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Abstract

Increased cost associated with the used of high quality materials have led to the need for
local soils to be used in civil engineering works. In this paper, geo-chemical approaches
coupled with conventional geotechnical techniques has been used to investigate vertical
and lateral peculiar engineering index properties (EIP) of micaschist derived soils from
Mfou, Central-Cameroon for their uses in road construction. The X-ray diffraction (XRD)
analysis conducted on the soils indicated the absence of swelling clays. The main mineral
phases were quartz, kaolinite, goethite, magnetite and chlorite. Geo-chemical results
show that the investigated soils are “true laterites” made up of 41 wt% of Fe,0s, 35 wt.%
of SiO,, 21 wt% of AL,Os, 1.17 wt% of K;O and 0.05 wt% of CaO. The results of
geotechnical tests suggest that the upper clayey layer (UCL) and bottom mottled clayey
layer (MCL) of the weathering profiles are poorly graded soils with EIP (fines particles (FP)
of 61 and 63%, plasticity index (PI) of 30 and 31%, Californian Bearing Ratio (CBR) at 95%
of 21 and 19%), which do not allow their use as raw materials in road construction
whereas, intermediate nodular layer (INL) are well graded soils having EIP (FP of 26%, Pl
of 26% and CBR of 39%) that meet the specification required for sub-base materials for
light traffic roads. The relatively high sesquioxyde present in these residual soils may act
as cementing agent, thereby making the compacted soils relatively brittle. The direct
shear test results show that the soils have high bearing capacity (cohesion of 62 Kpa and
27.2° angle of internal friction) making them to be useful in slope stability and shallow
foundation design. The comparison of the studied soils with some lateritic soils in
Sub-Saharan Africa indicates that i) genesis and climatic conditions are potentials factors
that influence EIP of lateritic soils, ii) lateritic soils developed under semi-arid conditions
exhibits EIP better than those developed under tropicaland sub-tropical conditions.

Keywords: Lateritic soils; Engineering properties; Mineralogy; Road pavements; Humid
tropical area; Mfou; Central-Cameroon

Introduction

A considerable increase in soil utility for engineering works is expected as any country
aspires towards improved infrastructural development. The relationship between all
engineering infrastructure and their foundation soils is of paramount importance for
designers and contractors. Incessant occurrence of road pavement deterioration and
building collapse, mainly because of their poor geotechnical and mechanical properties

© 2015 Kamtchueng et al,; licensee Springer. This is an open access article distributed under the terms of the Creative Commons
Attribution License (http:/creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly credited.


mailto:tchakambrice@yahoo.fr
http://creativecommons.org/licenses/by/4.0

Kamtchueng et al. International Journal of Geo-Engineering Page 2 of 21

has made it imperative for a proper understanding of the geotechnical properties of
soils (Garg 2009). Soil is defined as a three-dimensional body with properties that reflect
the impact of mankind, climate, vegetation, fauna and relief on the soil’s parent material
over a variable time span (Deckers et al. 2001). The nature and relative importance of each
of those “soil forming factors” varies in time and space. As far back as the eighteenth
century, geologists identified that in warm, moist, temperate and tropical climates
water percolating through rock has a strong weathering action (Millard 1993). Chemical
reactions increase with an increase in rainfall and temperature, and accordingly soils from
the tropics exhibit different engineering properties (Millard 1993). Despite the great effort
that has been made by previous works to classify and differentiate tropical soils, a uniform
nomenclature /classification system does not exist yet for these soils. Hence, the term
“lateritic clays”, “lateritic gravels” and even “laterites” are still used by engineers to describe
any reddish tropical soils (Northmore et al. 1992). Fortunately, for the engineering purposes
it does not matter whether the classification is correct, but that the geological and engineer-
ing properties as predicted or derived from testing are reliable.

The soils used in road construction in “Sub-Saharan Africa” are mostly lateritic soils
including lateritic gravels, lateritic clays and lateritic shales. Lateritic soils contribute to
the general economy of the region where they are found (Lemougna et al. 2011).
Their scope is very wide and include civil engineering, agronomic, mining research
(iron, aluminum and manganese) deposits. In a tropical area such as Cameroon that is
in a phase of infrastructural development, lateritic soils has been, and still a topic of
interest and discussion. Due to the natural relative abundance of these soils, availability,
favorable engineering properties, they have been very useful for construction of
foundation, roads, airfields, low-cost housing and compacted fill in earth embank-
ments (Gidigasu 1983; Autret 1983; Ekodeck 1984; Sikali and Mir-Emarati 1986;
Bagarre 1990; Tardy 1992 Tockol et al. 1994; Ojo and Adeyemi 2003).

The road network in Cameroon covers a distance of about 50,000 km. Which About
5,000 km is paved, 18,016 km is unpaved, and 27,693 km are rural roads (Transport
Policies in Sub-Saharan Africa” (TPSSA), 2004). According to the “TPSSA (2004)" report,
about 90% of the total road network in Cameroon is made up of unpaved roads. Thus this
limits trade exchanges between border countries and the link between the hinterland
(high agricultural productivity area) and the biggest cities. Consequently, constraint the
socio-economic development of the country. While several research activities have been
done with regards to the engineering index properties (EIP), reliability and durability of
soils used in road construction throughout the world (eg. Autret 1983; Bagarre 1990;
Tardy 1992; Ojo and Adeyemi 2003; Bayewu et al. 2012), only few studies revealed the
geotechnical characteristics of lateritic soils in Cameroon (eg. Sikali and Mir-Emarati
1986; Ekodeck 1985; Mbumbia et al. 2000; Onana 2010; Lemougna et al. 2011; Logmo
et al. 2013). The results of their investigations showed that EIP of the lateritic soils in
Cameroon vary according to the nature of the parent rocks and local climatic regime.
Generally, they are of good to fair quality as raw materials used both in building and
road constructions. However, as observed by Millogo et al. (2008) and references
therein, lateritic soils chosen based only from the results of geotechnical tests behaved
badly on the pavements after a short period. This behavior could be attributed to
the insufficiency of the geotechnical tests justifying the choice of lateritic soils destined to
the road construction. To backup this short coming, some authors (eg. Tockol 1994;
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Mahalinger-Iyer and Williams 1997; Millogo et al. 2008) suggest that chemical
and mineralogical analysis must be conducted on lateritic soils in addition to the
geotechnical classic tests. Accordingly, the purpose of this work is to combine
geotechnical tests to chemical and mineralogical analysis to characterize micashist
derived lateritic soils from Mfou, Central-Cameroon. Data from this study will not only
contribute to evaluate the suitability of these soils for road construction but it will also
provide baseline data for engineers, designers and contractors since the work was carried
out when the road construction section Mfou-Nsimalen was on-going.

