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Abstract
In this study, clayey soils are characterized as backfill and potential fusible raw materials for engineering. Geotechnical 
tests (particle size distribution, Atterberg limits, densities) and chemico-mineralogical analyses (X-ray fluorescence, X-ray 
diffraction and Fourier transform infrared) were carried out on samples collected from field in the locality of Boulgou 
(North Cameroon) followed by the determination of mechanical properties of fired bricks (850–1200 °C). The excava-
tions carried out have revealed a thick layer of clayey soils (~ 2 to 2.5 m) over a sandy layer. This clay formation presents 
some stratifications with limited influence variation in terms of mineralogy. Mean grain size distribution is dominated 
by sand (62–80%), clay (12–25%) and silt (6–9%). It corresponds to silty–clayey soils regarding their methylene blue val-
ues (3.3–5.6), with low plastic (13–22%) to high plastic (33%) characteristics. They are classified by USCS as clayey sand/
silty clay, while one sample is a poorly graded sand (SP). Clay minerals observed are kaolinite (6–12%), montmorillonite 
(2–6%) and illite (8–10%). Those parameters associated with their fine nature and high compressibility make them suit-
able engineering applications for backfill material and barriers. From chemical analyses, relatively high contents in alkali 
and alkaline earth elements (~ 4 to 6%) to be used as potential fusible raw materials for fired bricks or gres ceramics were 
revealed. Bricks characteristics are varied: linear shrinkage (0.3 to 9%), bulk density (1.8 to 2.3 g/cm3), water absorption 
(19.7 to 1.3%) and flexural strength (0.3 to 17.4 MPa). Overall, the requirement for fired brick (< 20%) is met up by the water 
absorption values. As from 1050 °C, these soils are made suitable for brick-making with good characteristics (metallic 
sound, good cohesion and flexural strength).
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1  Introduction

The use of clayey soils as support materials, backfill or raw 
material by engineers cannot be done without prior char-
acterization. The behaviors of clays are related to their min-
eralogy and chemical composition, associated with certain 
geotechnical characteristics (particle size, plasticity, etc.). 

In engineering applications, much caution is implied in the 
utilization of the diversified nature of soils, as problematic 
soils may be enhanced by several additives or admixtures 
[1, 2]. As a result, the interest in a given raw material can 
positively impact the economic development of a region 
or a country. Satisfying the demand for construction 
materials implies developing the supply by multiplying 
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production units. For example, the transformation of clay 
into building materials (bricks, tiles, etc.) contributes to the 
development of the local economy (creation of local jobs 
that cannot be relocated). Many researchers are focusing 
their works on clayey soils in engineering applications 
such as geopolymers for road and building materials [3], 
ceramic application for fired bricks and porcelains [4–7] 
and materials for backfill and core of earth fill dams [2, 
8–11]. In North Cameroon, clayey soils at Boulgou are 
extracted by the local population for pottery, plastering 
walls of houses and the production of construction materi-
als (adobes and fired bricks using clamp kilns). These soils 
are extensively present in the locality, easily noticed by 
the cracks left beside when they are dried out. The rising 
interest of local population in these raw materials for the 
applications mentioned above shows up a potential for 
a large-scale exploitation which requires the appraisal of 
their engineering properties. This study deals with the 
chemico-mineralogical and geotechnical characteristics 
of materials issued from the alteration of the geological 
massif of Boulgou (Northern Cameroon) for appropriated 
firing products and other potential valorizations in engi-
neering application.

2 � Geographical and geological setting

The site under study is located in Boulgou, one of the 178 
villages found in Benue division, North Region of Cam-
eroon. The village is at the foot of the Tinguelin massif, 
at an average altitude of around 230 m. The exploratory 
zone is limited by latitudes N09° 26′ 24″ and N09° 24′ 04″ 
and longitudes E13° 27′ 24″ and E13° 29′ 45″, with a total 
area of 19.18 km2 (Fig. 1). A typical Sudanian climate reigns 
in the Benue with two contrasted seasons: a rainy season 
from May to October and a dry season from November to 
April. The mean annual rainfall is generally less than 1 m, 
with however a variation from one year to another and 
also one month to another [12].

