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Abstract 

Road infrastructure in Cameroon experiences rapid deterioration due to intense seasonal rainfall, high temperatures, and the 

predominance of weak lateritic soils in tropical environments. These unfavorable conditions reduce pavement performance, 

increase maintenance costs, and hinder sustainable transportation development, particularly on rural road networks. Soil 

stabilization using locally available materials has emerged as a cost-effective strategy for improving the engineering properties 

of these problematic soils. This study evaluates the effectiveness of locally sourced quicklime in enhancing the geotechnical 

characteristics of lateritic soils collected from the Kombe-Mbanga area in Cameroon and assesses its suitability for road subgrade 

applications. Ten representative soil samples were collected and characterized through laboratory testing, including particle size 

distribution, Atterberg limits, Modified Proctor compaction, California Bearing Ratio (CBR), and direct shear strength tests. The 

tests were performed before and after quicklime stabilization to quantify changes in the soils' mechanical behavior. In addition, 

statistical analyses were conducted to investigate the relationships between key geotechnical parameters and bearing capacity. 

The results demonstrate substantial improvements following stabilization. The average CBR increased from 9.04 to 45.08, 

indicating a significant enhancement in load-bearing capacity. Cohesion increased from 27 to 57 kPa, while the internal friction 

angle improved from 30° to 57°, reflecting greater shear strength and stability. Statistical analysis further revealed a strong 

negative correlation between the plasticity index and CBR (r = −0.67), confirming that high plasticity and fine particle content 

are the primary factors responsible for the poor engineering performance of the untreated soils. These findings demonstrate that 

locally available quicklime provides a simple, economical, and effective stabilization technique capable of transforming weak 

tropical lateritic soils into suitable road subgrade materials. The study offers practical guidance for the rehabilitation and 

construction of durable rural roads in Cameroon and other tropical regions with similar geotechnical and climatic conditions. 
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1. Introduction 

Road infrastructure in tropical regions rests, quite literally, 

on soil. The mechanical properties of that soil, particularly 

bearing capacity, determine whether a subgrade holds or fails 

under load [1, 2]. In Cameroon, as across much of sub-Saharan 

Africa, the soils engineers work with are predominantly later-

itic. They are widespread, they are familiar, and a significant 

proportion of them are problematic: heavy weathering pro-

duces high plasticity, low bearing capacity, and a susceptibil-

ity to swelling and shrinkage that makes them poorly suited to 

road subgrade applications without treatment [3]. 

Stabilization is therefore not optional. Cement remains the de-

fault binder, fast-acting, durable, and readily available, but it has 

two well-documented weaknesses: it performs poorly on highly 

plastic clays, and its CO2 footprint is increasingly difficult to jus-

tify when alternatives exist [4]. Pozzolanic materials such as fly 

ash have been studied as partial substitutes [5], and bio-based sta-

bilizers using enzymes, bacteria, or biopolymers have attracted 

research interest [6, 7]. Neither category has demonstrated con-

sistent reliability under tropical field conditions. 

Lime behaves differently on clayey laterites. Cation ex-

change begins within hours of mixing, reducing plasticity and 

improving workability; pozzolanic reactions follow over days 

and weeks, progressively building strength [8, 9]. The effect is 

well documented. Studies conducted in tropical environments 

have recorded consistent gains in CBR and shear strength after 

lime treatment [10, 11]. Prior fieldwork at Kombe-Mbanga con-

firmed those gains under local conditions [12]. Subsequent 

work showed that lime treatment increases compressive 

strength and durability in unsaturated soils [13], that combining 

lime with natural fibers can push performance further [14], and 

that lime outperforms mechanical stabilization methods on 

tropical laterites when the two are compared directly [15]. 

Knowing that lime works is useful. Knowing how to quan-

tify its effect quickly and cheaply is more useful still. The Cal-

ifornia Bearing Ratio is the standard subgrade quality metric 

in road engineering, but direct CBR testing is time-consuming 

and expensive, which limits its application on large or re-

source-constrained projects. Several groups have proposed 

predictive models that estimate CBR from parameters that are 

faster to measure: cohesion, internal friction angle, and plas-

ticity indices [16-18]. 

Standard multivariate correlations predict CBR adequately 

for homogeneous soils, but their reliability drops for tropical 

laterites, which show high structural variability and physico-

chemical properties that shift with moisture and weathering 

history. Machine learning approaches have attempted to fill 

that gap. One study built a CBR and compressibility predic-

tion model for lime-stabilized laterites using machine learning 

combined with Pchip data augmentation, with results that held 

for tropical applications [19]. Another proposed a hybrid 

model for metakaolin-treated laterites, showing that combin-

ing laboratory measurements with statistical modeling im-

proves prediction accuracy [20]. A third found that neural net-

works and classical linear correlations perform comparably on 

stabilized soils [21], a finding that is less conclusive than it 

sounds, since neither approach in that study was calibrated 

specifically for lime-treated tropical laterites. 