Study area

Administratively, Mfou is located in the Mefou and Afamba Division in the South-Eastern
part of Yaounde. Geographically, the area under consideration lies between latitudes
3°40" and 3°45" and longitudes 11° 35" and 11°40" E, covering an estimated area of
85 km? (Figure 1).

Despite being located at about 300 km from the coast, the area is subjected to
maritime influence (Ndam et al. 1998). The climatic regime is Guinea equatorial and
bimodal. It is characterized by four distinct seasons including two rainy season
(from August to November and from April to June) and two dry season (from December
to March and from June to July). The annual rainfall, annual average temperature and
annual average relative humidity are 1600 mm, 24°C and 79%, respectively (Molua and
Lambi 2006). The vegetation belongs to the dense moist forest type described by Vallerie
(1995) as a semi-deciduous forest with Sterculiaceaes and Ulmaceaes as dominant species.
As observed by Segalen (1967), this climatic regime promotes the physico-chemical alter-
ation of the rocks in the southern part of Cameroon. The topography of the study site var-
ies within a narrow range. It is characterized by asymmetrical gentle slopes and dissected
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Figure 1 Location and topographic map of the study area showing sampling sites.




Kamtchueng et al. International Journal of Geo-Engineering Page 4 of 21

shallow valleys. The land use is dominated by agricultural activities. The hydrographic
network is heterogeneous and dense showing dendritic, parallel and rectangular facies.

The detailed background regarding the geology of the study area can be found in
previous studies (eg., Gazel and Guiraudie 1967; Segalen 1967; Gidigasu 1983; Nzenti
et al. 1988; Ekodeck 1984; Yongue 1986; Kamgang 1987; Onana 2010). Briefly, the
basement is made up of metamorphic rocks of the central Neoproterozoic panafrican
fold belt (Nzenti et al. 1988). These metamorphic rocks have been identified as
greenschist bearing micaschist (Gazel and Guiraudie 1967).

Experiments

Sampling methodology

Prior to the sampling campaign, samples collection sites were selected on the 1:50,000
topographic map of Yaounde (sheet 4a NA — 32 — XXIV; source: National Institute of
Cartography of Cameroon). Sample collection was undertaken in November 2010
where vertical and lateral variations of the weathering profiles were investigated. As
shown in Figures 1, three holes (NKIL, NKOL and MFI) were dug and nine samples
were collected from the upper clayey layer (UCL), intermediate nodular layer (INL) and
bottom mottled clayey layer (MCL) of the weathering profiles. Undisturbed samples
were collected from the UCL following the method described by Robitalle and Tremblay
(1997). The method involved the placing of square template over the area to be sampled.
The sample place was cleaned to remove the organo-mineral layer. A wood square tem-
plate was fixed carefully on the pre-drilled hole in each corner to form a cage around the
sample. The soil was excavated around the cage and the wood square template was later
on carefully removed to avoid disturbance in the soil’s structure. A polyvinyl chlorite
(PVC) cylinder with a diameter of 4.9 inches and length of 1 inch was inserted in the ob-
tained cone of soil and later separated from it bottom part with a side walk scraper. Both
sides were sealed with paraffin to prevent the exchange of moisture content between the
sampled soil and the atmosphere. Disturbed samples were collected after undisturbed
samples. At each site, samples were collected on a flat terrain to minimize the influence of
topography on the engineering properties of the soils. The samples were then air-dried for
3 weeks and later subjected to engineering tests. Eighty kilograms of sample was collected
from each layer of the holes and stored in bags. A sample of 10 kg of fresh rock was
collected for petrographic studies. The color of the soil samples was determined using a
Munsell color chart (1975).

Description and method of laboratory tests

Preparation of thin sections was carried out at the Institute of Geological and Mining
Research (IRGM, Cameroon). Geotechnical and mechanical tests were done at the
National Laboratory of Civil Engineering (LABOGENIE, Cameroon). X-ray diffraction
(XRD) and X-ray fluorescence (XRF) were done at the Laboratory of Environmental
Science and Engineering of University of Toyama (Japan).

Mineralogical and chemical analyses

Mineral content is the main factor controlling the size, shape, physical and chemical
properties of soil mechanics. Two thin sections were prepared for the parent rock to
decipher the texture, mineralogy and alteration. The slides were closely examined
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under plane polarized light. The stage of the microscope was rotated continuously to
attain different views of the slides. Photomicrographs from each slide were taken under
cross nicols to ascertain the compositional features. Detailed identification and description
of the mineral composition were determined and their percentages were estimated.

Prior to XRD and XRF analysis, the samples were dried to remove moisture content
and powdered until grain pass through sieve 80 pm. The XRD analyses was done using
a Bruker D8 DISCOVER-TUS diffractometer equipped with a D8 goniometer with a
precision of 1/10000° by a stepping motor and an optical encoder. The scan performed
was recorded in 20 in a range between 5 and 70 ° for a period of around 4 hours. The
diffractograms were treated with DIFFRAC plus software (version 1.2.28).