The study area is on a very gentle slope within the 
alignment of the Tinguelin massif in the west and north, 
taking the form of a semicircle. This area corresponds to 
a peneplain with an altitude around 200 m (Fig. 1). The 
Tinguelin massif is made of tabular “sandstone” hills known 
as the Hosséré (Hosséré Sonayo, Hosséré Boulgou, Hos-
séré Banay), with varying elevation (from 540 to 660 m). 
According to [12], numerous outcrops appear in the study 
area and form a massif made up of a set of sandstone hills 
which overlay in discordance on a tectonized microgran-
ite (faults with sinistral steps visible on the offset of the 
quartzo-feldspathic veins). The lithological section of the 
Hosséré Tinguelin is made up of conglomerate, microcon-
glomerat, coarse sandstone, fine sandstone, siltite and clay 

[12]. The mineralogy of microgranite is made up of quartz, 
potassic feldspar, albite, mica and amphibole. Sandstones 
are the most observed sedimentary rocks and, in some 
places, conglomeratic over centimetric layers, with no feld-
spars in their mineralogical composition. This mineralogy 
is mainly consisted of quartz, micas and heavy elements 
(zircon, rutile) [12].

3 � Materials and method

3.1 � Prospection and sampling techniques

Five (05) wells were dug during the field trips: three newly 
excavated (P1, P2 and P3) and two refreshed and deep-
ened (P4 and P5) (Fig. 2, Table 1). Wells were dug accord-
ing to the morphology of the study area and the positions 
where villagers collected their clayey soils for pottery 
activities by craftsmen. A sample (SPmG) was collected at 
the Gobbri hill (269 m altitude, Fig. 1), and a high content 
of coarse grains was shown through its observation as for 
the other sampling points. However, it is not of a particular 
interest to the local population. After the description of soil 
profiles, samples were collected manually with a shovel at 
the center from the various layers crossed (Table 1). Due 
to the hardness of the soil at that particular season of the 
year (dry season), a hand auger was used as from the deep-
est layers which is less hard than the superficial ones, in 
order to deepen the hole. Samples were collected accord-
ing to the color, texture and the presence of nodules fol-
lowing each facies. Gray color is dominant, and after recon-
stitution, P4 shows sandy materials essentially. Samples 
collected undergone different analyses in the laboratory, 
and samples from different layers were first characterized 
in terms of granulometry, plasticity and mineralogy. After 
the first characterization, no particular difference between 
layer 1 and 2 was observed in all wells dug. The slight 
changes in composition of the soil are just in terms of 
their visual aspect (texture, presence or absence of roots). 
However, no major difference between clayey and sandy 
clayey layers was shown from mineralogical results. In P1 
profile for example constituted of layers P1C1/P1C2, P1C3 
and P1C4, it was observed that all those layers are overall 
homogenous; the difference from one layer to another is 
at the level of their apparent concentration in millimetric 
or centimetric nodules. With regard to the thickness of 
the reserve clayey materials (2 to 3.5 m) and the interest 
focused on their global exploitation, a composite sample 
was obtained from an equitable gramme of clayey and 
sandy clayey layers in each well dug. Each reconstructed 
sample (P1 to P5) was undergone geotechnical (density, 
porosity, etc.), mineralogical and chemical analyses.
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3.2 � Determination of geotechnical properties

Particle size distribution, Atterberg limits, test of meth-
ylene blue and density were considered as geotechnical 
characteristics of the studied clayey soils. The particle size 
distribution was obtained after sieving of fraction ≥ 80 µm 
and sedimentation for the fraction < 80 µm (D-422 ASTM 

standards). The Atterberg limits (liquid limit-LL, plastic 
limit-PL and plasticity index-PI) were resulted from the 
Casagrande method (D-4318 ASTM standards). The capac-
ity of clay to absorb cations from a solution is determined 
by the test of methylene blue (VBS), and it is a parameter 
which helped to characterize the clayey density (cleanli-
ness) of a soil. It was determined according to the formula 

Fig. 1   a Sampling map 
superposed on the geomor-
phological map of Garoua 
07253—1d—NC -33-VIII-1d 3 
at 1/50 000 scale; b Geological 
map of the study area
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of Skemptom (1973) in [1] (Table 2). The water content 
(ω) of each sample collected in the field was obtained by 
double weighing, the first for the raw sample (W) and the 
second after been dried in the oven (at 105 °C) to a con-
stant mass (Wd).

