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Abstract

Since many years, road infrastructures in West Africa are most often subject to premature degradations despite the large
number of studies. This problem is often due to the poor control of the behaviour of materials used for the pavement, but
also to the scarcity of good quality materials. Nowadays, with economic development, there is a necessity for road
infrastructures of good quality. In this framework, the main objective was to study the vertical geotechnical variability of
the gravelly lateritic soil from the Saaba site in Burkina Faso and to improve their performances by adding crushed granite.
The results show that the physical properties of the soils are almost identical depending on the depth. However, a small
difference in the mechanical properties was observed. Due to their poor characteristics, these materials cannot be used for
the sub-base layer according to the pavement design guide for tropical countries, CEBTP [1]. In order to improve their
geotechnical and mechanical characteristics, crushed granite of class 0/31.5 mm was added at different percentages: 20,
25, 30, and 35%. It appears that the plasticity index, the methylene blue value, as well as the optimal water content of the
material decreased. The soaked CBR recorded a maximum relative increase of 164% (from 14 to 37%) with the addition
of 20 to 30% of crushed granite. With the addition of 20 to 30% of crushed granite, Young's modulus and unconfined
compressive strength also showed a clear increase of 309% (from 80 to 327 MPa) and 140% (from 0.72 to 1.73 MPa). By
comparing the results with the CEBTP specifications, the addition of 30% of granites at 95% compactness allows the
materials to have a CBR that exceeds the value of 30% and can be used in the sub-base layer of road pavement. The
addition of 30% granite allows the materials to record an unconfined compressive strength higher than 0.5-1.5 MPa, which
corresponds to lateritic soil suitable for sub-base layer according to Messou [2]. After the addition of 30% granite, the
materials record a Young's modulus greater than 300 MPa and can be used as a base layer. The assessment of the
improvement of mechanical performance simultaneously based on the CBR, the Young's modulus, and the compressive
strength showed the contradictory evolution of the results from these different parameters. A discussion was made on the
relationship between these parameters.
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1. Introduction

Lateritic soils are very common in sub-Saharan Africa. They are easy to extract and have a relatively low operating
cost. Therefore, they are commonly used in construction, especially in road construction. The borrow pits of this material
are superficial and show large variability depending on the localization and the depth. In fact, the formation of this soil
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results from complex weathering processes specific to hot and humid tropical regions. However, the usage of these
materials is subjected to meeting certain criteria defined by existing technical documents. The CEBTP [1] recommended
their use in road construction when they meet the required criteria, such as plasticity index which should be lesser than
12 for a use as base layer, CBR index which must be greater than 80% for a use as base layer.

Most of the lateritic borrow pits meeting these criteria have been widely exploited in recent years. This results in the
scarcity of lateritic soils with good geotechnical characteristics. Moreover, these lateritic materials, even if they meet all
standardized geotechnical and mechanical tests at the time of pavement construction, may not be durable due to the
deterioration of the materials through further chemical weathering in situ [3, 4]. Improvement techniques have been
introduced in order to improve the geotechnical characteristics of these soils, such as chemical stabilization by adding
hydraulic binders. In this context, many studies have been conducted, such as those of Autret [5], Millogo et al. [6],
Boumekik et al. [7], Consoli et al. [8], Oyediran and Ayeni [9]. This method allows obtaining lateritic soil with very
good performance, but it is very expensive and increases the execution time of the work on the sites. In addition, the use
of cement induces environmental pollution. In fact, cement is not only an imported material in some countries, but also
its production is responsible for 5-7% of global emissions of carbon dioxide (CO;), and CO, makes up 65% of
greenhouse gases. Therefore, the use of local materials should be strongly promoted in order to attenuate global change.

In Burkina Faso, alongside the widely present lateritic soils, there is the existence of aggregates from igneous rocks
such as granite. Contrary to cement, which is imported from abroad, these materials are very common in this country.
In this context, the combination of these two materials would be an adequate solution. This technique is called litho-
stabilization. There are some works in the literature that have been done using this technique [10—19]. The stabilization
of lateritic soil by the addition of crushed aggregates was applied in Burkina Faso by Lompo [10] on the road section of
Ouagadougou-Yako and by Toé [11] on the road section of Ouagadougou-koupéla. Toé [11] reported a relatively slight
increase in the CBR of 15% (from 64% to 73%) of lateritic material after the addition of 30% crushed granites of class
0/25 mm. The bearing capacity of the mixing in situ increased by 92% (from 75 to 39). He has shown that stabilization
has a more significant effect on the in situ bearing capacity of the lateritic soil.

Ndiaye et al. [12] studied the effect of the addition of dune sand to lateritic soils from Senegal. The aim was to reduce
the plasticity index of the lateritic soil while maintaining the value of the CBR index and verifying that the grain size
curve remains within the specified range for use as a sub-base layer or base layer of a road at low traffic. Moreover, they
found that the addition of 10% dune sand to lateritic soils results in a 20% decrease in the plasticity index and the
increase of 21% of the CBR index. In addition, the study [12] reported the modification of the particle size distribution.
Jjuuko et al. [13] investigated the addition of crushed rocks (10 to 50%) of class 0/37.5 mm to the lateritic soils of
Uganda. The study showed that the maximum dry density and optimum moisture content of the resulting mixtures
respectively increased and decreased with the higher content of aggregate. They found that an addition of 50% achieves
a CBR value greater than 80%, thus allowing the use of this material as a base layer. In addition, they showed that the
use of this stabilization method is less expensive by 26.1% compared to stabilization using lime. Sudla et al. [14]
investigated the physical and mechanical properties of marginal lateritic soil and crushed slag blends at various
replacement contents to evaluate them as an engineering fill material. After the addition of 50% of crushed slags, the
maximum dry density and the CBR significantly increased from 2.16 t/m? to 2.43 t/m® and 19% to 45%, respectively.
The author found that with a minimum of 10% crushed slag replacement content, the physical and mechanical properties
of mixtures meet the requirements for engineering fill materials (PI less than 20%; CBR greater than 10%). However,
this study did not assess the unconfined compression nor the Young’s modulus.

