contributing to more consistent layer placement and density control.

The results emphasize that lime stabilized lateritic soils should be compacted at higher moisture contents than
untreated soils, following the shifted compaction curve. A lower MDD does not signify a loss in performance;
instead, it reflects the fundamental transformation of the soil structure and mineralogy owing to lime treatment.
When combined with other stabilization techniques, such as geogrid reinforcement, this approach yields a
pavement subgrade material that is more durable, less moisture-sensitive, and capable of supporting higher
traffic loads in tropical climates.

Effect of geogrid reinforcement on CBR of lime-stabilized lateritic soil

The inclusion of a uniaxial polypropylene geogrid (tensile strength = 22 kN/m; aperture = 30 mm) significantly
improved the load-bearing behavior. Tests were performed on lime-stabilized samples (6% lime, 28-day curing)
with single and double geogrid layers placed at mid-depth and one-third depth, respectively. Each condition
was replicated three times, and the error bars in Fig. 8 represent + 1 SD. The soaked CBR increased from 32 +
1.3% (single layer) to 43 + 1.5% (double layer) 95% gain over unreinforced soil. The ANOVA confirmed that
this improvement was significant (p < 0.01). Interface shear testing ASTM D5321°° yielded an interface friction
angle of 36° and an adhesion of 24 kPa, validating the strong soil-geogrid interaction. These results confirm
that the reinforcement provides lateral confinement, limits rutting, and enhances load distribution, which is
consistent with the interlock-tension mechanism described by Kwon and Tutumluer®. Design guidance derived
from these findings recommend placing the geogrid at approximately 0.25 H depth, with spacing < 1.0B, for
maximum benefit in tropical subgrades. A brief economic comparison showed a 22% costsaving relative to
cement stabilization, reinforcing the practical viability of this approach.

Unconfined compressive strength

Figure 9 shows the unconfined compressive strength (UCS) values increased with lime content up to an
optimum of 6%, followed by a slight decline at 8%. The untreated soil exhibited 300+ 15 kPa, while 6% lime-
treated samples achieved 950+ 40 kPa, representing a threefold improvement. The ANOVA and Tukey’s HSD
tests (p<0.05) confirmed the statistical significance of this optimum. Mechanistically, early strength gain (<7
days) results from cation exchange and flocculation, while later gains (14-28 days) stem from the pozzolanic
formation of C-S-H and C-A-H gels. These products were verified via XRD (Fig. 5) and SEM (Figs. 10, 11, 12),
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Fig. 8. CBR correlation for un-soaked and soaked for laterite with hydrated lime and geogrid.
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Fig. 9. Unconfined compressive strength lime-stabilized laterite with geogrid.

which showed amorphous gel phases rich in Ca and Si. Geogrid reinforcement further enhanced the UCS by
~20%, attributed to tension transfer and confinement at the soil-grid interface. The combined lime + geogrid
system achieved > 1.0 MPa UCS after 28 days, exceeding subgrade design thresholds for heavy-traffic pavements.
Nevertheless, this suitability should be interpreted cautiously, as long-term durability and field validation are
still required before large-scale adoption. Tables 6 and 7 illustrate the UCS variation of lime content and geogrid
layers respectively.

Microstructural and mechanistic analysis

X-ray diffraction (XRD) analysis

The XRD diffractograms of the untreated and lime-stabilized lateritic soils (Fig. 5a, b) reveal distinct mineralogical
transformations induced by lime addition. The untreated soil is dominated by quartz (SiO,), kaolinite
(ALSi,Os(OH),), gibbsite (AI(OH);), and minor goethite (FeO-OH) peaks, indicating a siliceous-aluminous
composition with low natural reactivity. Following 28 days of curing with 6% hydrated lime, the diffractogram
exhibits attenuated kaolinite and goethite peaks alongside the emergence of broad, low-intensity humps near
20=29-32°, characteristic of amorphous calcium silicate hydrate (C-S-H) and calcium aluminate hydrate
(C-A-H) gels. These mineralogical shifts confirm that the lime reacted pozzolanically with silica and alumina
from the clay minerals to produce new cementitious phases responsible for strength gain. The persistence of
residual quartz and feldspar peaks implies that the reaction primarily involved the fine clay fraction rather than
the coarser silty particles. The results align with the high CaO content (84.6%) of the lime measured by XRF and
explain the pronounced improvement in UCS and CBR following lime treatment.