To better interpret particle size distribution and Atter-
berg limits results, and characterize the studied clayey 
soils for the geotechnical design, appropriate coefficients 
(heterometry-Ch, uniformity-CU, curvature-CC) and some 
parameters (Table 2) are determined from [13]). For Ch, 
the more the parameters d85 and d15 differ, the more the 

studied soil is heterogranular. The spreading of the curve 
is reflected by CU and CC is relative to the shape of the 
curve. The activity coefficient of clay is defined as the ratio 
PI to the percentage of grain < 2 µm in effective diameter. 
The bulk density (dry volumetric weight (γd)) is the weight 
of a given volume of soil, including the network of pore 
spaces, while the real soil density (solid volumetric grain 
weight (γs)) excludes the pore spaces. The bulk density and 
the real density are obtained, respectively, by a succession 
of weighing and a pycnometer, following the procedure 
defined by Robitaille and Tremblay [13]. By combining the 

Fig. 2   Vertical section across the alluvial deposits in Boulgou val-
ley. (Illustration of P1 profil constituted of layers P1C1, P1C2, P1C3 
and P1C4. All those layers are homogenous on the overall; the dif-
ference from one layer to another is at the level of their apparent 

concentration in millimetric or centimetric nodules. Ceramic wood 
stove (F) and pottery (M) produced by the local population using 
clayey materials from Boulgou
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two densities, we have derived by applying soil mechanics 
formulas: the porosity (n), void ratio (e), compacity (C) and 
degree of saturation (Sr).

3.3 � Mineralogical and chemical analyses

X-ray diffraction equipment was used to obtain total 
and clay fractions on both disoriented powders and ori-
ented aggregates (measurements in 2θ range from 2° 
to 45° with a scan step size of 0.02° and time per step of 
2 s). A Bruker Advance D8 diffractometer (copper Kα1 
radiations, λ = 1.5418 Å, V = 40 kV, I = 30 mA) was used 
in study, at the Laboratory of Clays, (Geochemistry and 
sedimentary Environment, University of Liège, Belgium), 
according to the methodology of Moore Duane and 

Reynolds Robert [14]. Identification through air-drying 
(24 h), glycolation (22 h) and heating (500 °C for 4 h) was 
done with further tests. Mineral phases present in the 
studied sample were better identified with Eva software. 
Estimations (qualitative and semi-quantitative) accord-
ing to Biscaye (1965) in [15] (± 5–10%) were referred 
to peak intensity measurements of X-ray patterns [15]. 
For Fourier transform infrared spectra, a Nicolet NEXUS 
spectrometer was used following the protocol standard 
(2 mg of sample mixed with 180 mg of KBr). The chemi-
cal results were obtained using an X-ray fluorescence 
spectroscopy (Bruker S8 Tiger 4 kW) at the Laboratory 
of “Pétrologie, géochimie endogènes et pétrophysique 
(PGEP)” University of Liège, Belgium.

Table 1   Macroscopic description of profiles

Borehole Description Localization

P1
3.86 m
 P1C1 0.80 m thick, sandy clayey texture, gray light color, compact, presence of centimetric nodules (until 

10 cm) and few roots
N09° 25.615′
E013° 28.423′
Altitude: 241 m P1C2 0.96 m thick, clayey texture, gray color, compact, progressive limit with upper layer

 P1C3 0.50 m thick, clayey sandy texture, gray light color, compact, presence of nodules more than P1C1, net 
limit with upper layer

 P1C4 1.6 m thick, sand, net limit with upper layer
P2
2.5 m
 P2C1 0.50 m thick, sandy clayey texture, gray light color, presence of centimetric nodules, few roots N09° 25.936′

E013° 28.050′
Altitude: 259 m

 P2C2 0.67 m thick, clayey texture, gray color, compact, progressive limit with upper layer
 P2C3 0.15 m thick, millimetric nodules concentration, net limit
 P2C4 1.08 m thick, clayey texture, compact

P3
2 m
 P3C1 0.30 m thick, sandy clayey texture, gray color, few roots N09° 24.899′

E013° 28.603′
Altitude: 229 m

 P3C2 1.70 m thick, clayey texture, gray yellowish color, compact, progressive limit with upper layer

P4
2 m
 P4C1 0.45 m thick, fine sand, dark color, more roots than other holes N09° 24.888′

E013° 28.766′
Altitude: 219 m

 P4C2 1.55 m thick, fine sand as P4C1, gray yellowish color, net limit with upper layer

P5
2.5 m
 P5C1 0.65 m thick, sandy clayey texture, dark color N09° 24.525′

E013° 28.992′
Altitude: 210 m

 P5C2 1.95 m thick, clayey texture, gray light color, progressive limit with upper layer