Hyoumbi et al. [15] conducted a study on improving the physical and mechanical properties of Bafang laterite in
Cameroon by adding basanite crushed aggregate 0/5. The authors found that the percentage of fine, the plasticity index,
the methylene blue value, as well as the optimum water content decreased with the increasing content of crushed
aggregate. The CBR and the unconfined compressive strength, respectively, increased by 105% (from 22% to 45%) and
135% (from 1.7 MPa to 4 MPa) with the addition of 50% of crushed basanite. The addition of 30% aggregate is sufficient
to reach the value of CBR of 30% and unconfined compressive strength of 0.5 MPa, which allows the use of lateritic
soil as a sub-base layer. Ahouet & Elenga [16] studied the mixture between a lateritic soil from Congo and crushed
alluvial gravel of class 0/31.5. This study showed that the CBR increased by about 110% with the addition of 30% of
alluvial gravel. The plasticity index of the mixture passed from 18.8% for the raw material to 0% after the addition of
40% of alluvial gravel. Corréa et al. [17] evaluated the viability of using the fine residue of quartzite mining tailings and
stone powder from dunite mining in Brazil as aggregates mixed with lateritic clayey soil for the treatment of base and
sub-base layers. The fine fraction of the quartzite and dunite powder resulted in a reduction of the optimum water content
from 26.6% to 16.5% and an increase in the apparent maximum dry density, which varies from 1.51 t/m® to 1.77 t/m3
after the addition of 50% fine residue of quartzite mining tailings and stone powder to the raw material. The use of
appropriate proportions of these materials (60% soil + 40% quartzite and 50% soil + 50% dunite powder) allowed the
use of lateritic soils as a base or sub-base layer according to the criteria of the MCT (Miniature, compacted tropical)
methodology from Brazil. However, this study did not include the mechanical test.

844



Civil Engineering Journal Vol. 8, No. 05, May, 2022

Tony et al. [18] studied the effects of the addition of quarry dust on the properties of lateritic soil mixes from India.
They found that the optimum proportion of quarry dust on the properties of lateritic soil mixes was 40% and 60%,
respectively. The optimum dry density showed an increase of 11.61%, while the shear properties decreased with the
addition of quarry dust. However, the effect of stabilization with the addition of crushed materials on the geo-mechanical
behaviour of laterite is still less studied. Gidigasu [19] showed that the addition of crushed waste rock and spent carbide
to poor lateritic soil significantly improved its geotechnical characteristics. Based on the CBR and grading
specifications, the content of 40% waste of crushed rock with 7% spent carbide is recommended as the optimum to
stabilize poor lateritic soil for the base structure of the road despite its slightly high Atterberg’s limits and CBR swell.

Most of these studies on litho stabilization rarely assessed the impact of the addition of crushed stone on mechanical
parameters such as compressive strength and Young's modulus. Indeed, the impact of the addition of crushed stone was
mostly evaluated based on the parameters of the soil identification, such as the plastic limit, the compaction parameters,
and the CBR. However, the Young's modulus is the main parameter that allows the design of pavement structures in
tropical Africa. This Young's modulus, E, is often estimated from the empirical relation given by the CEBTP guide,
E =5*CBR.

Therefore, the purpose of this work is to study the geotechnical variability of the Saaba borrow pit depending on the
sampling depth on the one hand. On the other hand, it studies the effect of the addition of crushed granites of class 0/31.5
on the geotechnical and mechanical parameters, especially the CBR, the Young's modulus, and the unconfined
compressive strength of the lateritic soils of Saaba.

2. Materials and Methods
2.1. Materials

The lateritic soil was collected from the borrow pit of Saaba in the region of Ouagadougou (Burkina Faso) in the
province of Kadiogo (12° 16 *37.5°” North and 1° 21° 12.1”” West), as located on Figure 1-a. The surface area of the
site is around 0.3 km2 The landscape is typical of the central plateau of Burkina Faso, generally flat with
Sahelian-Sudanese vegetation. The altitude is around 308 m with rendering bedrock sparse outcrops. The geological
map of the region indicates that the bedrock is constituted from Paleoproterozoic granitoids of the Leo shield and is
covered with yellow to red acidic soils. This location does not ensure that superficial soils are genetically linked to the
underlying bedrock. Indeed, the lateritic cover can be highly subjected to remobilization. There is the presence of
colluvial deposition or glacis that may conceal the underlying bedrock or the in-situ weathering profile developed from
the bedrock.

The superficial soils are lightly cemented gravels with sands and fine fraction, characterizing the lateritic soils. The
cementation is soft, forming an endured layer, easily destroyed to give loose materials. The geological profile, observed
in situ was subdivided into two quite distinct lateritic layers (denoted C1 for the top layer and C2 for the under layer)
after stripping of the vegetal layer of about 0.23 m (Figure 1-b). This distinction between the different layers was made
on the basis of observation of the texture, color and structure of the materials.

Ouagadougou

F=3 L] 5 Km
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“ (b)
Figure 1. a- Location of Saaba and Yimdi quarry in the region of Ouagadougou, b- lithographic profile of the lateritic soil
from Saaba

The first layer is about 0.5 m thick. Its particles are reddish gray (5YR5/2) [20] in color and crumbly when crushed
by hands. The second layer is about 0.7 m thick. Its particles are reddish yellow (5YR7/6) [20] and not very friable. Two
different materials were separately sampled from the first layer (C1) and the second layer (C2), at different points in
each layer, using a pick and a shovel. Several quantities of the materials were collected and stored in respective bags.
These samples were separately used to study the lateritic profiles (Figure 1). The third material (CM) was obtained by
mixing the material of C1 and C2 layers.

The crushed granite aggregates were collected from the Yimdi quarry, located in the outskirts of Ouagadougou
(12°18°55.4°” North and 1°40°12.749” West), as located on Figure 1-a. The granites were supplied by a local company
after crushing and screening. The crushed granites have grain size which varies between 80 pm to 31.5 mm and angular
shape. The quality of the aggregates was assessed by some tests, such as the particle size distribution, Los Angeles, sand
equivalent tests and specific density (Table 1).

