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Abstract  In Benin, the expansion of road infrastructure projects has led to a growing demand for quality 
construction materials, while conventional resources are becoming increasingly scarce. In this context, the 
valorization of local materials such as bar soil—which is abundant but mechanically weak—has become essential. 
This study investigates the geotechnical enhancement of Tori-Dokanmey bar soil through lithostabilization using 
crushed granite aggregates sourced from Dan. Bar soil and granite aggregate samples were collected and 
characterized in accordance with applicable geotechnical standards. Five mixtures were formulated with granite 
contents of 30%, 40%, 50%, 60%, and 70%. The results indicate that the addition of granite aggregates improves 
particle size distribution, lowers the liquid limit and plasticity index, increases maximum dry density, and reduces 
optimum moisture content. The California Bearing Ratio (CBR) shows a significant increase with higher granite 
contents, reaching values that meet the requirements for sub-base layers in all mixtures, and for base layers in 
mixtures with 60% or more granite. These findings confirm that lithostabilization of bar soil with crushed granite is 
an effective, economical, and sustainable solution for road construction in Benin. 
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1. Introduction 

In Benin, as in many other developing countries, 
extensive road infrastructure programs are currently being 
implemented as part of national development strategies 
aimed at improving rural connectivity and promoting the 
efficient transport of goods and people. This expanding 
momentum has led to a growing demand for reliable, 
high-performance road construction materials. However, 
conventional materials such as crushed stone and lateritic 
gravel are becoming increasingly scarce or prohibitively 
expensive, especially in remote or underserved regions. 
This situation raises significant challenges to the 
sustainability and scalability of ongoing road development 
efforts. In response, attention has shifted toward the 
utilization of abundant but geotechnically marginal local 
materials, such as bar soil—a ferralitic sandy-clayey soil 
widely available in southern Benin. Although bar soil is 
locally abundant and its acquisition cost is relatively low, 
its inadequate mechanical properties and high sensitivity 
to moisture render it unsuitable for direct use in pavement 

layers. Consequently, prior treatment is necessary to 
enhance its characteristics and meet the technical 
requirements of road infrastructure. However, despite the 
additional costs associated with such treatment, the 
utilization of this locally available material—available in 
sufficient quantities and in close proximity to construction 
sites—proves to be more economically advantageous than 
the exclusive use of crushed granite aggregates. The latter, 
primarily sourced from quarries located over 100 km away, 
incurs substantial transportation costs, making its 
procurement significantly more expensive, particularly for 
large-scale projects. 

Soil stabilization has long been recognized as an 
effective strategy for enhancing the strength, durability, 
and bearing capacity of weak subgrade materials [1]. 
While traditional stabilizers such as cement and lime have 
proven effective, their high cost, environmental impact, 
and limited availability in some regions have prompted the 
search for more sustainable alternatives. Consequently, the 
development of low-cost, locally available, and 
environmentally friendly stabilization techniques is crucial 
for supporting sustainable infrastructure in tropical regions. 

Among these alternatives, lithostabilization—which 
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involves the partial substitution of fine soils with high-
quality granular materials—has shown considerable 
promise. Several studies [2,3,4], have demonstrated the 
technical feasibility of this method, particularly using 
crushed granite, dolerite, basalt, quarry dust, and even 
agro-industrial by-products to improve the geotechnical 
performance of tropical soils by reducing plasticity and 
increasing bearing strength. 

The present study explores the potential of 
lithostabilizing bar soil from Tori-Dokanmey using 
crushed granite aggregates sourced from the Dan quarry. 
Through a systematic geotechnical investigation of 
various soil–aggregate mixtures, the objective is to 
identify optimal formulations suitable for use in road sub-
base and base layers. The findings are expected to 
contribute to the development of sustainable, low-carbon, 
and context-specific road construction solutions for 
tropical developing countries. 