That is precisely the gap this study addresses. Predictive 

CBR models validated for lime-stabilized tropical laterites are 

scarce, and the ones that exist were not built on soils from this 

region. Engineers working on rural road rehabilitation in 

Cameroon have no locally grounded reference tool: they either 

run full CBR campaigns or rely on correlations developed 

elsewhere and hope they transfer. 

This study addresses that directly through three connected 

objectives: characterizing the physical and mechanical prop-

erties of Kombe-Mbanga lateritic soils, quantifying the effect 

of lime treatment on their behavior, and establishing statisti-

cally validated correlations between physical and mechanical 

parameters. The novelty lies not in any single element but in 

their combination: site-specific characterization, controlled 

lime treatment, and locally calibrated correlations developed 

together for a soil type and climate that existing models do not 

adequately cover. 

2. Study Area 

The Kombe-Mbanga site is in the municipality of Mbanga, in 

the Moungo subdivision, on the border between the Littoral and 

South-West regions of Cameroon (Figure 1). The study covered 

a 7 km section of National Road No. 5, a major route between 

these two regions. The study area lies between longitudes 9°10'E 

and 9°50'E and latitudes 4°10'N and 5°00'N. Mbanga is approxi-

mately 70 km from Nkongsamba and 65 km from Douala. The 

municipality covers 544 km2, includes 19 localities, and has a 

population of around 35,415. Neighboring localities include 

Njombea-Penja and Mombo to the north, Dibombari to the south, 

Bonalea to the east, and Meme (Kumba) to the west. 

The climate is equatorial (Guinea type), with two wet sea-

sons and two dry seasons. Temperatures range between 22°C 

and 34°C, rarely falling below 20°C. Annual rainfall is 2,500 

- 3,000 mm [22, 23]. 

The site was selected for three reasons: visible and wide-

spread pavement deterioration (potholes, ruts, cracks) indicat-

ing subgrade failure; accessibility for safe field sampling; and 

an undisturbed natural soil profile with no prior stabilization 

or regrading, so that the analyses would reflect actual in-situ 

geotechnical conditions. 

3. Materials and Methods 

3.1. Soil Sampling and Materials Description 

Soil samples were collected from hand-dug excavation pits 
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using picks, shovels, and crowbars. Three criteria guided site 

selection: 

Wells were positioned approximately 5 m from the road 

edge to capture material representative of the subgrade while 

avoiding the density changes induced by direct traffic loading. 

The site was kept clear of residential and developed areas to 

limit anthropogenic disturbance. Extraction depth was held 

between 0.5 and 1.5 m, targeting the upper subsoil layer where 

organic content is negligible and surface weathering effects 

are limited. 

Both disturbed and undisturbed samples were collected fol-

lowing standard geotechnical protocols to ensure representa-

tiveness across the test program. 

Full mineralogical characterization was not carried out in 

this study. The mineralogy of lateritic soils from the Came-

roonian Littoral is already well established in the regional lit-

erature: kaolinite and iron oxides are the dominant constitu-

ents, a finding confirmed across multiple independent studies 

[24-26]. Reproducing that characterization here would add 

length without advancing the objectives of this work. 

Natural soil was oven-dried at 105 ± 5°C before any testing 

or mixing. Unstabilized samples were compacted directly at 

optimum moisture content using the modified Proctor mold, 

then soaked for 96 hours prior to CBR testing. 

For stabilized samples, a 4% quicklime dosage was selected 

based on preliminary tests and published work on comparable 

tropical laterites, which consistently identify the 3-6% range 

as the zone where cation exchange and pozzolanic reactions 

produce measurable strength gain without excess lime remain-

ing unreacted in the matrix [12]. Within that range, 4% repre-

sents a realistic field dosage, high enough to drive meaningful 

plasticity reduction and CBR improvement, low enough to re-

main economically viable for rural road construction in Cam-

eroon. Higher dosages were not tested in this phase; their ef-

fect is identified as a variable worth exploring in follow-up 

work. 

 
Figure 1. Localization map of the study site and sampling points. 

The lime used is a commercial quicklime in common use in 

Cameroon, with a CaO content above 90%. The required lime 

mass was calculated as 4% of the dry soil mass. Dry compo-

nents were mixed mechanically for approximately five 
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minutes. Distilled water was then added gradually to reach op-

timum moisture content, followed by five to ten minutes of 

additional mixing to ensure even distribution. 

The wet mixture was compacted in the modified Proctor 

mold at OPM (Optimum Moisture) before being placed in 

sealed containers for curing. Curing lasted 14 days at 25 ± 2°C 

under relative the maximum dry density (MDD) were meas-

ured with the modified Proctor test (NF P 94-093). 

3.2. Laboratory Testing 

3.2.1. Physical Characterization 

Particle size distribution was determined by dry sieving for 

particles larger than 80 µm (NF P 94-056) and hydrometer 

sedimentation for particles smaller than 80 µm (NF P 94-057). 