Table 1. Properties of the crushed granite 0/31.5

Effective Particle size (MM) o4 passing  Uniformity  Curvature  Specific density ~ SE LA
dho dao deo on 80 um Coefficient  coefficient (t/md) (%) (%)

Crushed Granite 0/31.5 04 6.3 16 6.9 40 6.2 2.9 73 25

PI: Plasticity Index, SE: Sand Equivalent, LA: Coefficient of Los Angeles

2.2. Experimental Methods

The tests were carried out to characterize the lateritic materials, from the two layers and their mixture (C1, C2 and
CM), and the crushed granite aggregates. The tests were also carried out to characterize the mixtures of lateritic materials
and crushed granites. The mix design, with respect to the dry mass, consisted of 80% lateritic materials (GL) and 20%
granites (G) (80% GL + 20% G), and similarly 75% GL + 25% G, 70% GL + 30% G, 65% GL + 35% G. These mixtures
were made for each of the materials from C1, C2 and CM. Figure 2 details the mix design.

2.3. Tests of the Physicals and Compaction Properties

The particle size analysis was carried out according to the French standard NF EN 1SO 17892-4 [21] on soils with a
diameter greater than 80 pum in order to determine the percentage by weight of passing materials according to their
diameter. The tests on the Atterberg limits were carried out on materials passing through a 0.4 mm sieve in accordance
with standard NF EN 1SO 17892-12 [22]. The particle size distribution and the Atterberg limits tests were carried out
on lateritic materials alone and on the mixtures of crushed granite and the lateritic materials. The methylene blue tests
were carried out on the lateritic materials passing on the 5 mm sieve and the 80 um sieve, in order to better understand
the clay activity of these materials, in accordance with the standard NF P94-068 [23]. The specific density was
determined according to the method prescribed by the standard ASTM D5550 [24] for gravels materials. The Proctor
compaction test allowed to determine the maximum dry density (MDD) and optimum water content (OWC) of a material
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in accordance with standard NF P94 -093 [25]. The test was carried out on materials passing on 20 mm sieve. The
materials were compacted in five layers at the rate of 56 compaction strokes per layer in a CBR (Californian bearing
ratio) mold, in accordance with standard NF P94 -093 [25]. The compaction and the methylene blue tests were carried
out on the lateritic materials and the mixture of the lateritic materials and the crushed granite.

/ fieldsurvey \‘

Lateritic soil (GL) Crushed Granites (G)

collected according to supplied by a local
depth company
< Formulation of the mix Geotechnical characterization

Geotechnical characterization o B0%GL+20%G *+  Particle size distribution
. . - e T3%GL+25%G M * Los Angeles
: E:\,rsll-lcal .anldtco:npaction tests o 70% GL+30%G e Sand Equivalent
echanical tests s 63 GL+35%G *  Atterberg limit and specific density

b

Geotechnical charactenzation

¢  Physical and compaction tests
¢ Mechanical tests

h

Validation with previous works and
techmcal documents

Figure 2. Experimental method

2.4. Tests of the Mechanical Properties

The CBR tests were carried out on the lateritic materials and on the materials mixed with crushed granites, referring
to the standard NFP94-078 [26]. The tests were carried out on materials passing on the 20 mm sieve. Two types of CBR
were determined, namely the immediate CBR index (IPI), in order to assess the bearing capacity of the soil during the
work phase, and the CBR index after four days of immersion in water, in order to assess its bearing capacity in the long
term. In addition, the values of CBR were determined at different levels of compaction energy; i.e., at 95% and 98% of
the maximum dry density (section 2.2) for both CBR indices. This test consists of measuring the forces to be applied to
a cylindrical punch to make it penetrate, at constant speed, into a test piece of material compacted at the desired energy.
The values of the forces that caused the two conventional deformations (2.5 mm and 5 mm) on the test materials are
respectively related to the values of the forces which caused the same deformations on the reference material.

The compression tests were carried out on the materials from C1, C2 and CM and on lateritic materials mixed with
crushed granites. The test specimens (the height of 32 cm and the diameter of 16 cm) were compacted at different
energies: 90%, 95% of the maximum dry density of laterite soils or others and three specimens for each sample. After
the compaction, all test specimens were placed in airtight bags and kept in a closed chamber for 28 days. The
compression tests allowed to determine the values of the compressive strength (Rc) of materials, as well as their modulus
of elasticity (E). These values are most often used to assess the improvement of the mechanical performances of
materials. The tests of the compressive strength and modulus of elasticity were respectively carried out referring to the
standards NF EN 13286-41 [27] and NF EN 13286-43 [28]. The compressive strength, Rc (MPa), was determined using
Equation 1; where, Fmax (N) is the maximum applied compression force at failure and S (mm2) is the cross-sectional
area of the test piece. The elastic modulus, E (MPa), was determined using Equation 2; where, D (mm) is the diameter
of the test piece and ¢ is the longitudinal deformation of the test piece when the applied force, F = 0.3xFmax.

F,
R, = fmex @)
_ 1.2*%Fpax
T mxD2s¢ @
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3. Results and Discussions
3.1. Physical and Compaction Properties of the Lateritic Soils Before and After the Addition of Aggregates

The grain size distribution and the main characteristics of the three lateritic materials (C1, C2 and CM) are shown
respectively in Figure 3 and Table 2. The three lateritic materials are all of class A-2-6 according to HRB [29]
classification and B6 according to GTR [30] classification. The three materials have gravelly texture with fine fractions.
The fine contents (<0.08 mm) of the materials from C1 and C2 are practically similar around 30%. The specific density
is 2.73, 2.67 and 2.75 for C1, C2 and CM respectively. Their plasticity index (P1) (17.9% for C1, for 21.6% and 21.4
for CM) and their liquidity limit (LL) (33% for all the materials) show that the fine fraction is inorganic clay of medium
plasticity, according to Casagrande diagram [31]. These results are confirmed by the results of the methylene blue tests
(on the two fractions: passing on 5 mm and 80 um sieve) which show the values between 0.2 and 1.5, hence the fine
fraction soils, are sensitive to water: it has a siltier than clayey behavior according to GTR [30].