Table 2   Geotechnical 
parameters (1)VBS =

volume of methylene blue used

mass of dry sample
∗ 100 (2)A =

Plasticity

%of clay<2 μm (3) Ch =
d85

d15

 CU =
d60

d20

CC =
d2
30

d30.d10

(4) � =
W−Wd

Wd

 (5) �d =
Wd

V
 (6) �S =

WS

VS

 (7) n = 1 −
�d

�S

 (8) e = n

1−n
 (9) c = 1–n (10) Sr =

�.�s

e.��

(2) from Skemptom (1973) in [1]; (3 to 10 in [13])
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3.4 � Firing of specimens and properties

To study the evolution of firing properties, the clay sam-
ples were first dried, crushed in a mortar (Ø < 1 mm) before 
being mixed with water (14 to 15%) by hand homogeniza-
tion. Water was added in each powder progressively until 
a percentage facilitating the pressing process (on 100 g 
of powder the corresponding water content is 14 g). The 
test specimens (80 × 40 × 18) mm were made using a 10kN 
hydraulic press with a compaction pressure of 3.1 MPa, 
then dried at ambient atmosphere for 72  h and then 
oven-dried (105 °C) for 24 h. The dried specimens were 
fired between 850 and 1200 °C for 5 h at a heating rate 
of 5 °C per minute in a Multimate furnace. That heating 
speed corresponds to slow-firing cycle, which is generally 
used for substance which decompose and for red ceramic 
manufacture [16]. The appearance of a larger amount of 
newly phases during sintering is favored by the use of 
a slow-firing cycle and the properties (density, flexural 
strength, etc.) of the final products [7, 16] are enhanced. 
Properties as color, cohesion, sound absorption, linear 
shrinkage, water absorption, density and flexural strength 
were determined. A metal rod was used by knocking on 

the fired specimens in order to qualify the sonority, and 
the Munsell Soil Color Chart to determine the color. We 
have obtained the bulk density after having divided the 
weigh mass of fired specimen to the measured volume. 
The firing shrinkage is the ratio: 100(Lm − Lf )/Lm where Lm 
is the length of the mold and Lf is the length of the fired 
specimen. The water absorption and flexural strength 
were determined using ASTM norm C373-72 and C674-
77, respectively. The average of each result was derived 
from 03 samples tested.

4 � Results and discussion

4.1 � Geotechnical properties

A certain granular homogeneity was shown by the granu-
lometric data of the studied clayey soils except for sample 
P4 which is exclusively sandy (100% of fraction > 20 µm) 
(Table 3). Regarding the values of some particle size distri-
bution coefficients (Ch > 200, Cu > 2 and Cc > 3), the studied 
clayey soils were led to very spread materials, which char-
acterize a particle size distribution where all the grain sizes 

Table 3   Geotechnical 
properties of Boulgou clayey 
soils

P1 P2 P3 P4 P5 SPmG

Clay (< 2 µm) (%) 18 22 12 0 25 24
Silt: - (0.02 > ф > 0.002 mm) (%) 7 9 8 0 10 6
Sand: - (2 > ф > 0.02 mm) (%) 61 63 79 80 64 62
Gravel-(> 2 mm) (%) 14 6 1 20 1 8
Fine fraction (< 80 µm) 35 45 27 – 53 42
Fraction (> 20 µm) 74 69 80 100 65 70
Liquid limit (LL) (%) 47.1 47.1 35.1 – 34.2 56.5
Plastic limit (PL) (%) 25.8 24.5 22.7 – 14.3 23.5
Plastic index (PI) (%) 21.3 22.6 12.4 – 19.8 33.1
Water content (w) (%) 6.3 5.0 7.8 – 11.7 5.9
Consistency index (= (LL–w)/PI) 1.9 1.8 2.2 – 1.1 1.5
Activity value 1.18 1.02 1.03 – 0.79 1.37
Methylene Blue (g/100 g) 5.53 4.33 3.33 – 5.67 4.67
Coefficient of heterometry (Ch)  > 200  > 200 100  > 200  > 200  > 200
Coefficient of uniformity (Cu) 80 154 6  > 2  > 2  > 2
Coefficient of curvature (Cc)  > 3  > 3  > 3  > 3  > 3  > 3
Bulk density (γd) (g/cm3) 2.73 2.07 2.01 – 1.71 1.7
Real density (γs) (g/cm3) 2.94 3.13 2.78 – 3.13 1.9
Porosity (n) (%) 7.14 33.9 27.7 – 45.3 8.8
Void ratio (e) 0.07 0.25 0.21 - 0.31 0.08
Compacity (c) (%) 92.9 61.1 72.3 - 54.6 91.1
Degree of saturation (Sr) (%) 2.76 0.62 0.99 - 1.17 1.39
USCS’ classification SC SC SC SP SC SC