The percentage of oxides (wt.%) in the soils was determined by X-ray spectrometric
powder technique described by Leake et al. (1970). The test was performed using an
X-Ray Spectrometer model EDX-700HS with Energy Dispersive. Only samples from
intermediate nodular layer (INC) were subjected to the XRD and XRF analyses.

Engineering tests

Engineering tests were carried out to know the suitability of the sampled soils as compacted
materials and for road performance. This involves i) the densimetric tests (specific gravity),
ii) classification tests (grain size distribution, plasticity) and iii) geotechnical tests
(compaction test, California Bearing Ratio and direct shear test).

The specific gravity which is the measure of the density of a soil relative to that of
water was estimated by repeated weighing method as described by Bouassida and Boussetta
(2007). Fifteen gram of the soil samples that passed through sieve of 0.425 mm was added
to the pycnometer and weighed. Sufficient air-free distilled water was added to soil sample
in the bottle and shaken to eliminate air indirection. The bottle and its content was
weighed. The pycnometer was later filled with distilled water and weighed. To calculate the
specific gravity of the samples, the following mathematical equation was used:

B Py - Py .
Vo T (Py—Py) - (P3-P2) M

where P; is the weight of the pycnometer, P, is the weight of pycnometer containing
sample, P3 is the weight of the bottle containing air-free distilled water and sample and
P, is the weight of the pycnometer filled with distilled water

The grain size distribution was determined following the NF P18-560 standard
(AFNOR 1978) for particle size distribution by dry sieving and the NF P94-057 standard
(AFNOR 1992) for particle size distribution by sedimentation. The liquid limit (LL) was
measured and the plastic limit (PL) following the NF P94-051 standards (AFNOR 1993).

As recommended by the handbook of pavement design for tropical countries
(CEBTP 1984), modified Proctor test was chosen for this study. The optimum moisture
content (OMC) and the maximum dry density (MDD) were determined according to NF
P 94-093 standard (AFNOR 1999).

The Californian Bearing Ratio test (CBR) after 4 days soaking with a surcharge weight of
5.5 kg was determined according to NF P94-078 standard (AFNOR 1997). The punching
was achieved with a press Seditech made with a manometer for pressure measurement.

Direct shear test was used to determine a quantity known as the maximum past stress,
which is often assumed to be the greatest effective overburden stress to which soil has ever
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been subjected. This test was determined using undisturbed samples following the standard
method described by the NF P94-071-2 normalization (AFNOR 1999). Only the UCL

sample was subjected to this test.

Results and discussions

Stratification

The weathering profile is made up of four visible layers (Figure 2): i) saprolite mottled
clay layer, ii) intermediate nodular layer, iii) upper soft clayey layer and iv) organo-
mineral, which has not been characterized. In the saprolite mottled clay layer (MCL),
the micaschist architecture is partially preserved. This layer composed of red materials
(5YR 5/8) with yellow patches. Altered garnets, quartz crystals and muscovite flakes are the
most visible minerals of this layer. Transition with overlying layer is gradual and wavy. The
intermediate nodular layer (INL) of about 1 m thick consists of reddish (5YR 5/8) sandy clay
material containing nodules embedded in a mottled matrix with various shapes. Coarse
grains of centimentric size represent about 70% of the total volume of this layer. The transi-
tion with over lying layer is sharp and wavy. The upper clay layer (UCL) had thickness that
vary from 0.1 to 1 m and made up of sandy clay material. This layer is a porous reddish
brown soil (7.5 YR 6/6). The clay matrix of this layer is poor in quartz grains.

In general, the lateritic soils in the study area are yellowish to brown-reddish in color
and contain high percentage of iron oxides as discussed later. These pigmentations are
consistent with the observation of De Graff-Johnson (1972) and Tardy (1992) on the later-
itic soils formed under oxidized conditions and good drainage. Their strong pigmentation
may also indicate the good aggregation of the soils due to their strong surface charge
properties (Tardy 1992).

Petrographic characteristics of rock in the study area

The bedrock of the study area is composed of quartz, biotite, muscovite, garnet, chlorite,
sillimanite, K-feldspar (orthoclase and microcline), and plagioclase (Figure 3). Accessory
minerals are apatite, zircon and sphene. The textures of the sampled micaschist are
lepidoblastic, granoblastic and porphyroblastic with sizes of minerals varying from a
few mm to a few cm (Figure 3). Quartz exhibits undulatory extinction and occurs as
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materials clayey layer
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1,5 m- -
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Figure 2 Schematic structure of the weathering profile of the soils in Mfou.

Page 6 of 21



Kamtchueng et al. International Journal of Geo-Engineering Page 7 of 21

Figure 3 Photomicrographs of micashist of Mfou showing various textures. (a) lepidoblastic texture,
(b) granolepidoblastic texture, (c) porphiroblastic textures. Qtz: quartz, Chl: chlorite, Gt: garnet, Music:
muscovite, Bt: biotite, Sill: Sillimanite, PI: plagioclase.

-

an interpenetrative mosaic of almost equal grains, up to 1 mm in size that defines
ribbons parallel to foliation planes. This mineral constitutes about 35 to 40% in both
the matrix and as inclusions in garnet.

Biotite and muscovite make up 30% volume of the rock sample and vary in length
from about 0.1 to 2 ¢cm (Figure 3a and c). Two generations of micas were visible: 1)
deformed flakes of up to 2 c¢cm in size, which are most probably relics of the clasts
protolith, 2) a second generation, in the matrix, is fine to medium grains. An anasto-
mising configuration of biotite and muscovite around large garnet porphyroblasts
(Figure 3a) indicates that schistosity postdated crystallization of garnet. Biotite and
muscovite also occur in fractured garnets. Biotite is usually replaced with chlorite and fine
grained ferrous oxides (Figure 3b).