2. Materials and Methods 

2.1. Materials  

2.1.1. Bar Soil  
The study soil originates from Tori-Bossito, specifically 

from the village of Tori Dokanmey, located in the 
southern part of Benin. Tori-Bossito lies within the 
Atlantic Department, approximately 40 kilometers 
northwest of Cotonou. Geographically, the commune is 
bounded by Allada to the north, Ouidah to the south, Zè 
and Abomey-Calavi to the east, and Kpomassè to the west. 
The area is situated between latitudes 6°25′ and 6°37′ 
North and longitudes 2°01′ and 2°17′ East ( Figure 1). 

 
Figure 1. Bar soil 

In order to assess the potential of bar soil for use in road 
pavement applications, a detailed geotechnical (Table 1) 
and chemical characterization (Table 2) was performed. 
The geotechnical investigation included particle size 
distribution, Atterberg limits, Modified Proctor 
compaction, and California Bearing Ratio (CBR) tests, all 
conducted in accordance with recognized standards. These 
tests provided insights into the soil’s gradation, plasticity, 
compaction behavior, and bearing capacity. Chemically, 
the soil was analyzed [5] to identify the presence and 
proportions of key oxides such as silicon dioxide (SiO₂), 
aluminum oxide (Al₂O₃), and iron oxides (Fe₂O₃), which 

are known to influence the mechanical performance and 
stabilization potential of soils. The results confirmed that 
the untreated bar soil exhibits low bearing capacity and 
moderate plasticity, thus requiring stabilization to meet the 
technical specifications for use in road construction. 

Table 1. Geotechnical properties of the bar soil (sandy clayey soil) 
used in this study 

sandy clayey soil  Valu
e 

Standard 
deviation 

Particle Size Distribution 
Analysis 

Dmax (mm) 2 0 
2 mm (%) 100 0 

0.08 mm (%) 48 1 

Atterberg limits 
WL 54 1.01 
WP 32 1.73 
IP 22 2.3 

Methylene blue value  1 0.01 
Dry density yd (g/cm3) 1.9 0.26 

Optimal water content ωopt (%) 12.1 0.06 

Maximum dry density ydmax 
(g/cm3) 2 0.1 

CBR index(ICBR) after 96 
hours of soaking 

95% Opt 23 1.53 
100% Opt 41 1.52 

Table 2. Chemical composition of bar soil 

Oxide SiO₂ Al₂O₃ Fe₂O₃ K₂O Na₂O CaO MgO H₂O 
structural 

Estimated 
proportion 

(%) 
62 24 2 1 0.5 0.3 0.2 10 

2.1.2. Granite Aggregates 
In this study, the granite aggregates used were of 0/31.5 

mm grading, sourced from the Dan quarry in the Republic 
of Benin. The village of Dan is situated in the 
municipality of Djidja, in the Zou Department, 
approximately 30 km from the city of Bohicon. 
Geographically, the municipality of Djidja lies between 
latitudes 7°10′ and 7°40′ North, and longitudes 1°04′ and 
2°10′ East. The Dan quarry itself is located at 7°21′44″ N 
and 2°06′38″ E. 

At this site, aggregates are extracted directly from 
massive granite outcrops using artisanal crushing 
techniques. The crushed materials are then screened and 
stockpiled according to their particle size distribution 
(Figure 2). 

 
Figure 2. Granite Aggregates 

 

 



 American Journal of Civil Engineering and Architecture 91 

 

Table 3. Summary of the geotechnical characterization tests on 0/31.5 mm crushed granite aggregates 

N° 

Particle Size Distribution 
Analysis Sand 

equivalent : 
ES 
(%) 

Methylene 
Blue Value 

(VBS) 

Proctor modifié Indice CBR après 96h 
d'imbibition 

MDE 
(%) 

LA 
(%) Maximum 

diameter : 
Dmax 
(mm) 

D=2 
mm 
(%) 

D=0,08 
mm (%) 

Optimal 
water 

content : 
Ωopt 
(%) 

Optimal dry density: 
YOPM  (g/cm3) 