Clayey sand Silty clay Poorly 
graded 
sand

Clayey sand
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are not represented, thus translating a multiple genesis 
process [17]. The proportion of the fine fraction (< 80 µm) 
(27–53%) and the Atterberg limits values were allowed 
their classification according the Unified Soils Classifica-
tion System (USCS). P1, P2, P5 and SPmG can be classified 
as clayey sand (SC) while sample P3 is silty clay (SC) and 
P4 a poorly graded sand (SP) (Table 3). In the Casagrande 
chart (Fig. 3a), samples studied can be classified as low 
plasticity clay (CL) for P1, P2, P3 and P5 while sample SPmG 
is a high plasticity clay (CH). The positioning of the vari-
ous samples in the porosity and permeability diagrams 
(Fig. 3b) [18] is classified as low permeability with high-
porosity (P3) and low-porosity materials for other samples, 
which therefore have high cohesion and are easily extrud-
able. The P3 well is rich in very porous and highly perme-
able materials, which sounds very logical in view of their 
particle size distribution (silty clay). Based on these results 
and according to [10, 19] for their use as backfill materials, 
the poorly graded materials (P4) may require saturation 
with downward drainage and compaction with greater 
compaction effort to achieve sufficiently high densities. 
P1 to P5 classified as low plasticity clay (CL) were relatively 
impervious and can be compacted fairly easily with heavy 
compaction equipment to provide a good stable backfill 
[10, 19]. SPmG with their high plasticity (CH) may be con-
sidered as marginal backfill materials, and their usage 
should be based on economic considerations, including 
the cost to obtain suitable backfill materials. Otherwise, 
using CH soils should be avoided in confined areas due 
to the fact that a high degree of compaction is needed to 
minimize backfill settlement or to provide a high compres-
sion modulus [10, 19, 20]. In the manufacturing process 
of fine ceramics, plasticity is one of the properties sought 
because it facilitates the shaping of the greenwares and 
ensures their cohesion. In Bain and Highley diagram’s [21], 
approximate clays of low plasticity (P3) and high plastic-
ity (P1, P2, P5 and SPmG) were studied in clayey soils. 
Samples are extrudable except SPmG probably due to its 
high plasticity. P3 and P5 are good for brick-making with 
optimal extrusion process while others samples are good 
for pottery activities (Fig. 3c). Following their plasticity, it 
is known that clayey soils with plasticity index (PI) < 10% 
may bring cracks during the extrusion process and are not 
appropriate for building-related ceramic production, due 
to the possible variation in the amount of extrusion water 
[22, 23]. Clayey studied soils have a PI higher than 10%, 
meaning that they might be used in their raw state for 
structural ceramics products obtained by extrusion [23].

The activity coefficients were all beyond 0.75, reveal-
ing that the clays are active and belong to the smectitic 
clay group according to Skemptom’s classification [1]. 
These facts provide an indication of the potential expan-
sion of clays studied. The methylene blue values are varied 

between 3.33 and 5.53, which corroborates the clay con-
tent (12–25%), confirming that clayey soils studied are 
rich in 2:1 clay mineral explaining the swelling behavior 
observed on the field.