Garnet occurs as subhedral to anhedral porphyroblasts from 0.2 to 10 mm in size,
and are sometimes partially replaced by aggregates of chlorite and biotite (Figure 3a).
Some garnet crystals contain sigmoidal to spiral quartz, micas and ilmenite, suggesting
a synkinematic crystallization over printing crenulation cleavage (Ferry and Spear
1978). Most garnets are oriented parallel to the dominant foliation.

Mineralogical and chemical characteristics

The mineral assemblages and their modal composition are quartz (35%), muscovite (25%),
biotite (15%), garnet (10%), chlorite (6%), sillimanite (3%), plagioclase (3%) and K-feldspar.
The diffractogram obtained from the XRD analysis is shown in Figure 4. The X-ray patterns
showed that the soils under investigation consist of quartz, kaolinite, goethite, magnetite
and chlorite. This result is in agreement with previous finding reported on lateritic soils in
south Cameroon (Ekodeck 1984; Onana 2010; Lemougna et al. 2011; Tsozué et al. 2012).
Tsozué et al. (2012) showed that iron oxides in lateritic soils of south Cameroon are
always associated to kaolinite. These authors further explained that the presence of
goethite in lateritic soils developed on micashist is the result of the disruption of
kaolinite-hematite association which characterizes the primary ion duricrust under
hydratation. The mineralogical investigations also indicated the absence of swelling
clays such as montmorillonite, hence undesirable swelling characteristics seems not
expected in these soils. Nevertheless, the presence of goethite and other iron oxides
existing in these residual soils may act as cementing agents, which as a consequence
may contribute to tensile cracking by making the compacted structure relatively brit-
tle. Indraratna and Nutalaya (1991) argued that the presence of high goethite content
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Figure 4 X-ray diffraction spectrum of < 80 um samples fraction of soils in Mfou. Q = quartz,
M = magnetite, G = goethite, K = kaolinite, Cl = chlorite.

in the residual soil derived from weathered igneous and metamorphic rocks may have
influenced cracking of the Shek Pik Dam in Hong Kong, China.

The chemical composition of the samples given in Table 1 shows the presence of
41 wt.% of Fe,O3 followed by 35 wt.% of SiO, and 21 wt.% of Al,O3 and feeble content
of 1.17 wt.% of K,O and 0.05 wt.% of CaO. This result agrees with the petrographic and
mineralogical studies which indicated that quartz, iron-rich minerals and alumino-silicates
are the dominant phases in both the parent rock and its derived products. Rossiter (2004)
compiled the classification of soils according to the degree of laterization by evaluating
silica—sesquioxide (S-S) ratio (SiO, / (Fe;Os+ Al,O3)) (Table 1). Accordingly, soils
having S-S ratio > 2 are considered as non-lateritic soils. For lateritic soils, this S-S
ratio lies between 1.33 and 2 and for true laterites the ratio is < 1.33. The soils under
investigation have S-S ratio (average of 0.6) lower than 1.33 suggesting that they are
“true laterites” soils which has not undergone a considerable degree of laterization
(Rossiter 2004).

Engineering characteristics of soils

Specific gravity

The results of the specific gravity of the investigated samples are presented in Table 2.
The values range from 2.62 to 2.85, 2.34 to 2.85 and 2.07 to 2.80 for Nkil, Nkol and
Mfi profiles, respectively. The lowest (average of 2.38 gf/cm®), and the highest values

Table 1 Chemical composition of the studied soils
Location SiO, Fe,O; AlL,O; TiO, K,O Cr,0; ZrO, Cu0 CaO MnO ZnO Rh,O; Total S-S

ratio
Nkil 4172 3428 2055 167 129 016 009 007 007 004 003 001 99.99 0.76
Nkol 3084 4443 2153 170 102 016 009 006 004 007 003 001 9998 046
Mfi 3205 4394 2051 179 122 014 011 005 004 008 002 001 99.96 049

Average 3487 4088 2086 150 117 015 009 006 005 006 002 001 99.72 057

Oxides composition in weight percent, S-S: silica-sesquioxyde.
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Table 2 Specific gravity values of studied soils

Specific gravity

Nkil Nkol Mfi Average sD
Upper clayey layer (UCL) 262 234 217 238 0.23
Intermediate nodular layer (INL) 2.84 2.85 2.80 283 0.03
Bottom clayey layer (MCL) 285 281 2.07 257 04

Nkil, Nkol and Mfi: sample location site, SD: standard deviation.

(average of 2.83 gf/cm®) of the specific gravity are found in UCL and INL samples, re-
spectively. The results of studies conducted on lateritic soils (eg. Gidigasu 1983; Tockol
1994; Kabir and Taha 2004; Ramamurthy and Sitharam 2005; Que et al. 2008) have
shown that specific gravity is closely linked with the mineralogy and/or the chemical
composition of the soil. According to De Graff-Johnson, (1972), the higher the specific
gravity, the higher the degree of laterization. Furthermore, the larger the clay fraction
and the alumina concentration, the lower is the specific gravity. Thus, INL samples
appear to be the most evolved samples in term of laterization (ferruginization) process.