Atterberg limits were measured using the Casagrande appa-

ratus for the liquid limit and the rolling thread method for the 

plastic limit, per NF P 94-051. The plasticity index was de-

rived from Equation (1). 

𝑃𝐼 = 𝐿𝐿 − 𝑃𝐿              (1) 

Compaction characteristics at optimum moisture content 

and maximum dry density, were determined by the modified 

Proctor test (NF P 94-093). 

3.2.2. Mechanical Characterization 

The California Bearing Ratio (CBR) test measures penetra-

tion resistance on samples compacted at OPM and soaked for 

96 hours (NF P 94-078). CBR was calculated at 2.5 mm and 

5.0 mm penetration depths, using Equations (2) and (3), and 

compared against reference forces for crushed gravel (13.5 kN 

and 19.93 kN, respectively). The higher value was retained for 

each sample. 

𝐶𝐵𝑅2.5 =
𝑃2.5

13.5
× 100            (2) 

𝐶𝐵𝑅5.0 =
𝑃5.0

19.93
× 100           (3) 

Shear strength parameters cohesion (c) and friction angle (φ) 

were determined by direct shear tests (NF P 94-071) at three nor-

mal stress levels (100, 200, and 300 kPa). The Mohr-Coulomb 

failure envelope was derived graphically using Equation (4). 

𝜏 = 𝑐 + 𝜎 𝑡𝑎𝑛(𝜑)             (4) 

3.3. Statistical Analysis 

The statistical approach was designed around two real con-

straints: a small sample size (n = 10 for natural soils) and the 

structural interdependence typical of geotechnical variables, 

where fine particle content, plasticity, and strength indices 

tend to move together [27, 28]. The goal was to identify relia-

ble trends, not to overextract from limited data. 

Univariate descriptive statistics (mean, standard deviation, 

minimum, maximum, and quartiles) characterize central ten-

dency and dispersion across the dataset. 

Bivariate relationships were assessed using Spearman's rank 

correlation coefficient. This choice was driven by two factors: 

several variables showed non-normal distributions, confirmed 

by Shapiro-Wilk tests (p < 0.05), and the relationships between 

geotechnical parameters are often monotonic without being 

strictly linear. Spearman's method requires no normality as-

sumption and handles outliers without distortion, properties that 

make it well suited to small geotechnical datasets [29-31]. Con-

clusions about soil vulnerability and stabilization effectiveness 

rest on clear descriptive differences between natural and treated 

properties, not on extrapolated correlations. 

4. Results and Discussion 

4.1. Physical Parameters 

As illustrated in Table 1, the physical parameters and major 

geotechnical indices of the soils under investigation are pre-

sented. These include grain size distribution, natural moisture 

content, and Atterberg limits. The statistical summary pre-

sented in Table 2, in conjunction with Figures 2 and 3, offers 

a comprehensive overview of the data, encompassing mini-

mum, maximum, and average values, standard deviations, and 

quartiles. 

A thorough analysis of the particle size distribution of the 

sampled foundation soils reveals a high degree of similarity 

with the results reported by [12] in the same geographical area. 

This observation reflects a regional soil formation process 

characterised by significant weathering of the original materi-

als in a tropical climate [3]. This process induces partial dis-

solution of silica and bases, while concentrating iron and alu-

minium oxides and clay minerals. This chemical reaction has 

been shown to result in a substantial decrease in the size of 

gravel grains, accompanied by a considerable increase in the 

number of fine particles in suspension. 

These properties differ significantly from the ideal structure 

expected for road foundations in tropical areas. This hypothe-

sis is supported by the results presented in Table 2, which pro-

vides a statistical summary of the data. This discrepancy is in-

dicative of a disparity between the theoretical data and the em-

pirical observations. In fact, the percentage of gravel is not 

only very low (average = 5.21%), but also reflects high varia-

bility (standard deviation = 9.43) and strong positive asym-

metry (skewness = 1.70). This observation suggests that the 

distribution of gravel along the studied section is uneven and 

irregular, indicating an inhomogeneous distribution of lateriti-

zation remains rather than a regular soil characteristic. 

This uneven distribution of gravel has been shown to com-

promise the particle adjustment process, which is essential for 

the bearing capacity of soils [32]. The latter produces varied 

areas where a uniform base was expected. Conversely, the fine 

fraction exhibits both abundance and constancy (mean = 
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46.50%, SD = 7.07), thus establishing itself as the predomi-

nant component of the soil. As previously stated in reference 

works [24, 25], the composition of these fines primarily con-

sists of kaolinite and illite, along with iron and aluminium ox-

ides, which are indicative of lateritic profiles. This property is 

attributable to the substantial specific surface area imparted by 

these minerals to the material under consideration. The sand 

fraction was found to be the predominant granular element 

(mean = 48.19%, SD = 9.31), and its distribution among the 

different samples was relatively uniform. 