100
——&—— Layer C1
0
Layer C2
80 .
——&—— Mixture CM
70 ===~ Lower limit
g 60 b - Upper limit
u
&
o 5o b
(5
(=]
s
g 40
5]
o
30
20
10
0 T T T |
0.01 0.1 1 10 100

Size Particle (mm)

Figure 3. Grain size distribution of the three lateritic soils (C1, C2 and CM) and comparison with the CEBTP [1] criteria
for the application in sub base layer

Table 2. Physical and compaction properties of lateritic soil

% passing on diameter, d Plasticity and clay content cﬁa(\jgftzﬁgirls Specific Classification

density
d<80pm d<2mm  d<0.4 mm ('gA)L) (;')) ( dz’F'JBnYm) ( dl\gg:fm) O(;:)C ?t"/a?) CBR (/M) GTR HRB
C1 32.6 38.3 355 33 17.9 0.9 1.02 11.2 2.02 11 2.73 B6 A-2-6
Cc2 32 38.3 34.4 31 21.6 0.63 0.77 10.9 2.03 16 2.67 B6 A-2-6
CM 29 38 33.1 32 21.4 0.7 0.83 104 2.06 17 2.75 B6 A-2-6

d: diameter (mm), LL: Liquid Limit, PI: Plastic Index, MBV: Methylene Blue Value, OWC: Optimum water content, MDD: Maximum Dry Density, CBR: Californian
Bearing ratio after 4 days soaked in water, HRB: American standard Highway Research Board, GTR: French guide for road earthworks.

The maximum dry density (MDD) is 2.03, 2.03 and 2.06 t/m?, the optimum water content (OWC) is 11.9, 10.4, and
10.9% respectively for C1, C2 and CM. The MDD is greater than 1.8 t/m? which is the minimum value required for use
as a pavement layer; while the optimum water content is lower than 13% which is_the maximum acceptable value for
use as a pavement layer. In the present case, the materials C1, C2 and CM reached the CBR indices at 95% of
compactness far less than 30%; i.e., 11%, 16% and 17%, respectively (Table 2). The soaked CBR index are low and
similar for CM and C2. According to the CEBTP [1], the bearing class of C1 is S3; while C2 and CM are of class S4.
The high bearing class of C2 and CM compared to C1 can be explained by the methylene blue values and the optimal
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water content which are 1.02, 0.69, and 0.83, 11.2 %, 10.4 % and 10.9% respectively for C1, C2 and CM. This can be
related to the clay content of the materials C2 and CM which is significantly lower than that of C1. The MBV is lower
for C2 and CM than for C1, which suggests that they contain lower content clay than C1, therefore less sensitive to
water. These values (11% for C1, 16% for CM and 17% for CM) are lower than the value obtained by Millogo et al. [6]
which is around 43% for the laterite of Sapouy located in the south of Burkina Faso; and by Ki et al. [32] which are 65%
and 58 % respectively for the laterite of Dedougou and Badnogo in Burkina Faso. The lateritic soils [6, 32] had a lower
content of fines (<0.080 mm) < 15% and a plasticity index less than 12, which shows a low content of clay minerals.

According to the CEBTP [1] the three materials C1, C2, CM are similar, despite the apparent difference from in situ
observations. The three materials meet several criteria for use in sub-base layer. Indeed, for a material to be used as a
sub-base layer, its grain size curve must fit into the limits proposed by the CEBTP (Figure 3), its plasticity index must
be less than 25% and its density greater than 1.8 t/m3 (Table 2). However, there is one criterion that these materials do
not meet, namely the CBR index, which should be greater than 30. These materials cannot be used in sub-base layer in
their current state.

The particle size distribution of the crushed granite aggregates shows that the fines (<80 um) content is 6.9%, which
is lower than the maximum allowed value of 10% (Figure 4). The particle size curve fits into the limits proposed by
CEBTP [1] or the use in road construction. The sand equivalent gives a value of 73% which is far greater than the
minimum required values of 30% for lower traffic and 40% for medium traffic [1]. The Los Angeles test gives a value
of 25% which is less than the maximum accepted value of 30%. The specific density of this material is 2.9 t/m?® (Table
1). The crushed granites are therefore suitable for use in road construction.

100 r -

- — = - Lower limit /
= = = = Upper limit ’ [}

80 r ——=6— Crushed granites ’

70

50

40 r

Percentage Passing (%)

30

20

0.01 0.1 1 10 100
Size Particle (mm)

Figure 4. Grain size distribution of the crushed granite compared with upper and lower limits of the normalized aggregates
established by CEBTP [1]

Figure 5 shows the particle size curves of the lateritic materials C1, C2 and CM before and after addition of crushed
granite: 20%, 25%, 30% and 35%. It is noted that the addition of crushed granites aggregates increases the granular
skeleton, which shifts downward as the content of aggregates increases. In fact, the percentage passing through the 2 mm
sieve decreased from 37.8% to 31.4% before and after addition of 35% of granites for C1. For C2, it decreased from
37.3% to 29.6% before and after addition of 35% of granites. For CM, it decreased from 24.4% to 25.3% before and
after addition of 35% of aggregates. However, the granular class does not change after addition of aggregates, i.e. class
A-2-6 for C1, class A-2-6 for C2 and class A-2-6 for CM. All the curves remain in the boundaries proposed by CEBTP
[1] for the useful materials in sub-base layer.
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Figure 5. Particle size distribution curves of a) layer C1, b) layer C2, and ¢) CM before and after addition of crushed
granites compared the criteria boundaries for application in sub-base layer established by CEBTP (1984)
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Tables 2 and 3 show the physical and compaction properties of the materials C1, C2 and CM, before and after
addition of crushed aggregate. The plasticity index slightly decreases with the increase in the content of aggregate for
all three lateritic materials (from 17.9% to 16.7% for C1, from 21.6% to 16.5% for C2 and from 21.4% to 16.6% (Figure
6). The clay activity (methylene blue value) also decreases with the increase in the percentage of crushed granite. Indeed,
the methylene blue value decreases by 20% (from 0.9% to 0.72%) for C1, by 13% (from 0.63% to 0.55%) for C2 and
by 17% (from 0.7 to 0.58) for CM (Figure 6). These phenomena could be attributed to the reduction of clay content as
the non-plastic crushed granite content is increased. This results in a reduction in the water absorption capacity of the
soil. The similar evolutions have been reported by various authors [12, 15, 19, 33]. Ndiaye et al. [12] found that the
addition of 10% dune sand to lateritic soils from Senegal results in a 20% decrease in the plasticity Index (PI). Hyoumbi
[15] showed that the Pl decreased about 35% after the addition of 50% of crushed basanite of class 0/5. Issiakou [33]
obtained an increase of 24% after addition of 10% of lateritic nodules of class 0/5 mm. Gidigasu [19] showed that the
mix of lateritic soil with 80% of crushed waste rock decreased the P1 by 40%. Even if there is a reduction in the plasticity
index, it remains above 15, which is the minimum value required for a use as base layer according to the CEBTP.
However, it remains below 20%, which is the maximum value for use as a sub-base layer according to the CEBTP.