Grain size distribution and Atterberg’s limits

Grain size distribution is one of the most important elements in the design of struc-
tures on, in, or composed of soils (Naresh and Nowatzki 2006). The results of grain size
distribution analysis are given in Table 3. The statistical summary of obtained results
are presented in Table 4 and represented graphically in Figure 5. The percentage of
fines (% passing sieve 80 pm) has significant effect on the performance of the base /
sub-base materials (Garg 2009). Too much fines will result in the reduction in the pos-
sible maximum density and strength and increase the susceptibility to weakening from
water infiltration or seepage (Garg 2009). The results show that the amount of fines in
UCL and MCL soil samples are quite similar (greater than 60%). Figure 5 shows that
UCL and MCL are clayey soils that are poorly graded whereas INL are well graded
gravel and sandy soils. The “well graded” curve (INL soil samples) represents a non-
uniform soil with a wide range of particle sizes that are evenly distributed (Figure 5).
Densification of a well-graded soil causes the smaller particles to move into the voids
between the larger particles (Naresh and Nowatzki 2006). As the voids in the soil are
reduced in the INL soil samples, the density and strength of the soil may increase. In
contrast, poorly graded or uniform soils (UCL and MCL soil samples) are composed of
a narrow range of particle sizes (Figure 5). During compaction of these soils, inadequate
distribution of particle sizes prevents reduction of volume of voids with infilling by smaller
particles. Thus, uniform soils are expected to have low mechanical properties. As clearly
shown in Figure 5, only samples from INL meet the limit of not more than 35% of fines
recommended by the CEBTP for sub-base materials (Table 5). None of the tested samples
meet the CEBTP specification of not more than 20% of fines for base materials.

The Atterberg consistency limit tests show that the UCL and MCL samples have in
average a LL of 61% and 63%, PL of 31% and 33%, plasticity index (PI) of 29% and 30%
while INL samples has in average a LL of 55%, PL of 30% and PI of 26% (Table 4). The
results of Atterberg’s limit tests together with the grain size distribution results allowed
the classification of UCL and MCL soil samples in the A-7-5 group of American Asso-
ciation of State Highway and Transportation Officials (AASHTO) classification scheme



Table 3 Geotechnical and mechanical results of the studied soils

Samples Depth of Particles size distribution (%) Atterberg’s limits Modified proctor NMC CBRat95% Classification
location  sampling (M) 7> 5 G "5 (FG) 2(CS) 0.5 (MS) 0.08 (FS) 0.05 (Sil) 0.002 (Clay) LL (%) LP (%) PI(%) CI MDD (g/cm®) OMC (%) '  °fMDPD  iacito GTR
UCL  Nkil 0.50-0.80 100 100 993 921 684 63.9 46.8 60.8 30.7 30.1 120 1.67 20.8 246 210 A-7-5 A
Nkol 0.10-0.35 100 100 989 954 64.7 60.3 44.2 583 304 279 124 16 183 237 150 A-7-5 Az
Mfi 0.60-1.10 100 996 972 943 66.8 61.3 47.8 62.6 32.1 30.5 119 172 16.5 262 260 A-7-5 As
INL  Nkil 1.15-1.70 97.6 722 418 333 26.7 22.7 154 59.8 324 284 1.7 21 1.2 134 380 A-2-7 Bs
Nkol 0.50-0.80 88.8 65.1 549 353 30.2 280 184 559 30.6 253 15 20 13.7 168 240 A-2-7 Be
Mfi 1.20-1.60 925 638 343 254 211 189 14.6 509 282 22.7 165 208 1.8 123 540 A-2-7 Be
MCL Nkil 2.70-3.30 100 988 936 836 63.6 586 435 624 318 30.5 13 182 189 219 160 A-7-5 As
Nkol 1.90-2.30 100 976 943 819 69.8 65.1 474 61.2 33.1 28.1 126 174 19.5 256 170 A-7-5 As
Mfi 240-3.50 98.3 948 902 846 61.9 604 443 66.7 338 329 134 1.70 154 223 230 A-7-5 A

Nkil, Nkol and Mfi: sample location site, CG: coarse gravel, FG: fine gravel, CS: coarse sand, MS: medium sand, FS: fine sand, LL: liquid limit, LP: plasticity limit, Pl: plasticity index, Cl: consistency index, MDD: maximum
dry density, OMC: optimum moisture content, NMC: natural moisture content, AASHTO: American Association of State Highway and Transportation Officials, GTR: Guide des Terrassements Routers.
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Table 4 Statistical summary results of geotechnical and mechanical tests

Geotechnical parameters Results

UCL (n=3) INL (n=3) MCL (n=3)
Particles size distribution (%)
< 2 mm (skeleton) 985 436 927
< 0,5 mm (mortar) 939 313 834
< 80 um (fines particles) 66.6 26 65.1
< 50 um (silt) 61.8 24.7 614
< 2 um (clays) 46.3 16.1 45.1
Atterberg’s limits
Liquid limits, LL (%) 60.6 555 634
Plasticity limits, PL (%) 311 304 329
Plasticity Index, Pl (%) 295 255 30.5
Consistency Index, Cl 1.2 17 13
Modified Proctor
Optimum moisture content, OMC (%) 185 12.2 179
Maximum dry density, MDD ( g/cm?) 17 2.1 18
CBR test
CBR at 95% of MDD (%) 21 39 19
Natural moisture content, NMC (%) 248 14.2 233
Classification of soils
Highway Research Board (AASHTO) A-7-5 A-2-7 A-7-5
Earthworks Road Guide (GTR) A3 B6 A3

Sand l sil a
coarse | medium | fine | ilt ay
100 $
90
80 ... NKkil - UCL
~
XX
S 70 — Nkol -UCL
o0
£ - --Mfi - UCL
3 60
2 ...a. Nkil - INL
[
50
g —=— Nkol - INL
S
o
8 40 —=—-Mfi-INL
=
&
30 -t Nkil - MCL
—— Nkol -MCL
20 A
y —=—-Mfi-MCL
10 A
0 T T T
100 10 1 0.1 0.01 0.001

Particles size (mm)

Figure 5 Sieve curves of soils samples from different layers of the weathering profiles in Mfou.
UCL: upper clayey layer, INL: intermediate nodular layer, MCL: bottom mottled clayey layer. The continue
gray curves represent the upper and lower bounds of typical lateritic soils intended to be used in road
construction according to the road pavement standards for tropical countries (CEBTP, 1984)
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Table 5 Compliance of lateritic soils derived from micaschist of Mfou to road pavement
standards for tropical countries (CEBTP, 1984)