The results of the Shapiro-Wilk normality tests revealed 

that the amount of gravel followed a highly non-normal distri-

bution (p < 0.05, skewness = 1.70), while the plastic limit (PL) 

also showed significant skewness (skewness = 1.20) (see Fig-

ure 3). The utilization of Spearman's non-parametric correla-

tion analysis [29] is explained by this diversity, as it is more 

resistant to outlier values and appropriate for small samples. 

The data presented in Figure 2 reveal an absence of a signif-

icant correlation between the sand and fine fractions (ρ = -0.43, 

p = 0.215). However, a moderate inverse correlation between 

gravel and fines was observed (ρ = -0.58, p = 0.082), indicating 

a relative substitution relationship: areas with high gravel con-

tent are less rich in fines, while heavily weathered areas domi-

nated by fines have eroded or fragmented the gravel particles 

[3]. This trade-off, in combination with deformation, serves to 

limit the soil's capacity to concurrently activate the mechanisms 

of resistance through friction (gravel) and adhesion (fines) [1]. 

A positive correlation, whose significance is close to the statis-

tical threshold, was observed between natural moisture and the 

liquidity limit (ρ = 0.60; p = 0.067). This observation thus vali-

dates the hypothesis of an affinity between soil and water, a hy-

pothesis that has already been highlighted in previous research 

on Yaoundé laterites [33]. It is important to note that moderate 

increases in moisture, which are common in coastal areas, can 

lead to a significant decrease in soil strength, causing it to be-

come plastic and malleable [34]. 

Furthermore, the fine particle content demonstrated a sub-

stantial positive correlation with the liquidity limit (ρ = 0.64, 

p = 0.048) and the plasticity limit (ρ = 0.76, p = 0.011). The 

findings, derived from samples representative of the popula-

tion under study, provide quantitative evidence that the clay 

fraction exerts a significant influence on the plastic behaviour 

of the soil. The elevated values of the liquid limit (LL = 50.91) 

and plasticity index (PI = 21.6) categorise this soil as a highly 

plastic material. 

A significant finding of this study is the substantial negative 

correlation between the plasticity index and the CBR (ρ = -

0.67, p = 0.033), which provides substantial statistical evi-

dence: the higher the plasticity index, the lower the soil 

strength. 

Thus, an increase in PI results in an increase in absorbed 

water and a decrease in effective stresses under load. This dy-

namic results in a decrease in internal friction and an increase 

in the generation of pore pressures. Consequently, the soil un-

dergoes a transition from a friction-based sliding behaviour to 

a viscous deformation. The presence of a high percentage of 

fine particles, with an average of 46.5%, which is still above 

the 35% limit recommended by practical guidelines [35], 

combined with a high plasticity index and the correlations 

identified, confirms that this natural soil is not suitable for the 

installation of flexible pavements. 

This issue is widely recognised in the region. As demon-

strated in previous research [12], lime stabilisation has been 

shown to be both effective and a viable solution. The applica-

tion of lime exerts a direct impact on the electrochemical 

bonds of clay minerals, resulting in a sustained reduction in 

the liquidity limit and plasticity index. Furthermore, it has 

been demonstrated to reduce sensitivity to moisture, which is 

the primary factor in the observed failures on pavements. 

Table 1. Physical parameters. 

Samples Gravel (%) Sand (%) Fines (%) Natural ω% LL% PL% PI 

P1 0 57.7 42.3 6.54 55.2 27.14 28.06 

P2 0.05 59.53 40.37 9.19 45 22.42 22.58 

P3 0 54.91 45.09 6.4 52.27 26.31 25.96 

P4 0 38.46 61.54 9.18 61.5 31.64 29.86 

P5 6.23 52 41.77 6.85 37.6 22.17 15.43 

P6 29.2 27.37 42.33 11.33 59.5 33.74 25.76 

P7 0 43.82 56.18 16.74 51 30.38 20.62 

P8 16.4 45.13 38.37 12.24 37 18.33 18.67 

P9 0.19 53.59 46.41 11.7 41.66 31 10.66 

P10 0.04 49.37 50.59 8.54 68.4 50 18.4 
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Table 2. Univariate statistical data analysis of physicals parameters. 

 count mean SD min 25% 50% 75% max skewness kurtosis 

Gravel 10 5.21 9.43 0.00 0.00 0.05 4.72 29.20 1.70 1.45 

Sand 10 48.19 9.31 27.37 44.15 50.69 54.58 59.53 -0.90 0.00 

Fines 10 46.50 7.07 38.37 41.90 43.71 49.55 61.54 0.95 -0.31 

ω 10 9.87 3.05 6.40 7.27 9.19 11.61 16.74 0.83 0.02 

LL 10 50.91 10.02 37.00 42.50 51.64 58.43 68.40 0.12 -1.12 

PL 10 29.31 8.31 18.33 23.39 28.76 31.48 50.00 1.20 1.27 

PI 10 21.60 5.70 10.66 18.47 21.60 25.91 29.86 -0.33 -0.82 

SD: Standard deviation; min: minimum value; 25%: First; 50%: Median); 75%: Third Quartile; max: maximum value 