The bulk density values vary between 1.71 (P5) and 2.73 
(P1) and the real density is ranged from 1.92 (SPmG) to 
3.13 (P2 and P5). These values are greater than 1.5, mean-
ing that soils studied are very heavy with coarse fragments 
in texture. The clayey soils from Boulgou exhibit a porosity 
variation ranging from 7.14 to 45.37%, a very weak satu-
ration in water (0.62% < Sr < 2.76%), with relatively low 
void ratio (0.07 < e < 0.31), indicating the high compact-
ness (54.63 < C < 92.86) observed in the field during dig-
ging. The origin of these clayey soils may be related to the 
bisiallitization weathering mechanism favored by hydro-
logical and morphoclimatic conditions in the northen area 
of Cameroon. All these factors lead to the concentration 
of bases (K2O, Na2O, CaO) and silica (SiO2) creates favora-
ble conditions for the genesis of montmorillonite mineral 
(smectite) which have significant swelling potential due 
to large seasonal variations in moisture and rainfall [4, 9, 
24]. In that area, this behavior can damage some engineer-
ing structures such as single-family residential buildings. 
Referring to the USCS classification, the studied clayey soils 
were judged unsuitable for civil engineering works. Also, 
problems may occur when clayey materials are used with 
expansive characteristics as backfill materials according 
to [10, 19]. Those problems (rise of groundwater, seep-
age, leakage, or elimination of surface evaporation) may 
increase or decrease the water content of compacted soil 
and lead to the tendency to expand or shrink. A lime solu-
tion can be mixed with some expansive clays to reduce 
their swelling characteristics [10, 19]. Other stabilization 
method recommends the inclusion of coarse-grained soil 
like sand to improve the properties of clayey soil used 
as backfill material. In mixed soils study for example, as 
the proportion of sand in clayey soil is increased (up to 
25–30%), the engineering properties of the backfill mate-
rial (dry density, shear strength and CBR values) were sig-
nificatively performed [2, 20]. Tapas [20] worked on clayey 
soil from India as backfill material, and he stipulates that 
stabilization of compressible clays with locally available 
sand may be one of the cost effective and quick methods 
of improving the properties of such soils. In this regard, 
since the consistency index was substantially greater than 
1, the studied soils, due to their fine nature and thus high 
compressibility, can be suitable as backfill material [2]. As 
a remedy to this limitation due to the swelling character-
istics, a preliminary treatment with quick lime (2–4%) or 
slaked lime (3–5%) [1, 2] is suggested; thus, the mechani-
cal characteristics of the studied clayey soils would be 
improved at a long term. On the contrary, that swelling 
behavior of Boulgou soils, thanks to their clayey nature 
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Fig. 3   Position of Boulgou soils 
in some empirical diagrams: 
a Casagrande chart (USCS 
classification): Clay (C), Silt (M), 
Organic (O): Low plasticity (L), 
High plasticity (H); b Triangu-
lar diagram of porosity and 
permeability (McManus [18]); 
c Diagram of Bain and Highley 
[21] showing samples accept-
able (P1, P2) or optimum (P3, 
P5) in extrusion brick-making
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(fineness, low permeability, a degree of compactness 
⁓85%) may confirm the suitability of these soils in some 
engineering applications requiring barriers to water (core 
of an earthen dam for example). According to [11], sandy 
clayey soils can be considered semi-permeable materials, 
suitable for inclusion in the upstream shoulder of small 
earth dams. This kind of soils will allow a limited passage 
of water and, in a properly constructed embankment, 
will resist slumping when wet [11]. Based on the pottery 
activity observed in the locality, reinforced by the granu-
lometric and plastic properties, a potential suitability for 
ceramics activities is suggested by those soils.

4.2 � Mineralogy and chemistry of the soils studied

The mineralogy of clayey soils studied is shown in Fig. 4 
and Table 4, which reveals a poly-mineralized material. The 
main minerals observed are: quartz, feldspars (albite, sani-
dine, anorthite and orthose), carbonates (ankerite, sider-
ite, dolomite), amphibole, iron oxide (hematite) and clay 
minerals (smectite, kaolinite and illite). The existence of the 
smectite group suspected from field observation (swell-
ing) and methylene blue is confirmed on the XRD obtained 
on bulk (Fig. 4a) and oriented aggregates (Fig. 4b).

Illite is recognized as a mineral which contributes to 
improve clay plasticity favoring the venue of vitreous 
phases during firing, thereby improving densification 
and strength of the ceramic material [4, 6, 7]. The exist-
ence of smectite in Boulgou soils may be linked to poor 
drainage, which is related to climatic conditions (less 
rainfall, low gradient slopes and high evaporation due to 
high temperature) in this northern part of the country; this 
fact considerably limits the external drainage. According 
to [24], the bisiallitization’ weathering processes domi-
nates in the Northern area of Cameroon and favors the 
presence of smectite. On the contrary, the monosialliti-
zation processes which favors the presence of kaolinite 
generally dominates in areas with abundant rainfall. This 
fact can explain why Boulgou’ soils present low propor-
tions of kaolinite (6–12%), less than those of materials (% 
of kaolinite > 25%) usually studied in the tropical humid 
climate zone [4–7]. XRD results can be also confirmed by 
FTIR spectra (Fig. 4c) were kaolinite, smectitic group and 
an oxyhydroxide-rich mineral can be observed. The char-
acteristics peaks of kaolinite appear at 3695  cm−1 (υ1), 
3655 cm−1 (υ3) and 3619 cm−1 (υ4) and the lack of a well-
defined peak of υ2 (3675–3668 cm−1) may be related to the 
existence of disordered kaolinite on (a, b) axes [25]. This 
evidenced also the lack of Al2OH bending at 938 cm−1, sug-
gesting stacking faults along the "c" axis, which confirmed 
the sedimentary origin of the clayey soils studied [25]. A 
board band near 3430 cm−1 has confirmed the existence 
of smectitic group minerals due to H–O–H vibrations of 

adsorbed water [26]. The water molecules are revealed by 
the wide band at 1626 cm−1.