90% OPM 
(optimum) 

95% 
OPM 

100% 
OPM 

Test 1 31.5 28 12 55 0.15 8.2 2.2 51 76 102 6 22.7 
Test 2 31.5 27 8 58 0.18 5.8 2.24 49 74 98 9 24 

Test 3 31.5 28 9 60 0.16 6 2.3 45 71 99 9 24.2 

Mean 31.5 27.7 9.7 57.7 0.16 6.67 2.25 48.3 73.7 99.7 8 23.6 

Std 
Dev 0 0.6 2.1 2.52 0.015 1.33 0.05 3.06 2.52 2.08 1.73 0.81 

 
Table 3 summarizes the key geotechnical parameters of 

the granite aggregates sourced from the Dan quarry. The 
particle size analysis shows that 27.7% of the material is 
retained on the 2 mm sieve—exceeding the 25% minimum 
required—while only 9.7% passes through the 80 µm 
sieve, in line with [6,7] recommendations for materials 
used in CBR testing. The sand equivalence test performed 
on the 0/31.5 mm fraction passing the 5 mm sieve reveals 
a clean material rate of 57.7%, confirming its suitability 
for road construction under T1 to T4 traffic categories. 

The Los Angeles (LA) abrasion test yielded a value of 
23.6%, well below the [6,7] limits of 45% for T1–T3 
traffic and 30% for T4–T5 traffic (with axle loads of 8 to 
13 tons). Likewise, the Micro-Deval (MDE) test result of 
8% is comfortably within the acceptable thresholds of 15% 
and 12% for the respective traffic classes. Finally, the 
CBR index at 95% Modified Proctor compaction was 
measured at 73.7%, making the material acceptable for T1 
(>40%) and T2 (>60%) traffic, though below the 80% 
required for T3 and T4. 

These mechanical properties confirm that the crushed 
granite aggregates from Dan quarry can be effectively 
used for lithostabilizing Tori-Dokanmey bar soil, 
particularly for applications requiring improved bearing 
capacity in low to moderate traffic road layers. 

2.2. Methods 

2.2.1. Sampling Method 
Bar soil and crushed granite aggregate samples were 

collected in accordance with [8]. Following sampling, the 
materials were air-dried under laboratory conditions prior 
to geotechnical characterization. 

2.2.2. Formulation Method 
The preparation of the soil–aggregate mixtures 

followed a structured seven-step procedure, outlined as 
follows: 

1.  Drying: Samples of bar soil and crushed granite 
aggregates were either oven-dried at 50 °C for two 
hours or air-dried at room temperature until a stable 
moisture condition was achieved. 

2.  Mix Design: Various proportions of 0/31.5 mm 

granite aggregate were empirically selected, 
including 30%, 40%, 50%, 60%, and 70%, with 
potential for higher dosages depending on 
experimental requirements. 

3.  Batch Calculation: The quantities of bar soil and 
granite aggregates required for each test type were 
calculated accordingly. 

4.  Moisture Content Determination: The optimum 
water content for each formulation was determined. 

5.  Sample Preparation: Specific quantities of the 
mixtures were measured and prepared for the 
geotechnical tests. 

6.  Homogenization: Manual mixing was carried out 
to ensure uniformity while avoiding alteration in 
particle size distribution due to mechanical handling. 

7.  Storage: Prepared mixtures were sealed in airtight 
plastic or self-sealing polyethylene bags to maintain 
consistent moisture content prior to testing. 

2.2.3. Standards and Test Methods Used 
The geotechnical characterization of the bar soil and 

granite aggregates was carried out in accordance with the 
latest applicable international and European standards. 
The following test methods were employed: 
•  Particle Size Distribution by Sieving (after 

washing): Conducted according to [9], which 
outlines the procedure for dry sieving after wet 
washing for soil classification. 

•  Particle Size Analysis by Sedimentation: Also 
performed under [9], applicable for determining the 
distribution of fine-grained soils using 
sedimentation methods. 