Table 3. Physical and compaction properties of C1, C2 and CM before and after addition of crushed granites

Plasticity and clay content Compaction characteristics Bearing capacity
% LL Pl MBV (d<5 MBV Pl owcC MDD Specific density CBR
G (%) (%) mm) (d<80 pum) (%) (t/m?) (t/m®)
C1
0 33 17.9 0.9 1.02 584 11.2 2.02 2.73 11
20 31 17.4 0.87 0.93 471 9 211 2.87 14
25 32 17.2 0.86 0.93 434 8.65 2.13 2.88 21
30 31 17.1 0.75 0.9 427 8.1 2.14 2.86 37
35 30 16.7 0.72 0.89 410 6.87 2.18 2.89 41
C2
0 33 216 0.63 0.77 691 10.9 2.03 2.67 16
20 36 19.5 0.59 0.72 592 10.01 2.09 2.94 23
25 36 18.8 0.57 0.7 471 8 2.13 2.94 36
30 33 17.4 0.58 0.69 397 7.61 2.14 2.82 45
35 36 16.5 0.55 0.69 349 7.18 212 2.84 24
CM
0 33 214 0.7 0.83 621 10.4 2.06 2.75 17
20 33 19.8 0.67 0.79 574 9.12 2.08 2.94 27
25 34 18.0 0.65 0.79 453 8.8 2.13 2.94 32
30 32 17.3 0.65 0.77 338 8.45 2.14 2.82 53
35 33 16.6 0.58 0.75 312 8.35 212 2.84 31

% G: the content of crushed granite (%), d: diameter (mm), LL: Liquid Limit, PI: Plastic Index, MBV: Methylene Blue Value, f*Pl: the content of fine particle (< 80pum)
multiply by plasticity index, OWC: Optimum water content, MDD: Maximum Dry Density, CBR: Californian Bearing ratio after 4 days soaked in water.
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Figure 6. Variation of the plasticity index and the methylene blue value with the addition of aggregates, for the materials: a)
layer C1; b) layer C2; c) CM

The compaction properties are also influenced by the amount of crushed granite added to the lateritic material. Figure
7 shows the variation of the maximum dry density (MDD) and the optimum water content (OWC) with the addition of
the crushed granite for the three types of lateritic materials. It shows that the MDD increases from 2.02 to 2.18 t/m3 for
C1, from 2.03 to 2.12 t/m® for C2 and from 2.06 to 2.12 t/m* for CM and the OWC decreases from 11.2 to 6.87% for
C1, from 10.9 to 7.18% for C2 and from 10.4 to 8.35% for CM. This trend is attributed to the specific density of granite
(2.9 t/m?®), higher than that of the soil (2.75 t/m3), which increases the MDD of the mix materials and decrease the clay
content in the mixture, which resulted in the decrease of OWC required by the mixtures to reach the MDD [15, 16]. In
fact, the specific density of the mixtures increases from 2.73 to 2.89 t/m3 for C1; 2.67 to 2.84 t/m3 for C2 and 2.75 to
2.84 t/m? for CM. This resulted in the decrease of the void index of the mixtures.
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The OWC decreased for the various lateritic materials with the percentage of crushed material. This reduction of the
OWC is estimated at 40%, 34% and 20% for C1, C2 and CM, respectively from the raw material to a material mixed
with 35% of granites. According to Chalermyanont & Arrykul [34], the OWC decreases with the decreasing amount of
clay.

The MDD increased with the percentage of crushed aggregates. In fact, the density increases from 2.02 to 2.14 t/m?®,
from 2.03 to 2.14 t/m® and from 2.06 to 2.14 t/m?® respectively for C1, C2 and CM, before and after addition of 30% of
granites. As the granular fraction increases, the voids created between the coarse particles become larger and the fines
fill in between these voids, which leads to the increase of density and consequently the decrease of the void index. Table
3 shows the increase of the specific density which proves the decrease of the void index. However, the density of
materials C2 and CM decreased beyond the addition of 30% due to the increase in the content of granites which exceeds
the optimum content and therefore increases the voids in the material. Tony et al. [18] reported the same trend for a
mixture of lateritic soil with quarry dust, where the MDD increased from 1.584 t/m?® to 1.768 t/m® with 40 % of quarry
dust, beyond which it decreased. The decrease of MDD is due to the change in the grain size of the mix from a well-
graded material for percentages of laterite lower than 80% to a badly graded for a higher percentage of lateritic soil [18].
This suggests that C2 and CM pass from a well-graded material to a badly-graded material after addition of 35% of
granites. In fact, Figures 5-b and 5-c show that the grain fraction 1/20 mm of materials C2 and CM get out of the
boundaries recommended for usable in sub-base layer. On the contrary, the MDD continues to increase for C1 until 35%
of the addition of granites. This could be explained by the fact that the lateritic materials C1 are more friable than C2
and CM. Therefore, C1 remains a well graded material after addition of 35% of granites, as proven by the particle size
distribution curves. Indeed, the particle size distribution curve of C1 remains in the boundaries of the materials usable
in sub-base layer (Figure 5-a) even after addition of 35% of granites. This increase of the MDD is more significant for
C1, compared to other materials [35].