The SiO2/Al2O3 ratio was > 3%, indicative of an excess 
of SiO2, confirming the existence of 2:1 phyllosilicates of 
smectites type [5, 24]. The existence of hematite (< 2%) 
is tributary to the significant iron oxide contents Fe2O3 
(6–8%) and may be responsible for the reddish color of 
specimen after firing. Carbonates (4 to 6% on average) 
exist in the form of calcite, ankerite or dolomite. These 
minerals are indicators of a calm sedimentary environ-
ment probably from a marine domain [27], and their 
occurrence is related to the high concentration of ions 
like (Ca2+, CO3

−, Mg2+, Fe2+). After precipitation of calcite, 
dolomite (MgCa (CO3)2) and ankerite (FeMgCa (CO3)2) are 
formed metasomatically. CaO (2–3.7%), MgO (1–3%) and 
Fe2O3 (6–8%) observed in XRF results further confirm the 
existence of these minerals. While observing the current 
field environment, the abundance of sedimentary rocks of 
the Tinguelin massif suggests that the site was a favorable 
environment for sedimentation several millions of years 
ago. The deposition milieu of the Tinguelin mound would 
correspond to a meandriform fluvial domain where detri-
tal inputs are conveyed by medium to high energy fluxes 
(sandstones with medium-sized micro-organisms [12]). 
According to [4, 28], the presence of carbonates in soils 
does not make them unsuitable for the manufacture of 
structural ceramics (roofing tiles) and fine ceramics (floor 
tiles and faience). In the studied clayey soils, their content 
was relatively low (< 6%), but they were present in all sam-
ples analyzed including the sandy sample (P4). The main 
peaks of feldspar (albite, anorthite, orthose) were very 
common in the samples’ diffractograms, as evidenced by 
their contents in alkali (Na2O + K2O, ~ 5 to 6%) and earth-
alkali (CaO + MgO, ~ 4 to 5%) elements found in XRF results. 
These minerals were very good fluxing agents in ceramics 
manufacturing. Their presence is known to reduce melt 
temperature and contribute to rapid vitrification behav-
ior as from 900 °C. Therefore, the porosity characteristics 
of fired bodies are strongly reduced by melting liquid at 
elevated temperatures. Mullite formation is promoted by 
kaolinite while the apparition of glassy phase assuring 
good densification for the specimens fired [4, 6] is favored 
by illite and smectite. However, the presence of smectite 
may display high potential of cracking during drying or 
firing, but excessive shrinkage is not expected because the 
studied clays have PI < 35 according to [23]. The presence 
of those fluxing agents may be related to the lithologi-
cal formation and climate conditions in the studied area. 
This can be confirmed because Oluwole et al. [29], work-
ing on clayey materials from basaltic rock in Nigeria for 
burnt bricks showed that content of fluxing oxides is low 
(< 2%) and smectite is absent in their raw materials, which 
consequently affected the technological properties of the 
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burnt products. In the studied clays, the quartz content 
(15–19%) refers to the silica (SiO2) content (50–60%). This 
equally influences the samples’ plasticity as quartz acts 
as a filler material. Its presence could also decrease the 

firing shrinkage and this fact was attributed by El Ouahabi 
et al. [30] to the transition of alpha to beta quartz at 573 °C 
accompanied by an increasing of volume. Guzlena et al. 
[31] specify that when the reversible reaction is backed 

Fig. 4   XRD patterns of samples a Bulk XRD pattern; K: kaolinite, Q: Quartz; Felds: Feldspar. b Clay < 2 μm pattern; N: air dried condition; EG 
glycolated condition with ethylene glycol for 22 h; H: heated at condition (500 °C for 4 h). c FTIR curves of clays studied
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to alpha quartz during inadequately executed cooling, 
an opened space is left on the sintered clay due to the 
decrease in quartz volume (⁓0.8%) [31]. Reasonably high 
quartz content probably contributes to the improvement 
of geotechnical characteristics of soil (such as dry density, 
compaction, stiffness and shear resistance) [2] and also 
reduces shrinkage behavior for sintered ceramic products 
[6, 23, 24, 30, 31].