•  Water Content Determination: Performed using 
the oven-drying method in compliance with [10]. 

•  Methylene Blue Value (Spot Test Method): 
Conducted in accordance with [11], still widely 
referenced for assessing clay activity in fine soils. 

•  Sand Equivalent Test: Executed following [12], 
which evaluates the proportion of fine particles and 
their cleanliness in aggregates. 

•  Organic Matter Content (by Calculation): 
Determined using [13], a French experimental 
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standard for estimating organic content in soil 
materials. 

•  Atterberg Limits (Liquid Limit and Plastic 
Limit): Measured in line with [14], for determining 
soil consistency limits. 

•  Compaction Characteristics (Proctor Tests): 
Both standard and modified Proctor tests were 
carried out according to [15], for determining 
optimal moisture content and dry density. 

•  California Bearing Ratio (CBR) Test: Performed 
under [16], which defines procedures for CBR 
testing in soaked and unsoaked conditions,  

•  Los Angeles Abrasion Test: Conducted following 
[17], which specifies the method for determining 
the resistance of aggregates to fragmentation. 

•  Micro-Deval Abrasion Test: Executed according 
to [18], applicable to wear resistance testing of 
coarse aggregates. 

3. Results and Discussion 

3.1. Geotechnical Characterization of Bar 
Soil–Crushed Granite Aggregate 
Mixtures 

This section presents the results of geotechnical tests 
conducted on various mixtures of Bar soil (TB) and 
crushed granite aggregate from Dan (CG), as described in 
the formulation methodology. Five distinct mixtures were 
prepared and tested: Mixture 1 (70% TB + 30% CG), 
Mixture 2 (60% TB + 40% CG), Mixture 3 (50% TB +  
50% CG), Mixture 4 (40% TB + 60% CG), and Mixture 5 
(30% TB + 70% CG). 

3.1.1. Particle Size Analysis 
The results of the particle size distribution tests for the 

different soil–granite aggregate mixtures are illustrated in 
the corresponding curves (Figure 3). These results 
highlight the variation in grain size distribution with 
increasing proportions of crushed granite, reflecting 
improvements in grading and the reduction of fine content. 

 
Figure 3. Grain size distribution curves of the soil–granite aggregate 
mixtures 

Grain size analysis revealed that the addition of granite 
aggregates acts primarily as a structural filler, effectively 

occupying the voids between the fine clay and sand 
particles present in the natural soil. This results in an 
improved particle size distribution and a noticeable 
reduction in the overall porosity of the mixtures. 
According to the [6,7] specifications, the allowable 
percentage of particles passing through the 80 μm sieve 
should be between 10% and 30% for sub-base (foundation) 
layers, and less than or equal to 20% for base layers. 

The results indicate that all mixtures satisfy the [6,7] 
criteria for use in sub-base layers. In addition, mixes 
containing 50%, 60% and 70% granite aggregates also 
meet the requirements for base course applications. 
Because the latter, with percentages ranging from 0.08mm 
to less than 20%, meet the CEBTP requirements. 
Consequently, while all tested mixtures are suitable for 
use as sub-base layers, only those with 50% or more 
granite aggregates are appropriate for base layer 
construction, as illustrated in Figure 4. 

 
Figure 4. Percentage passing through the 80 µm sieve for the different 
soil–granite aggregate mixtures 

3.1.2. Atterberg Limits 
The results of the Atterberg limits test for the different 

soil–granite aggregate mixtures are presented in the 
following Figure 5. 

 
Figure 5. Variation of Atterberg limits for the different soil–granite 
aggregate mixtures 
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Examination of Figure 5 reveals two key trends: 
•  Decrease in Liquid Limit (WL): The liquid limit 

exhibits a consistent decline with increasing granite 
aggregate content. Specifically, the initial WL of 
the untreated bar soil (sandy clay), estimated at 
54.00%, decreases to 34.00% (30% granite),  
31.00% (40%), 24.80% (50%), 21.40% (60%), and 
19.80% (70%). According to the [6,7] criteria, all 
these values fall below the 35% threshold, 
indicating the suitability of all mixtures for use in 
base course applications. 