 
Figure 2. Bivariate statistical analysis: heatmap of Pearson correlation between physical and mechanical data. 
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4.2. Soil Classification 

The GTR [Guide des Terrassements Routiers (French Road 

Earthworks Guide)] system and the AASHTO classification 

both indicate that the soils of Kombe-Mbanga are categorised 

as poor-quality foundation materials. The majority of these 

materials are classified as categories A2-A3 (GTR) and group 

A-7 (AASHTO), indicating their unsuitability for use in road 

construction. This categorization is closely associated with 

their high concentration of fine particles (>35%), high plastic-

ity (average plasticity index = 21.6), and low intrinsic bearing 

capacity [36]. These observations are consistent with geotech-

nical recommendations, which stipulate that this type of soil 

often requires corrective action, either through extraction and 

replacement or chemical stabilization [35, 36]. The observa-

tions collected in this study corroborate the results of regional 

research conducted on comparable lateritic soils. This re-

search underscores the necessity for lime treatment to curtail 

plasticity and regulate moisture sensitivity [12, 33]. 

4.3. Mechanical Properties 

4.3.1. Natural Soil Parameters 

The maximum dry density and optimum moisture content 

for compaction were determined using modified Proctor tests 

for all samples. As recorded in Table 3 and illustrated in Fig-

ure 4, the maximum dry density (MDD) and optimum mois-

ture content (OPM) values are presented, along with the re-

sults of the CBR tests, internal friction angle (φ) and cohesion 

(c). The statistical summary presented in Table 4 offers a com-

prehensive overview of the parameters under consideration, 

including minimum, maximum, and average values, standard 

deviations, and quartiles. 

(i). Compaction Characteristics and CBR 

The findings indicate that the mechanical parameters (CBR, 

φ, and c) demonstrate a near-normal distribution (p > 0.05), 

whilst the MDD evinces slight asymmetry (skewness = 1.03) 

(see Figure 5). The results of the modified Proctor test indicate 

that the optimal moisture content range falls between 14.0% 

and 19.2% (with an average value of 16.2%), whilst the max-

imum dry density recorded ranges from 1.66 g/cm3 to 2.04 

g/cm3 (with an average value of 1.82 g/cm3). This low density 

is indicative of the substantial presence of fine particles (aver-

age = 46.5%). The findings of the correlation analysis between 

MDD and OPM demonstrate a substantial negative relation-

ship (ρ = -0.75, p = 0.013). This finding serves to validate the 

fundamental postulate of soil mechanics, namely that the co-

hesion of clay particles imposes limitations on their capacity 

for reorganization and compaction during the compaction pro-

cess. Consequently, this increased cohesion necessitates an es-

calation in water requirements, the purpose of which is to fa-

cilitate adequate lubrication [1]. 

CBR tests, conducted under extreme conditions of 96-hour 

immersion, reveal minimal resistance of the natural soil. The 

findings emphasise the variability of the lateritic soils of 

Kombe-Mbanga, which exhibit a significantly lower bearing 

strength compared to analogous laterites in Cameroon. By way 

of comparison, [37] cites values of 21 to 31% for heavy laterites 

in the west, while [38] reports resistances of 31 to 68% in the 

south. It is imperative to stabilise the local material in order to 

ensure equivalent performance. This observation indicates that 

the observed resistance is predominantly attributable to the clay 

matrix, which exhibits sensitivity to moisture, as opposed to be-

ing attributed to friction between grains. In soils of adequate 

quality, a clear dissociation is often observed between CBR and 

shear parameters. Indeed, as demonstrated in study [39], CBR 

is more influenced by moisture and compaction level than by 

the friction component of shear strength. 

(ii). Shear Strength Parameters 

The analysis of soil samples indicated that the mean values 

for internal friction angles (φ, natural) and cohesion (c, natural) 

were comparatively low. The angle of internal friction was 

found to have an average value of 30.2° (ranging from 26.2° 

to 35.4°), while the cohesion averaged 27.3 kPa (ranging from 

24.1 to 31.9 kPa). However, samples that underwent a recon-

stitution and compaction process at optimum moisture content 

(OPM) demonstrated significantly higher performance, with 

an average angle of 45.1° (39.5° - 48.9°) and an average co-

hesion of 47.4 kPa (33.9 - 60.7 kPa). The present research 

demonstrates the potential resilience of soil, which, in its nat-

ural state, is underutilised. 

Table 3. Mechanical parameters of natural samples. 