Engineering parameters Base Sub-base Samples
materials materials ucL INL MCL

Atterberg’s limits

Liquid limits, LL (%) 35 max 60 max 60.6 55.5 634
Plasticity Index, Pl (%) 15 max 30 max 295 255 305
Swelling potential (%) 0.3 max 1 max 2.1 14 2.1

Grain size distribution (%)

20 mm 60-100 75-100 100 99 100
10 mm 35-90 58-100 100 91 100
5 mm 20-75 40-78 99 67 99

2 mm 12-50 28-65 98 43 93

0.080 mm 4-20 5-35 67 26 65

Modified Proctor

Maximum dry density, MDD 2.00 min 1.80 min 1.7 2.1 1.8
(g/cm®) 80 min 30 min 21 39 19

CBR at 95% of MDD (%)

Min: minimum, Max: maximum.

and in the Aj group of the “Guide des Terrassements Routiers” (GTR) classification.
These groups are described as fair to poor clayey and silty soils. The INL soil samples
belong to the class A-2-7 and B, respectively according to the aforementioned classifi-
cations and are defined as gravelly and sandy soils. However, all the tested samples do
not meet the CEBTP specification of not more than 15% plasticity index for base mate-
rials. Similarly, the results also indicate that the liquid limit of all the investigates
samples are nearly within the range of not more than 60% for sub-base and exceed the
maximum limit of 35% specified by the CEBTP for base materials (Table 5). Further, the
plot in the Casagrande diagram (Figure 6) shows that all the samples are located along
the A-line on the limit of high plasticity clays and silts domains. According to Day (2000)

60 ,
50 Low plasticity . High plasticity clays A0
clays : ] vV
H ' 1'5'5'(
! Medium ! P\B
40 1 i plasticity w
clays ] High plasticity
silts

[ %]
o
L

v

Plasticity index (%)
3

10 Low plastictty silts «——  Medium plasticity
: silts
0 T g | T T T T T T T
0 10 20 30 40 50 60 70 80 90 100

Liquid Limit (%)
+UCL OINL < MCL
Figure 6 Casagrande chart classification of lateritic soils in the study area.
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lateritic soils consisting mainly of un-swelling clay such as kaolinite are generally located
below the A-line. Satisfactory classification of expansive soils implies that the geotechnical
parameters that characterize swelling are known (Millogo et al. 2008). The swelling rate
(es) which is defined as the percentage of swelling of a clay sample compacted at optimum
Proctor and subjected to a load of 7 kPa was computed using the following equation (2)
(Derriche and Kebaili 1998):

g, = 1.107° x PI*** (2)

where g is the swelling rate and PI the plasticity index.

According to Djedid et al. (2001) and references therein, the lateritic soils that contain
clay fraction between 8 and 65% are considered as low, moderate and high swelling
soils if €, value range between 0-1.5, 1.5-5, and 5-25, respectively. The &, values pre-
sented in Table 6 shows that UCL and MCL soil samples (average of 2.09 and 2.12,
respectively) fall within the high swelling soils range whereas the INL samples (average
of 1.4) are of low swelling potential. Based on the classification proposed by
Bekkouche et al. (2000) which defined the swelling potential by the relation between
clay content and PI (Figure 7), the INL samples are plotted in the moderate swelling
potential area while INL and MCL samples plot toward very high swelling potential
area. This indicates that the UCL and MCL samples could be more susceptible to
considerable change in volume in a changing climate.

Compaction test

The modified Protor test variables and results of the statistical summary are presented
in Table 3 and Table 4, respectively. The maximum dry density (MDD) values obtained
for the investigated samples are in average 1.7, 2.1 and 1.8 g/cm® for UCL, INL and
MCL, respectively. While the optimum moisture content (OMC) values are relatively
higher and almost similar for UCL and MCL soil samples (average of 18.5 and 17.9%),
it is lower for INL soil samples (average of 12.2%). In the overall samples, it can be seen
that MDD is higher when OMC is lower (Table 3). However, the discrepancy of these
parameters in the samples may be due to the different degree of laterization in the
weathering profiles.

According to O’Flaherty (1988) the range of values that may be anticipated when
using the modified proctor test methods are: for clay, MDD may fall between 1.4 and
1.7 g/cm® and optimum moisture content (OMC) may fall between 20-30%. For silty
clay MDD is usually between 1.6 and 1.8 g/cm® and OMC ranged between 15-25%.
For sandy clay, MDD usually ranged between 1.8 and 2.2 g/cm® and OMC between 8
and 15%. Thus, looking at the results in Table 3, it could be noticed that INL samples
belong to sandy clay soils whereas UCL and MCL samples are rather silty clay soils.

Table 6 Estimated swelling potential of studied soils

Designation Swelling potential (&)

Nkil Nkol Mfi Average
Upper clayed layer (UCL) 2.26 1.90 211 2.09
Intermediate nodular layer (INL) 1.80 1.40 1.09 143

Bottom clayed layer (MCL) 211 1.75 2.50 212
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Figure 7 Domains of classification of soils according to their plasticity index (in Bekkouche et al.,
(2000)). Ac: activity of clays.
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As per CEBTP specification (CEBTP, 1984), lateritic soils having MDD value of 2.0
and 1.8 g/cm® are recommended to be used as raw materials in base and sub-base,
respectively in road construction. Only INL samples are consistent with this specifi-
cation and can be rated as excellent materials for road works.

Californian bearing ratio (CBR)

The overall soaked CBR results presented in Table 3 and 4 show both lateral and verti-
cal variation with the values range between 15 and 54%. The soil samples collected at
the site MFI shows CBR values higher than those collected at sites NKIL and NKOL
(Table 3). Along the vertical transect, the CBR values are generally higher (with average
of 39+19%) in the INL samples and lower (average of 19 +3%) in MCL samples
(Table 4). However, the study of the vertical profile of lateritic soils indicates that
samples with lower proportions of fines (<80 pum) (INL) have higher values of MDD
and CBR and vice versa. Thus, it can be deduced that the lower the fine components,
PI and OMC, the higher the MDD and CBR values.