•  Reduction in Plasticity Index (PI): The plasticity 
index also decreases progressively with higher 
granite content, registering values of 13.00%, 
11.00%, 9.00%, 8.40%, and 8.00% for the 
respective mixtures. As per [6,7] guidelines, PI 
values below 20% confirm the acceptability of all 
mixtures for base course use. 

These trends align well with findings from previous 
studies by [3,4,19], confirming the efficacy of 
lithostabilization with granite aggregates in improving the 
plasticity characteristics of ferralitic soils. 

3.1.3. Compaction Characteristics (Modified Proctor 
Test) 

The compaction characteristics of raw sandy clay 
and mixtures stabilized with varying proportions of 
granite aggregates were evaluated using the Modified 
Proctor test. The results, presented in the Figure 6 below, 
indicate a progressive increase in maximum dry density 
(MDD) with increasing granite content, accompanied by a 
corresponding decrease in optimum moisture content 
(OMC). This behavior reflects the improved packing and 
grain-size distribution achieved through lithostabilization. 

 
Figure 6. Variation of maximum dry density and optimum moisture 
content of litho-stabilized sandy clay soil 

Interpretation of Figure 6 reveals the following key 
observations: 
•  Decrease in optimum moisture content (OMC): 

The OMC decreases progressively with increasing 
proportions of crushed granite in the mixtures. This 
trend suggests that the litho-stabilized mixtures 
require less water for compaction compared to the 
untreated sandy-clayey soil, indicating a denser 

granular arrangement and reduced water absorption 
capacity. 

•  Increase in maximum dry density (MDD): The 
MDD increases as the content of crushed granite 
rises. For each mixture, the dry density obtained at 
the OMC exceeds that of the untreated bar soil, 
highlighting the densification effect of the added 
coarse material. This improvement can be attributed 
to the better interlocking of particles and the 
enhanced granular skeleton provided by the granite 
aggregates. 

All recorded MDD values exceed 2.00 t/m³, meeting the 
requirements outlined in the revised [6,7] guidelines and 
the [20] catalog for materials intended for road base 
construction. These findings corroborate earlier studies 
conducted by [21] and [22], confirming the beneficial 
impact of lithostabilization with crushed granite on 
compaction characteristics. 

3.1.4. California Bearing Ratio (CBR) Test 
The results of the California Bearing Ratio (CBR) test 

performed on both untreated sandy clay soil and mixtures 
stabilized with crushed granite aggregates are presented in 
the following Figure 7. This test was conducted under 
soaked conditions, with compaction achieved at 95% of 
the Modified Proctor Optimum. The purpose was to assess 
the improvement in load-bearing capacity resulting from 
lithostabilization using varying proportions of granite 
aggregate. 

 
Figure 7. CBR index at 95% OPM for sandy clay lithostabilized with 
granite aggregat 

Analysis of Figure 7 indicates that the CBR index 
increases with the percentage of crushed granite in the 
mixtures. This trend mirrors the variation observed in the 
optimum dry density values from the Modified Proctor 
test (refer to Figure 6). Although all the CBR values at  
95% OPM (optimum) remain below the 80% threshold 
specified by [6,7] for materials to be used as base courses 
for flexible pavements, they consistently exceed the 35% 
minimum requirement for use in sub-base layers. These 
findings are in agreement with previous research by [23], 
[24], and [4]. Furthermore, Figure 8 illustrates that the 
relationship between dry density and the CBR index is 
nonlinear. 
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In summary, Table 4 presents a consolidated overview 
of the results obtained from the analysis of litho-stabilized 
sandy clay from Tori-Dokanmey, assessed against the 

specifications provided in the CEBTP (Experimental and 
Study Center for Building and Public Works) guidelines 
of 1984 and their 2019 revision. 