Samples MDD (g/cm3) OPM (%) CBR φnatural φ 0% at OPM c natural c 0% at OPM 

P1 1.81 15.4 1.8 30.28 44.9 24.05 48.98 

P2 1.81 16 8.48 34.32 45.93 25.52 59.39 

P3 2.04 15 7.09 30.55 48.51 26.34 38.22 

P4 1.76 19.2 2.66 35.38 46.88 28.35 39.82 

P5 1.86 14 5.24 32.38 46.69 25.39 33.87 
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Samples MDD (g/cm3) OPM (%) CBR φnatural φ 0% at OPM c natural c 0% at OPM 

P6 1.81 18.8 10.07 32.21 47.15 26.82 55.3 

P7 1.81 15.2 10.67 29.91 42.95 31.86 47.64 

P8 1.78 17 17.8 30.47 39.5 28.14 60.67 

P9 1.81 14.8 13.95 26.2 48.94 27.46 50.08 

P10 1.66 17 12.99 27.88 39.93 28.79 40.11 

 
Figure 3. Histograms of physical parameter. 

Table 4. Univariate statistical data analysis of mechanical parameters of natural samples. 

 count mean std min 25% 50% 75% max skewness kurtosis 

CBR 10 9.08 4.81 1.80 5.70 9.28 12.41 17.80 0.12 -0.89 

φnatural 10 30.96 2.62 26.20 30.00 30.51 32.34 35.38 -0.05 -0.61 

φ 0% at OPM 10 45.14 3.16 39.50 43.44 46.31 47.08 48.94 -0.70 -0.85 

c natural 10 27.27 2.08 24.05 25.73 27.14 28.30 31.86 0.62 0.09 

c 0% at OPM 10 47.41 8.77 33.87 39.89 48.31 54.00 60.67 0.07 -1.27 
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 count mean std min 25% 50% 75% max skewness kurtosis 

MDD 10 1,82 0,09 1,66 1,79 1,81 1,81 2,04 1,03 1,80 

OPM 10 16,24 1,64 14,00 15,05 15,70 17,00 19,20 0,58 -0,88 

SD: Standard deviation; min: minimum value; 25%: First; 50%: Median); 75%: Third Quartile; max: maximum value 

This discrepancy in performance can be attributed to the 

fundamental differences between the natural state and the 

compacted state in the laboratory. In a natural condition, soil 

is characterised by certain inherent imperfections, including 

voids, root channels, cracks, and variations in density. These 

elements result in the formation of areas where stresses inten-

sify and planes of failure [32, 40]. Within the confines of a 

laboratory setting, the compaction process serves to eradicate 

these imperfections, culminating in the formation of a dense, 

homogeneous matrix. The matrix in question has been demon-

strated to promote particle aggregation and significantly en-

hance cohesion. The relationship between compaction energy 

and water content is confirmed by the significant negative cor-

relation between maximum dry density (MDD) and optimum 

moisture content (OPM) (ρ = -0.75, p = 0.013). 

These results have immediate implications for pavement 

performance. The strength values measured in situ are signif-

icantly lower than those obtained after adequate compaction, 

which corroborates observations of road deterioration despite 

the potential quality of the soil. Furthermore, the significant 

positive correlation between fine particle content and natural 

cohesion (ρ = +0.65, p = 0.042) demonstrates that the clay 

fraction is the primary source of strength in its natural state. 

However, this same proportion is also responsible for high 

plasticity and sensitivity to moisture, creating a paradox: the 

component that provides strength is also the one that makes 

the soil vulnerable in the long term. This duality illustrates that 

mechanical compaction alone is not sufficient to guarantee en-

during improvement; chemical stabilisation, such as lime 

treatment, is also required to effect permanent alteration to the 

clay structure. 

4.3.2. Stabilized Soil Parameters 

(i). Compaction Characteristics and Bearing 

Capacity 

The compaction characteristics and bearing capacity of the 

material under investigation are the primary factors to be con-

sidered. As a part of this study, an analysis was conducted on a 

set of five stabilized samples, each containing 4% lime, as 

shown in Table 5. Numerous factors motivate the selection of 

this dosage. The study was grounded in the research of [12], 

which established that a proportion of at least 2% was sufficient 

for improving the soils of Kombe-Mbanga, while 4% provided 

the ideal hydro-mechanical benefits. Consequently, this option 

allows for a rigorous and methodical analysis, while avoiding 

the dispersion of results across several dosages. 

The approach adopted is indicative of a practical, pragmatic 

stance, aligned with the fundamental requirements of the pro-

ject. The findings of the study can be immediately applied by 

engineers responsible for the rehabilitation. 

 
Figure 4. Modified Proctor curves of natural samples. a) samples 1-5; b) samples 6-10. 
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Figure 5. Histograms of mechanical parameters. 

Table 5. Mechanical parameters of lime-stabilized samples. 