3.2. Mechanical Properties

Figure 8 presents the immediate CBR index (a, ¢) and the CBR index after four days of saturation by immersion in
water (b, d) of the three lateritic materials (C1, C2 and CM) mixed with aggregates at different levels of compaction
energies (95% and 98%). The value of the immediate CBR is higher than the value of the saturated CBR in all cases.
The immediate CBR increases with the percentage of granites addition for the three lateritic materials. For C1,
compacted at 95% of the maximum dry density (MDD), the immediate CBR index increases from the value of 35%
before to the value of 56% after the addition of 35% of granites; i.e. a relative increase of 60% [(56-35)/35]. For C2, the
immediate CBR index increases from the value of 36% to the value of 56% after addition of 30% granites; i.e. a relative
increase of 55%. For CM, the immediate CBR index increases from the value of 28% to the value of 59% after addition
of 30% of granites; i.e. a relative increase of 110%. The similar observation was made on the CBR indices after
immersion in water. The relative increase of the CBR is about 273% for C1 after the addition of 35% of crushed granite,
and about 180% and 139% for C2 and CM after addition of 30% of crushed granites. The value of the CBR (immediate
and saturated) shows that the addition of granites increases the resistance of materials. The increase in the values of the
CBR is directly related to the increase of the MDD (section 3.1) with the addition of granite [15, 16, 36, and 37]. Table
3 presents the variation of the product of fines content and plasticity index (f*IP) with the content of crushed granites.
It can be noted that the values of f*IP decreases with the content of granites (from 584 to 410 for C1, from 691 to 349,
from 621 to 312 for CM after addition of 35% of crushed granites to the raw lateritic soil) which shows that the fine
content (<80 um) decreased. The increase in crushed granites in the mix reduces the fines content and water holding
capacity and lead to the improvement of the CBR values. The materials C2 and CM present higher CBR than C1
generally for percentages of crushed granites below 30%. This trend can be explained by the methylene blue values of
C2 and CM which are lower than that of C1. The material CM reaches the highest values of CBR (53% with 30%
crushed granite). The values of f*IP decrease 621 to 312 with the content of granites and reach lower values for CM
than for C2. The lower is the values of f*IP, the higher is the CBR of the material [38], which may explain the higher
values of CBR for CM.
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Figure 8. CBR index of lateritic materials C1, C2 and CM with respect to the percentage of granites: a) immediate CBR index
at 95% (of the compactness), b) CBR index after 4 days of immersion at 95%, ¢) immediate CBR index at 98%, d) CBR index
after 4 days of immersion at 98%.

Issiakou et al. [39] reported an increase in CBR of 27% for a laterite from Niger mixed with 10% of lateritic nodules
of class 0/5 mm. Ahouet & Elenga [16] reported the same effects on the mixture of a gravelly lateritic materials and
alluvial gravel of class 0/31.5 mm from the Bouenza region in Congo. The CBR increased by about 110% after addition
of 30% gravel to gravelly lateritic materials. Jérémie [40] studied the laterite from northern Cameroon litho stabilized
with palm nut shells of class 0/20 mm. The authors reported a 20% increase in CBR from the raw material and material
mixed with 20% palm nut shells. Similarly, Toe [11] reported a relatively slight increase of the CBR (15%) of lateritic
material after the addition of 30% crushed granites of class 0/25 mm. This value of the CBR is lower than the value
reported in the present study; i.e. the increase of 273% for C1, 180% for C2 and 139% for CM, after addition of 30-35%
crushed granite. In the present study, the values of CBR increased and reached higher values than in the previous studies
[11, 16, 39, 40].This may be due to several factors such as the difference in the nature of the stabilization agent, the
difference in the granular class and the specific density of these materials. Indeed, the stabilization agent in this study is
crushed granite which has the specific density (2.9 t/m?) greater than the specific density of lateritic soil (2.75 t/m?) and
increases of the mixture. The slight improvement in the CBR of the latter [11] can be explained by the fact that the
addition of granites did not have an effect on the plasticity index and the content of fines which strongly influence the
CBR [1, 38].

In the present study, the value of the immediate CBR of the materials is higher than the value of the saturated CBR
for all the raw lateritic materials and lateritic materials mixed with crushed granites for all the compactness. Water
greatly reduces the bearing capacity of the lateritic materials. The saturated CBR of the raw material decreases relatively
by 71%, 57% and 55%, with respect to their immediate CBR, respectively for C1, C2 and CM at 98% of the MDD. At
95% of the MDD, the saturated CBR of the raw material decreases relatively by 68%, 47% and 32%, with respect to
their immediate CBR, respectively for C1, C2 and CM. The degree of sensitivity to water of C1, C2 and CM is related
to the methylene blue values (MBV) and the parameter f*IP. The MBV of C2 (0.77) and CM (0.83) are lower than that
of C1 (1.02) and therefore are less affected by the presence of water. Furthermore, CM has lower value of f*IP (621)
than C2 (691), which explains its lower sensitivity to water. However, the saturated CBR of the lateritic materials mixed
with 30% of granites decreases only by 18%, 21% and 18%, with respect to their immediate CBR, respectively for C1,
C2 and CM at 98% of the MDD. At 95% of the MDD, the saturated CBR of the lateritic materials mixed with 30% of
granites decreases only by 24%, 20% and 10%, with respect to their immediate CBR, respectively for C1, C2 and CM.
This shows that the addition of granites decreases the water sensitivity of the materials, which is in agreement with the
evolution of the plasticity index. The material becomes less sensitive to water with the decrease of the content of fines
which resulted from the addition of crushed granite. This is very important because most of the degradation of the roads
is due to the combined effect of water sensitivity and traffic [41, 42]. This decrease of sensitivity to water with the
addition of granite is very interesting to explore in the future studies, given that the properties of lateritic material are
largely influenced by the water content.