Among the different investigated layers, only INL soil samples (average of 39 + 19%)
exceeded the CBR value of not less than 30% specified by the CEBTP for sub-base ma-
terials (Table 5). None of the tested sampled meet the CEBTP specification of not less
than 80% for base materials. This suggest that INL samples may be useful as sub-base
materials whereas the engineering properties of UCL and MCL samples are of poor
quality which do not allow their uses as row materials in road pavement. However,
due to its relative high PI, LL and swelling potential (Figure 6 and Tables 5), these soils
require mechanical, physical and/or chemical improvements with hydraulic binders
such as quicklime, bitumen and/or cement prior to their uses as base materials for
road works.

Direct shear strength

The shear strength is one of the most important engineering properties of a soil, be-
cause it is required whenever a structure is dependent on the soil’s shearing resistance.
For most of the geotechnical designs concerning foundations, earthworks and slope stabi-
lity issues, the soils are required to withstand shearing stress along with compressive stress
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(Nakao and Fityus 2009). The test was conducted under saturated conditions. The shear
rate was adopted to be 2 mm/min. The consolidation stress range of 100-300 kPa was
considered. For a given material, shear vs. normal stresses at failure lay on a straight line
in the 1- o plane, named failure envelope. In soil mechanics, the failure envelope is

traditionally known as Mohr-Coulomb failure criterion and expressed as (Eq. 3):

7 =c + otany (3)

where T and o represent shear and normal stresses, respectively. ¢’ is the cohesion of
soil and y is the internal friction angle. This failure criterion is obtained from a series
of direct shear tests where maximum or residual stress are plotted against normal stress
and then a failure envelope is calculated. The results of direct shear test is presented in
Table 7. Figure 8b presents a Mohr-Coulomb envelope obtained from direct shear test
of soils in the study area. Each experimental point corresponds to the maximum stress
that the soils can withstand without cracking or breaking. Slope and intersect of the
linear envelope correspond to angle of internal friction () and cohesion (c’), respect-
ively. Figure 8a indicate that the shear stress corresponding to a fixed normal stress
increases initially until it reaches the peak strength, which then decreases gradually
toward its residual strength. The observed behavior is ascribed to overconsolidated
soils. The corresponding stress path responses illustrated in Figure 8b exhibit essen-
tially linear failure envelopes with respect to the normal stress axis. A best-fit envelope
drawn through the data points in Figure 8b results in shear strength parameters ¢' and
Y of 62 kPa and 27.2°, respectively, suggesting that any shear stress or slope above these
values may cause soil failure.

Consistent with the results reported in lateritic soils of Nigeria (cohesion range of 65—
75 kPa and friction angle range between 26-31°) (Oladele et al. 2012; Aloa and Opaleye
2011), these values show that the soils in the study area have relative high bearing capacity
as a result of their respective high cohesion and relatively medium angle of internal fric-
tion values. Furthermore, the plot of samples in the diagram of Dayre et al. (1978) modi-
fied by Ekodeck (1984) (Figure 9) shows that the samples have an elasto-plastic behavior.
Hence, they can support slope stability and shallow foundation (Nakao and Fityus 2009).

Comparison of test results with some lateritic soils in Sub-Saharan Africa

To understand the regional variability of raw materials widely used in civil enginee-
ring works in Cameroon, the soils under consideration were compared with known later-
itic soils in Sub-Saharan Africa. Globally, based on the CEBTP specification (CEBTP 1984)
and as previously thought (Table 5), the engineering properties of these soils are all
convenient to be used as sub-base materials and require pre-treatment before use as base
materials (Table 8). However, significant differences are observed among their engineering
parameters. The results show that there is an apparent similarity in parameters be-
tween soils formed under same climatic conditions. Despite their different parent
rocks, lateritic soils under investigations have engineering properties relatively com-
parable with lateritic soils of Ghana, Ivory-Coast and Congo. Moreover, lateritic soils
formed under semi-arid conditions have engineering properties higher than those
formed under tropical and sub-tropical conditions. This is probably due to the intense
weathering processes observed in tropical regions leading to removal of silica
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Table 7 Summary of direct shear test performed on the sample from Mfou

Stress: 1 bar Stress: 2 bars Stress: 3 bars
Time(s) Displacement Load per unit Shear stress Load per Shear stress Load per Shear
(mm) area (kpa) (Kpa) unit area (Kpa) unit area stress (Kpa)
(Kpa) (Kpa)

15" 0.25 2100 76 2900 106 3400 124
30" 0.50 2500 92 3400 125 4300 158
45" 0.75 2600 96 3700 137 4500 167
1'00" 1.00 2600 97 3900 146 4600 172
115" 1.25 2700 102 4000 151 4700 177
1'30" 1.50 2700 103 4100 156 4700 179
1'45" 1.75 2700 103 4200 161 4700 180
2'00" 2.00 2700 104 4200 162 4700 182
2'15" 225 2700 105 4200 164 5000 195
2'30" 250 2700 106 4200 165 5100 201
2'45" 2.75 2800 m 4200 167 5100 203
3'00" 3.00 2800 112 4200 168 5100 205
315" 325 2900 117 4300 174 5100 206
3'30" 3.50 2900 118 4500 184 5000 204
3'45" 375 2900 120 4500 186 5000 206
4'00" 4.00 2900 121 4400 183 5000 208
415" 4.25 2900 122 4400 185 4900 206
4'30" 4.50 2800 119 4400 187 4900 208
4'45" 475 2800 120 4400 189 4900 210
5'00" 5.00 2800 121 4400 191 4800 208
515" 525 2800 122 4400 192 4800 210
5'30" 5.50 2800 124 4400 194 4800 212
5'45" 5.75 2800 125 4400 196 4800 214
6'00" 6.00 2800 126 4400 199 4800 217
6'15" 6.25 2800 128 4400 201 4800 219
6'30" 6.50 2800 129 4300 198 4800 221
6'45" 6.75 2800 130 4300 200 4800 224
7'00" 7.00 2800 132 4300 202 4800 226
7'15" 7.25 2800 133 4300 205 4800 228
7'30" 7.50 2700 130 4300 207 4800 231
7'45" 7.75 2700 131 4300 209 4800 234