Samples MDD (g/cm3) 4% OPM (%) 4% CBR 4% (95% OPM) φ (°) 4% c (kPa) 4% 

P1 1.85 16.2 41.8 55.73 54.23 

P3 2.2 19.8 65.3 61 56.59 

P5 1.9 17.2 28.9 59.02 51.73 

P8 1.79 18 47.6 48.98 71.91 

P10 1.72 17.2 41.8 59.76 50.69 

Maximum 2.2 19.8 65.3 61 71.91 

Minimum 1.72 16.2 28.9 48.98 50.69 

Average 1.892 17.68 45.08 56.245 56.37 

 

The findings of the study indicate a substantial enhancement 

in the geotechnical properties of the soil. The maximum dry 

density (MDD) exhibited an increase from 1.82 g/cm3 to 1.89 

g/cm3 (+3.8%), while the optimum moisture content (OPM) 

demonstrated an increase from 16.2% to 17.7% (+9.3%). These 

modifications are marked by a significant transformation in soil 

composition, brought about by cation exchange and floccula-

tion processes [9]. The aforementioned processes are conducive 

to the development of a more permeable texture, which requires 

a greater quantity of water to ensure slippage, while concomi-

tantly enabling more efficient compaction. 

The most significant enhancements observed pertain to an 

augmented degree of resistance. Furthermore, the average 

bearing capacity (CBR) exhibited a substantial increase, rising 

from 9.08 to 45.1. The performance under consideration is all 

the more remarkable when viewed in the context of the per-

centages reported for untreated lateritic gravels in western 

Cameroon (21-31%) [37]. Indeed, when measured against the 

performance of naturally more resistant materials in the south 

(31-68%) [38], the performance under consideration is shown 

to be equal. 

Furthermore, a substantial enhancement in shear values was 

observed, accompanied by an increase in the internal friction 

angle (φ) from 30.2° to 57.0° and a concomitant increase in 
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cohesion (c′) from 27.3 kPa to 57.0 kPa. This observed pro-

gression can be attributed to the synergistic action of multiple 

processes. Pozzolanic reactions result in the formation of ce-

mentitious bonds (C-S-H and C-A-H), which serve to enhance 

cohesion [41]. Conversely, the process of flocculation and ag-

gregation of clay particles gives rise to a more granular texture, 

which in turn leads to an increase in internal friction [9]. This 

disproportionate increase in strength relative to density can be 

attributed to the effect of lime on plasticity, a characteristic 

closely related to low CBR values. A correlation coefficient 

of -0.67 and a p-value of 0.033 were found to demonstrate a 

close relationship between the two variables. It has been 

demonstrated that the alteration of the plasticity of materials 

is a prerequisite for the induction of cementitious bonds. This 

modification involves the transformation of the initial strength 

process, which was based on wet cohesion, into a durable ce-

mentation process. Important variability was observed (CBR: 

28.9-65.3; φ: 49.0-61.0°), attributable to the initial soil com-

position and the concentration of silica and alumina. However, 

the results obtained were consistently higher than natural per-

formance, even for the lowest values. Once stabilisation is 

achieved, the lowest CBR is 62% higher than the highest CBR 

of natural soils. The findings of this study indicate that the ap-

plication of lime has a long-term impact and can be regarded 

as a sustainable approach to enhance the quality of local soils. 

(ii). Shear Strength Parameters 

The findings of the investigation conducted on samples that 

had been subjected to treatment with 4% lime are outlined. 

Firstly, it was evident that the internal friction angle (φ) ex-

hibited significant values ranging from 49.0° to 61.0° (average 

= 57.0°). Secondly, the cohesion (c) demonstrated variability 

from 50.7 to 71.9 kPa (average = 57.0 kPa). These increases 

are indicative of the stabilisation of shear parameters, suggest-

ing a dual reinforcement of the latter. The findings of this 

study indicate a substantial positive correlation between CBR 

and cohesion (ρ = +0.90, p = 0.037). This observation suggests 

that cementation by pozzolanic materials is the predominant 

factor in the strength of stabilised soils. In addition, particle 

reorganization contributes to increased friction. 

The presence of fine particles is significant in this regard, 

as it creates an environment conducive to physicochemical in-

teractions. The hypothesis of a correlation between increased 

cohesion and interactions between lime and aluminosilicate 

minerals in the soil is formulated. This hypothesis posits that 

the cementitious gels (C-S-H and C-A-H) produced are the re-

sult of these interactions and that these gels play a role in the 

unification of particles at the microscopic scale. This theory is 

corroborated by previous research, including [9, 41]. Concur-

rently, the cation exchange process and flocculation facilitate 

the amalgamation of clay particles into larger aggregates. This 

phase consequently results in an enhancement of the texture, 

manifested by the development of granular structures that fa-

cilitate friction between particles [41, 42]. 