However, the saturated and the immediate CBR index decrease beyond the addition of 30% of granites, for all soils
except C1. This may be due to the shift from a well-graded material to a badly-graded material after addition of 30% of
granites for C2 and CM as noticed in section 3.1. The decrease of these parameters is due to the high content of granite
which reduces the compactness of the material. The compaction of material C1 produces more fines, given that it is very
friable when crushed by hand, compared to the other materials C2 and CM. Therefore, the MDD of C1 continue to
increase, with a continuous decrease of the OWC, even with 35% of granite. Similar results were reported by Hyoumbi
et al. [15] and Jérémie [40].
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The value of CBR shows that the lateritic material from the site of Saaba can be used as a sub-base layer after the
addition of 25% of granites for the materials C2 and CM, and 30% of granites for C1, given that the value of their CBR
index is greater than the required value of 30%. Indeed, the saturated CBR index is 36% and 32% respectively for the
lateritic materials C2 and CM mixed with 25% granite and compacted at 95%, while it is 37% for C1 mixed with 30%
of crushed granite compacted at 95%.

The uniaxial compressive tests have been carried out in order to better understand the mechanical behavior of the
materials in terms of their compressive strength and elasticity modulus. Figures 9-a, and 9-b presents the evolution of
the modulus of elasticity of materials C1 and C2 with the content of crushed granite (0, 20, 25, 30 and 35%) and
compactness (90, 95%). It also presents the evolution of molding of OWC and the residual moisture content after the
compression test. The modulus of elasticity increases with the content of the granite up to certain percentage (25% or
30%) for all compactness, beyond which it decreases. For C1 and C2, the maximum values of the modulus are
respectively 327 MPa and 302 MPa for the compactness of 90% and 358 MPa and 308 MPa for the compactness of 95%
A small variation (0.04% to 1.46 %) in the water content, from the OWC and residual moisture, is observed, which
shows the good conservation of the samples. The results of the compaction tests showed an increase in the MDD for
percentages of granites below 30%. Indeed, this is due to a better grain size distribution and therefore to a better packing
of the particles. This same phenomenon explains the increase of the modulus of elasticity. Therefore, C1 and C2 can be
used in base layer after addition of 30% of crushed granite compacted at 90% as their modulus of elasticity is greater
than 300 MPa [43].

450 12
90% compactness
400 A
- 10
< 350
o
2 300 - r8 9
2 =
S 250 A S
2 L6 £
< 200 1 S
© 5
S 150 A F4 ©
2 =
8 100 A
= -2
50 A
0 - r r r 0
20% 25% 30% 35%
Aggregates (%)
I C1 C2 - -%-- Water content C1
(a) - - x-- Water content C2 —s— OWCC1 —=a8— OWC C2
450 12
95% compactness
400 ] ° comp
F 10
< 350
o
S 300{  m----o__BEN A 8 8
2 < B T BN o= =
£ 250 - N 2
g -
2200 A - S
: 7 g
=} 4 L
= 150 I 4 =
g 100
= -2
50
0 T T T 0
20% 25% 30% 35%
Aggregates (%0)
mm— C1 C2 - - @-- Water content C1
by - Water content C2 —a— OWCC1 —e— OWC C2

Figure 9. Modulus of elasticity of materials C1 and C2 with the addition of granite: a) compactness of 90%, b) compactness
of 95%
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Figures 10-a, and 10-b similarly presents the evolution of the unconfined compressive strength (UCS) of C1 and C2
for a compactness of 90% and 95%. The compressive strength increases with the content of crushed granite up to the
maximum values beyond which it decreases, for all compactness. The UCS reaches the maximum value of 2.04 MPa
for C1 and 1.73 MPa for C2 respectively mixed with 25% and 30% of crushed granite, for the compactness of 90%. For
a compactness of 95%, the UCS reaches the maximum value of 2.05 MPa for C1 and 2.77 MPa for C2 respectively
mixed with 30% and 25% of crushed granite. A small variation (0.04% to 1.46 %) of the water content, from the OWC
and residual moisture, is observed, which shows the good conservation of the samples.
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Figure 10. Unconfined compression strength of materials C1 and C2 with the addition of granite: a) compactness of 90%, b)
compactness of 95%

The decrease in modulus and strength at certain content of granite resulted from the loss of compactness of the
materials due to the high content of granite in the material which leads to a higher void index which is related to the
specific density (Table 3). The values of UCS obtained in the present study are lower than those obtained by Hyoumbi
et al. [15] on lateritic materials mixed with crushed basanites which varied from 1.7 MPa to 4 MPa. However, the
maximum values obtained in the present study are higher than 1.26 MPa obtained by Millogo et al. [6], 1.22 MPa and
1.28 MPa obtained by Nzabakurikiza et al. [44], and 0.88 MPa and 1.22 MPa obtained by Onana et al. [45]. Consoli [8]
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also reported that the UCS increases from 1.12 to 1.81 MPa after an addition of 45% of sand to the raw material, enabling
the use of this mixture for sub-base layer of pavement. According to Messou [2], a material can be used as in sub-base
layer if its compressive strength is between 0.5 MPa and 1.5 MPa. Therefore, the materials from Saaba can be used as
in sub-base layer.

The compressive test shows a certain contradiction with respect to the CBR index. Indeed, the values of CBR index
are higher for the material C2 than for C1; while the value of the modulus and the compressive strength for C1 are higher
than for C2. Regarding the CBR, the lateritic material C2 and CM can be used as materials for sub-base layer after
addition of 25% of granite aggregates; while C1 can only be used after addition of 30% of aggregates at a compactness
of 95%, according to the CEBTP [1]. Regarding the modulus and compressive strength, C1 and C2 can be used as
materials for the base layer after addition of 30% of granites, at 90% of compactness.

4. Discussion

The present study on the characteristics of lateritic materials collected from different depths of the site of Saaba
shows that the materials C1, C2 and CM have practically the same physical properties except for the methylene blue
value, which is lower for C2 and CM. This has influenced the values of the CBR index of the raw materials, which show
that C1 is of class S3 while C2 and CM are of class S4, therefore showing the differences in the mechanical properties.
The addition of crushed granite to these materials shows an increase in the dry density with the content of granite and a
decrease in the optimum water content, the methylene blue value, and the plasticity index. The addition of crushed
granite improves the compactness and reduces the content of fines in the material, making it less sensitive to water.