Transmission electron microscopy (TEM), energy-dispersive spectroscopy (EDS), and
selected-area electron diffraction (SAED) methods

Transmission Electron Microscopy (TEM), coupled with Energy-Dispersive X-ray Spectroscopy (EDS) and
Selected-Area Electron Diffraction (SAED), was employed to examine the nanoscale morphology, chemical
composition, and crystallinity of the untreated and lime-stabilized lateritic soil samples, as well as hydrated lime
reference material. The combined analysis provided insight into the physicochemical mechanisms governing
lime-soil interactions and the formation of cementitious reaction products.

Sample preparation

Representative soil specimens were selected from the control (untreated), 6 wt% lime-stabilized, and
lime + geogrid-stabilized conditions after 28 days of curing at 25+2 °C and 95+ 2% relative humidity. Samples
were gently disaggregated and vacuum-impregnated with low-viscosity epoxy resin to preserve microstructural
features. Thin sections were mechanically ground to a thickness of approximately 80-100 pm and then ion-
milled using an argon beam (3-5 kV, < 5° incidence) until electron transparency was achieved (~100 nm).
Hydrated lime reference material was prepared by dispersing a dilute lime slurry on lacey carbon TEM grids,
followed by ambient drying under a desiccator to prevent carbonation.

Instrumentation and imaging conditions
High-resolution imaging was conducted using a JEOL JEM-2100 transmission electron microscope operating at
200 kV accelerating voltage, equipped with a silicon drift detector (SDD) for EDS microanalysis and a double-
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Fig. 10. X-ray diffraction analysis a laterite, b lime-stabilized laterite, ¢ EDS spectra of lime and laterite.

tilt sample holder for orientation control. Bright-field (BF), dark-field (DF), and high-resolution (HRTEM)
modes were employed to observe lattice structures and interparticle bonding zones. Representative fields (=5
per specimen) were recorded to ensure statistical reproducibility.

EDS microanalysis
Elemental mapping and point analyses were performed using the integrated SDD detector with an energy
resolution of <127 eV at Mn Ka. Quantitative data were processed with Cliff-Lorimer k-factor correction and
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Fig. 11. a Untreated lateritic soil showing dispersed platelet structure and open pores; b lime-treated soil
exhibiting flocculated aggregates and gel bridges indicative of C-S-H/C-A-H formation; ¢ lime + geogrid
interface showing adhesive gel films on polypropylene ribs and reduced interparticle voids.

Fig. 12. Hydrated lime microstructure and reactivity. a TEM micrograph of hydrated lime showing hexagonal
portlandite crystals (0.25-0.6 um) within a porous matrix, scale bar =200 nm, x50,000, 200 kV; b Ca(OH),
composition and SAED pattern indexed to portlandite; c TEM images of lime interacting with lateritic soil
particles.
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Table 6. UCS variation with lime content.
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Table 7. UCS variation with geogrid layers.
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Condition Median feret diameter (um) | Alignment index (AI) | Porosity (%) | Interparticle spacing (nm) | Ca/Si (molar) | Dominant phase (SAED)
Untreated (Control) | 0.8+0.1 0.62+0.03 38+2 45-80 0.02+0.01 Kaolinite, Goethite
Lime-treated (6%) 1.4+0.2 0.78£0.04 27+2 25-40 0.32+0.04 Amorphous C-S-H/C-A-H
Lime + Geogrid (6%) | 1.6+0.2 0.81+0.03 15+1 15-25 0.45+0.06 Amorphous + weak crystals

Table 8. Quantitative TEM metrics of lateritic soil samples.

Parameter Mean+SD | Units | Interpretation

Crystal diameter (Dso) 0.37+0.08 pum Fine plate-like portlandite
Microporosity 21.8+1.3 % High reactive surface area
Phase-area fraction (portlandite) | 0.78+0.04 - Dominant Ca(OH), phase
Ca (wt %) from EDS 96.8+1.2 % Confirms high purity

Ca®* concentration (leachate) 0.012+0.001 | mol L™ | Rapid dissolution and ion release

Table 9. Quantitative TEM metrics for hydrated Lime.

normalized to oxide equivalents. Spatially resolved spectra were used to determine local Ca/Si and Ca/Al ratios
in reaction zones and to differentiate primary soil minerals (Si, Al, Fe phases) from secondary lime reaction
products (Ca-Si-Al gels).

SAED crystallographic analysis

SAED patterns were acquired from areas 200-500 nm in diameter to identify crystalline and amorphous
phases. Diffraction ring indexing was performed using Digital Micrograph (Gatan) and cross-referenced with
the JCPDS database. Diftfuse halos at 20 ~29-32° were interpreted as signatures of amorphous calcium silicate
hydrate (C-S-H) and calcium aluminate hydrate (C-A-H), confirming pozzolanic product formation. In
contrast, distinct lattice reflections corresponding to quartz, kaolinite, and portlandite were observed in the
untreated and hydrated lime specimens.