This soil transformation is a gradual process that occurs in 

two distinct stages, whereby a plastic soil, characterised by co-

hesion and friction, is transformed into a matrix that is both ce-

mented and granular. Once the parameters have been stabilised, 

the shear strength measurements can satisfy the necessary me-

chanical criteria for ensuring the durability of the foundation 

layers in a flexible pavement system. The analysis indicates that 

the soil in Kombe-Mbanga, which has been treated, falls within 

the compliance zone as defined by the AASHTO and GTR 

standards. The data, supported by significant correlations, un-

derscores the inseparable relationship between shear parameters, 

cohesion (c), and internal friction angle (φ) on the one hand, and 

CBR on the other. CBR values below 15 are correlated with low 

cohesion and a low contact angle, while values above 30 are 

associated with an increase in both parameters. Cohesion is a 

pivotal concept in the field of soil mechanics. This phenomenon 

signifies the inherent strength of the soil, attributable to the for-

mation of electrochemical bonds and effective cementation. 

Conversely, the internal friction angle is a measure of the soil's 

capacity to resist shear forces. This resistance is achieved 

through interlocking and friction between particles, thereby 

demonstrating the importance of cohesion in soil analysis. It has 

been demonstrated that low soil cohesion can result in a reduc-

tion in its resistance to tensile and shear forces. This phenome-

non can lead to deformation and instability of the soil when sub-

jected to traffic. The consequences of this instability can mani-

fest themselves in the form of cracks and surface irregularities. 

Consequently, a reduced contact angle, or "φ", has been demon-

strated to diminish resistance to slippage, thereby promoting 

shear failure, rutting, and lateral movement. 

The rectification of these deficiencies enables the stabilisa-

tion of the material with calcium oxide, thereby resulting in 

the formation of a composite structure that is both more com-

pact and possesses an enhanced capacity to withstand external 

forces over an extended period. These adjustments have a di-

rect effect on the failure processes observed on site, namely, 

rutting, cracking, and moisture-related weakening. This ap-

proach provides a sustainable solution for the restoration of 

road foundations in tropical lateritic environments. 

5. Study Limitations and Future 

Research Directions 

Despite the encouraging outcomes observed, it is important 

to note that the conclusions of this study are based on a rela-

tively small number of stabilized samples (n = 5). This limita-

tion inherent in the study design limits the statistical signifi-

cance of the correlations that were observed. It is also im-

portant to note that the resistance of soils to weathering and 

extreme climatic conditions was not assessed, even though 

moisture content and plasticity are strongly correlated with 

bearing capacity (CBR vs. PI: ρ = -0.67). In light of these find-

ings, future research endeavors must incorporate more exten-

sive and varied sampling methodologies to accurately capture 

the inherent variability of Kombe-Mbanga lateritic soils. In 
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addition, conducting absorption tests with and without load 

would serve to validate the effectiveness of stabilization under 

actual tropical conditions. In summary, implementing long-

term monitoring programs for pilot sections would substanti-

ate the durability of the observed enhancements. Furthermore, 

it has the potential to refine the predictive models linking plas-

ticity, cohesion, and CBR. These results would then pave the 

way for more robust practical recommendations for road reha-

bilitation in tropical environments. 

6. Conclusion 

The study involved an in-depth analysis of the fundamental 

geotechnical characteristics of the foundation soils at Kombe 

Mbanga. This analysis enabled the identification of the pri-

mary factors contributing to their degradation and the assess-

ment of the efficacy of lime treatment on these soils. The nat-

ural soils were found to be of a lower quality than the estab-

lished standard. The samples are distinguished by a high pro-

portion of fine particles (>35%), a considerable plasticity in-

dex (>20%), and an extremely low bearing capacity (average 

CBR = 9.04). The GTR and AASHTO classifications assign 

these soils a "poor" rating, thereby confirming their inade-

quacy for utilisation as a road foundation layer, necessitating 

the implementation of corrective measures. 

The application of a 4% quicklime treatment resulted in a 

radical transformation of these characteristics. The geotech-

nical characteristics exhibited a substantial enhancement, as 

evidenced by the average CBR value of 45.08, the cohesion 

value of 57.49 kPa, and the internal friction angle of 57.63°. 

The observed benefits can be attributed to complementary 

processes, namely pozzolanic reactions. These reactions re-

sulted in the formation of cementitious bonds, thereby enhanc-

ing cohesion. Furthermore, cation exchange and flocculation 

have resulted in the restructuring of the clay matrix. This pro-

cess has resulted in the attainment of a more granular texture, 

thereby increasing the internal friction. The validity of these 

improvements is substantiated by substantial statistical corre-

lations between CBR, cohesion, and friction angle. The find-

ings of these studies underscore the efficacy of lime stabiliza-

tion as a sustainable and innovative solution for lateritic soils 

exhibiting signs of degradation in Kombe-Mbanga. 

This method is a specific approach that suggests the use of 

a validated and reproducible protocol. The objective of this 

protocol is to enhance the performance of road foundations, 

reduce maintenance costs, and prolong the lifespan of infra-

structure in the Littoral region and other tropical regions char-

acterised by soils with analogous characteristics. 
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