Two trends have been highlighted by the mechanical properties: (1) The addition of crushed granites increases the
bearing capacity of the materials, which is shown by an increase in the CBR, the modulus of elasticity as well as the
compressive strength with the content of crushed granites. (2) The optimum addition is obtained with 30% of crushed
granites for the CBR at 95% compactness, with 30% of crushed granites for the modulus at 90% compactness and with
25% of crushed granites for the modulus at 95% compactness. Various authors, such as Lompo [10], Toé [11], Ndiaye
etal. [12], Jjuuko et al. [13], Sudla et al. [14], Hyoumbi et al. [15], Ahouet & Elenga [16], Corréa et al. [17], Tony et al.
[18], and Gidigasu [19], reported similar results. However, these authors rarely study the effects of adding crushed
granite to lateritic soils on elasticity modulus and unconfined compression strength. Hyoumbi [15] reported that the
maximum value of the unconfined compressive strength is reached at a 30% addition of class 0/5 mm crushed basanite,
while the CBR continued to increase beyond the 30% addition. Toe [11] reported that the CBR of materials did not have
a significant variation (11%), before and after the addition of granite, tested in the laboratory. However, the author [11]
noticed that the gain in the bearing capacity of the material varied from 27 to 32% by performing the deflection tests on
a test board formed of lateritic materials mixed with granite.

The present study confirmed that the CBR is a good parameter to evaluate the improvement of a soil by the addition
of crushed granite, but the CBR-based evaluation remains insufficient when it is considered alone. It should be combined
with the compression tests to better appreciate the level of improvement in the performance of materials and the optimal
addition of crushed granite. This was evidenced by the fact that, at a compactness of 95%, the increase in the value of
the soaked CBR after the addition of 20% to 30% of granites is 164% for C1 and 96% for C2, while the increase in
Young’s modulus is only 67% for C1 and 80% for C2. In this study, the values of CBR overestimate the level of
improvement in the mechanical performances of the materials compared to the Young's modulus. In fact, other studies
[11, 15] have shown that the use of CBR alone as a parameter for assessment of the improvement of mechanical
performance of soil can be misleading in estimating the effect of the addition of granite to the soil. This is due to the
fact that the level of improvement of the CBR is not necessarily similar to that of the modulus. Therefore, the estimation
of the modulus from the CBR (E=5xCBR), commonly used to determine the thickness of the pavement layers in tropical
Africa, is problematic.

This relationship has been discussed for a long time. Several studies showed that this relation can lead to the
erroneous estimation of the modulus of lateritic soils [46, 47]. This report recommends that elasticity modulus should
be determined from the unconfined compressive test or the indirect tensile test. This method seems to be more suitable
because it allows to carry out the volumetric measurement of the strength of the materials and therefore the appropriate
deduction of the elasticity modulus; unlike the CBR test which is a localized surface measurement.

However, a certain dispersion of the results of the elasticity modulus was noted in the present study, given the
difficulty in achieving the reproducibility of the test specimens, due to the random distribution of the aggregates. It is
recommended to increase the number of test specimens to achieve better results. Moreover, the elasticity modulus was
determined from the deformation corresponding to 30% of the maximum applied force. This value of the deformations
is relatively higher than the deformations caused by the traffic in the real conditions, such as 10-6to 10, as reported by
Reiffteck [48]. Therefore, it would also be interesting to determine the elasticity modulus at the deformation
corresponding to 10% of the maximum force.
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5. Conclusion

The apparent difference observed between the materials C1 and C2 in the field was not observed in the geotechnical
results of laboratory tests. Indeed, all the lateritic materials (layers: C1, C2 and CM) are classified in the same granular
class (A-2-6) according to HRB, and B6 according to the GTR guide. They also have practically similar physical and
compaction characteristics. However, a small difference in the mechanical properties was observed. The properties of
the CM material are closer to those of C2 than expected. Therefore, the systematic mixing of materials from different
layers without separating them by the geotechnical companies seems to be acceptable.

After the addition of crushed granites, there is a tendency to decrease the optimal water content (by 20 to 40%), the
plasticity index (by 6.7 to 27%), and the methylene blue value (by 13 to 20%) for all lateritic materials.

The addition of crushed granite resulted in an increase in the maximum dry density and the CBR before and after
immersion in water, the modulus of elasticity and the compressive strength. The values of the CBR index of materials
C2 and CM mixed with granite are relatively greater than those of C1. The material C1 reaches a higher compressive
strength and modulus of elasticity than C2. This suggests that it is not appropriate to systematically consider the CBR
index as the only main parameter for the design and construction of road structures. It is recommended to assess the
mechanical behaviour of materials, such as the elasticity modulus, and more specifically, under cyclic stress, in order to
ensure which of these two parameters (CBR and modulus) is more constraining for the road design. In addition, it is
recommended to mix the materials from the first two layers since the properties of the materials vary slightly depending
on the depth. In this case, the material C1 from the first layer has the highest modulus. In this case, a more in-depth
study of the mechanical parameters would allow us to decide which one of these three materials has the greatest
improvement in modulus.

The optimum content of the addition of granite is 25% for C2 and CM and 30% for C1 at 95% of compactness in
terms of the CBR index and the compressive parameters. It is also shown that the improved physical, compaction, and
mechanical characteristics of the materials mixed with the granite allow for their applications in the sub-base layer of
road structures. Litho-stabilization is therefore a technique that allows one to overcome the weakness in terms of the
characteristics of lateritic materials.

The results of the compression tests are more dispersed than those of the measurement of the CBR index. This
presents the limits in terms of using the compression test, which seems to be more suitable than the empirical relationship
from the CBR, for determining the elasticity modulus. It is recommended to increase the number of test specimens to
achieve better results. Other methods for determining the elasticity modulus, such as the triaxial test applying repeated
cyclic loading as well as the Pundit test, should be carried out to better assess this key input parameter in the design of
flexible pavements.
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