TEM microstructural analysis of lateritic soil, lime, and geogrid

High-resolution TEM provided nanoscale insight into the mechanisms of soil modification by lime and geogrid
reinforcement. Thin foils were prepared from epoxy-impregnated soil crumbs using precision ion polishing
(Ar*, 3-5kV, <£5°). Imaging was performed at 200 kV in bright-field mode with a silicon drift detector (SDD) for
energy-dispersive spectroscopy (EDS) and selected-area electron diffraction (SAED). For each condition, n=3
specimens and 25 fields per specimen were analyzed to ensure reproducibility.

Untreated lateritic soil

TEM images (Fig. 10a) show loosely packed plate-like kaolinite and gibbsite crystals with minor goethite
inclusions. The plates are randomly oriented (alignment index=0.62), and the interparticle spacing (45-80 nm)
corresponds to a high porosity (38%). EDS spectra exhibit dominant Si and Al peaks with minor Fe, while SAED
rings confirm crystalline kaolinite and goethite. This dispersed arrangement explains the soil’s high plasticity
and moisture sensitivity.

Lime-treated soil

After 28 days of curing with 6% lime (Fig. 10b), the microstructure becomes aggregated and cohesive. Platelet
domains coalesce (median Feret diameter ~ 1.4 um) with increased alignment (AI=0.78) and reduced porosity
(27%). EDS spectra display strong Ca enrichment (Ca/Si=0.32+0.04), and SAED patterns show diffuse halos
indicating amorphous C-S-H/C-A-H formation. These cementitious gels bridge adjacent particles, reduce pore
connectivity, and impart long-term strength and moisture stability.

Lime + geogrid reinforced soil

In the combined system (Fig. 10c), the region adjacent to the polypropylene ribs shows a dense, Ca-rich interphase
with minimal voids (porosity=15%). EDS confirms local Ca/Si=0.45+0.06, and SAED reveals amorphous
halos with weak crystalline remnants. Thin gel films coat the polymer surface, demonstrating chemical
adhesion between the pozzolanic products and the geogrid. This zone of interfacial bonding and mechanical
confinement explains the superior UCS (>1.0 MPa) and durability (=90% strength retention after wet-dry
cycles). The combined microscopy and diffraction results conclusively link microstructural transformation to
macroscopic performance. The transition from a dispersed, moisture-sensitive fabric to a dense, cemented, and
confined matrix explains the dramatic increases in UCS, CBR, and MR observed experimentally. These findings
substantiate the study’s central hypothesis that lime enhances chemical bonding while geogrid reinforcement
provides mechanical confinement, and that their combination yields a durable, sustainable, and cost-effective
stabilization strategy for tropical lateritic subgrades. Table 8 shows the quantitative TEM metric of lateritic soil
samples.
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Hydrated lime microstructure (TEM/EDS/SAED)

High-resolution Transmission Electron Microscopy (TEM) combined with Energy-Dispersive Spectroscopy
(EDS) and Selected-Area Electron Diffraction (SAED) was employed to characterize the morphology and
crystallography of the hydrated lime used for stabilization. Thin foils were prepared from powdered lime paste
embedded in low-viscosity epoxy and ion-milled (Ar*, 3-5 kV, < 5°) to electron transparency. Imaging was
performed at 200 kV accelerating voltage in bright-field mode using a silicon drift detector (SDD) for elemental
analysis. Three replicate foils (n=3) and five representative fields per specimen (=15 total) were examined to
ensure reproducibility. True magnifications ranged from x30 000 — x80 000, with scale bars (100-500 nm)
shown in all micrographs.

Morphology and crystallography

The hydrated lime micrographs (Fig. 11a—c) exhibit well-defined hexagonal plate-like crystals with diameters
between 0.25 pm and 0.6 um (mean=0.37+0.08 um) dispersed within a porous matrix. Quantitative image
analysis (Table 9) determined a microporosity of ~22% and a phase-area fraction of 0.78 for crystalline
portlandite, indicating partial aggregation of fine crystallites and an interconnected pore network. These
geometric parameters were extracted using ImageJ segmentation and validated by one-way ANOVA (p <0.05).