 
Figure 8. Relationship between the CBR index at 95% of the OPM and the maximum dry density of the mixtures 

Table 4. Summary of geotechnical parameters of litho-stabilized sandy clay mixtures with reference to the specifications of the CEBTP 
(Experimental and Study Center for Building and Public Works) 1984 guide, revised in 2019, for use in foundation and base layers 

Granite Crushed Stone Rate Passing to 
80 µm 

optimal dry 
density ɣd 

OPM 

Optimal 
water 

content 
Wopm 

Liquid 
Limit WL 

Plasticity 
Index 

IP 

ICBR   à 95% 
OPM (optimum) 

Observation 
(Foundation layer) 

Observation 
(Base layer) 

- 00% 48 2.00 12.1 54 22 23 Unfit Inappropriate 
- 30% 22 2.10 6.90 34 13 45 Suitable Inappropriate 
- 40% 22 2.15 6.80 31 11 51 Suitable Inappropriate 
- 50% 16 2.17 6.5 24.8 9 58 Suitable Inappropriate 
- 60% 13 2.20 7.2 21.4 8.4 66 Suitable Suitable for T1 
- 70% 13 2.23 7.3 19.8 8 69 Suitable Suitable for T1 

 
CEBTP 

1984 
revised 
2019 

 

Foundation layer 10 à 30 % 1.9 à 2.1 7 à 13 % ˂ 50 5 à 20 

≥30 (25 for 
traffic T1 and 

35 for traffic T4 
and traffic T5) 

- - 

Base layer ˂ 20 % ≤ 2 - ˂ 35 ˂ 15 ≥80(60 for T1) - - 

 
From the results summarized in Table 4, it can be 

concluded that all litho-stabilized mixtures meet the [6,7] 
requirements for use as subgrade (foundation layer) 
materials. However, only the mixtures incorporating 60% 
and 70% of 0/31.5 mm crushed granite aggregates satisfy 
the criteria for base layer application, and this suitability is 
restricted to roads subjected to light traffic (T1 category). 

4. Conclusion 

This study aimed to evaluate the mechanical behavior 
of Tori-Dokanmey ferrallitic sandy-clayey soil (bar soil) 
improved through lithostabilization using 0/31.5 mm 
crushed granite aggregates sourced from Dan, with a view 
to its application in road construction in Benin. Five 
mixtures were empirically formulated with granite 
aggregate contents of 30%, 40%, 50%, 60%, and 70%. 
Based on the geotechnical tests performed, the following 
conclusions were drawn: 
•  The 0/31.5 mm Dan crushed granite is a corrective 

(stabilizing) material with satisfactory technical 
performance. The percentage passing through the 

80 μm sieve decreases as the granite content 
increases. 

•  The plasticity index of the native bar soil decreases 
with increasing granite aggregate content, 
enhancing its workability and suitability as a road 
material. However, due to the angular nature of the 
aggregates, special attention must be paid to 
compaction energy and moisture control to avoid 
brittle behavior under repeated loads in the event of 
insufficient particle bonding. Overall, the treated 
soil has promising potential for road construction, 
provided that field implementation takes these 
technical considerations into account. 

•  The maximum dry density improves progressively 
with the increase in granite aggregate proportion, 
indicating better compaction characteristics. 

•  The CBR index rises proportionally with granite 
content, reflecting improved bearing capacity of the 
treated soil. 

Particularly promising results were obtained for 
Mixture 4 (60% granite) and Mixture 5 (70% granite), 
which meet the technical requirements for use as base 
course materials for light traffic (T1) flexible pavements, 
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in accordance with Benin and Sub-Saharan African 
standards. Additionally, all tested mixtures (30% to 70% 
granite content) conform to [6,7] specifications for use in 
subgrade layers, demonstrating the viability of 
lithostabilization as a sustainable and cost-effective 
technique for road infrastructure in the region. 
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