The bold values represent the maximum load of the testing soils and its corresponding shear stress.

and accumulation of sesquioxides (IRRI 1989). Several studies showed that silica has
a positive correlation with specific gravity and CBR value. As an example, lateritic
soils of Burkina Faso which are silica rich materials (SiO, of 56.19 wt.%) (Millogo
et al. 2008) have CBR value at 95% MDD (43%) higher than that in the study area
(average CBR at 95% of 39) which are rather iron rich soils (Fe,O3 of 40.88 wt.%). It
is worth mentioning that lateritic soils developed under sub-tropical conditions
seemingly have the fairest engineering properties. Despite incomplete information

regarding rock types, the results show that laterites developed on metamorphic rocks
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(schist, gneiss and quartzite) have engineering properties better than those developed
on igneous rocks (granite).

Conclusion

This research collates the baseline geotechnical information on tropical soils developed

on micashist of Central-Cameroon and compares their geotechnical properties with

Figure 9 Characterization of soil samples based on the Dayre et al., (1978) diagram modified by
Ekodeck, (1984). 1: compressibility, 2: elasticity, 3: plasticity, 4: plasto-compressibility, 5: elasto-compressibility,
6: elasto-plasticity, 7: elasto-plasto-compressibility.




Table 8 Comparison of studied lateritic soils with some lateritic soils in Sub-Saharan Africa

Country Rock Climatic Liquid Plastic Plasticity Fines fraction oMC MDD CBR AASHTO References

types regime limit (%) limit (%) index (%) (%) (%) (%) classification
Cameroon (INL) Micashist Tropical 55 30 25 26 12 2.1 39 A-2-7 This study
Ghana Granite Tropical - - - 30 12 2 - - Gidigasu, (1983)
Ivory Coast Granite Tropical 48 24 24 21 10 2.1 30 A-2-6 Bohi, (2008)
Congo - Tropical 80 - 40 35 19 1.7 30 A-2-7 Bohi, (2008)
Uganda - Sub-tropical 38 17 22 34 13 - 19 A-2-6 Zelalem, (2005)
Kenya - Sub-tropical 45 31 14 28 19 - 52 A-2-7 Zelalem, (2005)
Gambia - Sub-tropical 36 16 20 22 - A-2-6 Zelalem, (2005)
Tanzania - Sub-tropical 34 19 10 25 9 2.1 22 A-2-4 Zelalem, (2005)
Ethiopia Granite, Schist Sub-tropical 68 33 32 58 28 17 15 A-7-5 Zelalem, (2005)
Senegal Schist- Semi-arid 25 16 16 20 9 19 86 A-2-7 Bohi, (2008)
Niger - Semi-arid 21 1 10 25 9 2.1 22 A-2-4 Zelalem, (2005)
Nigeria Gneiss, Quartzite Semi-arid 30 16 14 52 18 25 60 A-2-6 Bello et Adegoke, (2010)
Burkina-Faso Granite Semi-arid 22 12 10 11 7 22 43 A-2-7 Millogo et al,, (2008)
Sudan - Arid 21 12 9 27 - - - A-2-4 Zelalem, (2005)
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some lateritic soils in Sub-Saharan Africa. Investigations on the lateral and vertical
variability of the engineering properties of lateritic soils have helped in deducing the

following conclusions:

1. The texture of the studied micaschist is lepidoblastic, granoblastic and porphyroblastic
with variable size of minerals. The mineral assemblages and their modal composition
are of quartz (35%), muscovite (25%), biotite (15%), garnet (10%), chlorite (6%),
sillimanite (3%), plagioclase (3%) and K-feldspar.

2. The micashist derived lateritic soils from Mfou have a pigmentation varying from
yellowish to reddish and were formed in an oxidizing environment having good drainage.

3. The mineralogical investigations indicate the absence of high swelling clays such as
smectite and montmorillonite. Chemical test shows that these soils are “true laterites”
having high concentration of sesqueoxides (iron and aluminum oxides) which may
act as cementing agents contributing to tensile cracking by making the compacted
structure relatively brittle.

4. The results of geotechnical tests reveal that samples from upper clay layer and
bottom mottled clay layer are poorly graded soils with engineering properties (fines of
61 and 63%, plasticity index of 30 and 31%, CBR at 95% of 21 and 19%) which do not
allow their use as raw materials in road construction. INL samples are gravel and
sand soils well graded having engineering properties (fines of 26%, plasticity index of
26% and CBR of 39%) that meet specifications require for sub-base materials for light
traffic roads. However, Atterberg’s consistency limit tests indicate that the samples are
moderate to high plastic soils with moderate swelling potential. Hence, their use as
base and sub-base construction materials for heavy traffic roads require pre-treatment
with non-plastic soils, bitumen, cement and/or lime. The direct shear test results
show that the soils have high bearing capacity (cohesion of 62 kPa and 27.2° of
angle of internal friction) making them to be useful in slope stability and in shallow
foundation design.

5. The comparison of the studied soils with some lateritic soils in Sub-Saharan Africa
indicates that genesis and climatic conditions are potentials factors that influence
the engineering properties of lateritic soils. Further, the comparison also indicates
that soils developed in semi-arid conditions exhibits the best engineering
characteristics.
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