Reactivity and dissolution behavior

To support the assertion that the porous microstructure facilitates rapid cation release, leachate analysis was
performed by immersing 5 g of hydrated lime in 100 mL of de-ionized water for 24 h at 25 °C. The filtrate
exhibited [Ca**]=0.012 mol L™', pH=12.4+0.1, and an electrical conductivity of 11.8 mS cm™, confirming
rapid dissolution and high cation availability for pozzolanic reactions. The observed porosity and fine crystal size
enhance surface area, accelerating Ca** diffusion into the surrounding soil matrix during stabilization.

Interaction with soil and mechanistic pathway

Paired TEM micrographs (Fig. 11a—c) illustrate the progression from discrete portlandite plates to amorphous
gel networks upon reaction with silica- and alumina-rich soil particles. The images show gel coatings bridging
soil grains and partially obscuring the original hexagonal morphology, signifying the transformation of Ca(OH),
into calcium silicate hydrate (C-S-H) and calcium aluminate hydrate (C-A-H) phases. These features provide
direct visual evidence of the mechanistic pathway responsible for long-term strength gain.

The combined TEM, EDS, SAED, and leachate analyses confirm that the hydrated lime consists of crystalline
hexagonal portlandite with a fine crystal size and interconnected pore system that promotes rapid dissolution
and cation release. Upon interaction with the siliceous-aluminous soil matrix, these Ca®>* ions form C-S-H
and C-A-H gels that cement particles and improve the mechanical performance of the stabilized subgrade.
The reproducibility, quantitative image analysis, and complementary chemistry together substantiate the
mechanistic role of lime in the hybrid stabilization process. Figure 12 showing the hydrated lime microstructure
and reactivity.

Conclusion

This study presented a mechanistic and comparative evaluation of lime stabilization and polypropylene geogrid
reinforcement which applied independently and in combination for improving the strength and durability of a
classified A-7-6 (CL-ML) lateritic subgrade from Ogun State, Nigeria. The experimental results showed that the
addition of 4-6% hydrated lime optimally reduced the plasticity index from 30 to 6%, increased the unconfined
compressive strength (UCS) from 300 kPa to 950 kPa, and improved the soaked California Bearing Ratio (CBR)
from 22% to 57% after 28 days of curing. Geogrid reinforcement alone enhanced the soaked CBR to approximately
33% (single layer) and 43% (double layer) with negligible strength loss after repeated wet-dry cycles. The
combined lime-geogrid system exhibited the highest performance (soaked CBR > 65%, UCS > 1.0 MPa), thereby
exceeding AASHTO subgrade strength requirements. Microstructural analyses confirmed the formation of
amorphous calcium silicate and aluminate hydrates (C-S-H and C-A-H) that chemically bond soil particles,
while the geogrid provided additional mechanical confinement and load redistribution.

Theoretical and scientific contributions

The findings establish a dual-mechanism theoretical framework describing the coupled chemical-mechanical
stabilization of lateritic soils. In this framework, lime induces physicochemical modification and pozzolanic
bonding that enhances cohesion and long-term stiffness, whereas the geogrid mobilizes tensile restraint and
interlocking to limit deformation and maintain structural integrity. Their interaction yields a synergistic, hybrid
stabilization pathway that balances strength, ductility, and moisture durability. This model advances current
understanding of multi-mechanism soil improvement and provides a mechanistic basis for designing low-
carbon, resilient subgrade systems.

Contribution to new knowledge

By integrating microstructural (XRD, TEM, EDS) and mechanical data under unified experimental conditions,
the study quantitatively links mineralogical transformation to macroscopic strength gain. It offers the first
comprehensive comparison of lime and geogrid effects on the same lateritic soil and demonstrates that a 6%
lime + double-layer geogrid configuration delivers optimal, sustainable performance. These outcomes provide
empirical evidence and theoretical guidance for next-generation, environmentally responsible pavement
subgrade design in tropical regions.
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Limitations and prospects for future research

The investigation was confined to one lateritic soil type, laboratory compaction and curing conditions, and
short-term durability evaluation. Future research should address long-term field validation under cyclic traffic
loading, extended wet-dry and thermal cycles, and diverse tropical soil types. Additional studies should examine
alternative low-carbon binders (e.g., fly ash, geopolymer, or agricultural ashes) within the proposed dual-
mechanism framework and perform full life cycle and techno-economic assessments to quantify sustainability
benefits.

Overall significance

This research contributes a reproducible mechanistic foundation and a new theoretical model for combined
chemical and mechanical stabilization of lateritic subgrades. The demonstrated synergy between lime and
geogrid represents a durable, cost-effective, and lower-carbon alternative to conventional cement stabilization,
supporting the development of sustainable, resilient transportation infrastructure in tropical environments.

Data availability
The data underlying this article will be shared upon reasonable request by the corresponding author.
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