4.3 � Firing properties

A slightly metallic sound at 850 °C and a metallic sound 
beyond 900 °C (Table 5) are shown by the firing prop-
erties of bricks specimens. All specimens from 850 to 
1200 °C presenting an average or a good cohesion and 
no defect (as cracks) were observed. Below 1050  °C, 
the color is reddish to brown red or gray red at 1200 °C. 
Specimen P3 at 1200 °C shows a vitrified product (Fig. 5), 
probably due to the formation of a liquid phase. The 
metallic sound probably reflects the good sintering 
of the fired specimens [7]. According to [32], the color 
of fired clay depends upon its chemical composition, 
the firing temperatures and the method of firing. The 

presence of iron oxide (Fe2O3) exhibits a shade of red 
when exposed to an oxidizing fire because of the forma-
tion of ferrous oxide (FeO). During firing at a reduced 
atmosphere, the same clay will assume a dark (or black) 
color. Also, the presence of titane oxide (TiO2) may favor 
dark color [7, 30]. Shrinkage, bulk density and flexural 
strength increased with temperature while water absorp-
tion coefficient decreased (Fig. 6). The linear shrinkage 
values were less than 2% (< 950 °C), 4% (< 1100 °C) and 
10% (< 1200 °C). The small value of shrinkage may be 
due to the breakdown of the clay structure at this tem-
perature, the beginning of the vitreous phases and the 
occurring of the thermal decomposition of carbonates 
[30]. The values of shrinkage recommended for good 
quality bricks must be below 4% [30, 32], and for clayey 
soils studied, the values were within the recommended 
limits at temperature < 1100  °C. Above this tempera-
ture, firing shrinkage values were beyond the industrial 
limits for brick production [30]. The bulk density values 
increased from 1.7 to 2.3 g/cm3 (at 1200 °C), confirming 
the mineralogical transformations that occurred such as 
mullite formation originating from the melting of feld-
spar. However, and according to [4, 30] the presence of 
smectite, mineralization may limit the extent of den-
sification at temperature less than 1000 °C, due to the 
fact that its dehydroxylation is followed by expansion 
of the crystal network. Above 1000 °C, a liquid phase 
produced by flux agents such as potassium, increase the 
density. Thus, the melting liquid facilitates rearrange-
ment reactions during sintering which favors shrinking 
and densification behavior of the fired products [7, 28, 
30–33]. The water absorption is related to microstructure 
and determines the open porosity level of the sintering 
product. Its values ranged from 15 to 19.2% (< 1050 °C), 
13% to 17% (< 1100 °C) and decrease again (1.3–4.8%) 
at 1200 °C. At high temperature, the abundance of liquid 
phase helped to reduce the open porosity which conse-
quently decreased the water absorption. The values of 
water absorption were less than 20%, which represents 
the recommended water absorption value of fired bricks 
in tropical countries [5, 33]. The values < 4% suggest suit-
ability for gres ceramics (EN 100, 1982) which include 
low porosity products such as sanitary ware and tile. The 
bending strength of the studied specimens increased 
from 900 °C (< 1.5 MPa) to 1200 °C (< 17 MPa). The low 
values (< 1.5 MPa) can be attributed to the poor fusibil-
ity at this temperature level which do not favor melting 
liquid apparition and consequently, no strong densifica-
tion of the fired products. Feldspar was melted at tem-
perature higher than 1150 °C, and the melting liquid is 
responsible of the consolidation and vitrification. At high 
temperature, the high values of bending strength could 
be related to mullite formation. The minimum required 

Table 4   Mineral and chemical composition of Boulgou clayey soils

P1 P2 P3 P5 SPmG

Chemical composition (wt%)
 SiO2 58.56 51.76 58.90 57.29 58.8
 Al2O3 16.02 18.50 15.19 16.73 1.56
 Fe2O3 6.13 8.54 6.83 5.66 6.50
 K2O 2.64 2.24 3.26 2.86 3.0
 MgO 0.98 1.45 2.89 1.24 1.94
 TiO2 1.11 1.68 1.39 1.31 1.30
 P2O5 0.24 0.42 0.41 0.19 0.32
 CaO 2.78 3.75 1.56 2.91 2.18
 Na2O 2.27 2.57 2.59 2.18 2.44
 MnO 0.08 0.09 0.13 0.08 0.12
 Loss of ignition (1000 °C) 6.97 7.44 6.42 7.94 6.72
 Total 97.78 98.45 99.56 98.39 98.88
 SiO2/Al2O3 3.65 2.80 3.88 3.42 3.78
 TiO2 + Fe2O3 + MgO + Ca

O + Na2O + K2O
15.91 20.24 18.50 16.15 17.36

Mineralogical composition (%)
 Smectite 4 5 6 4 3
 Illite 8 8 8 10 8
 Kaolinite 12 6 5 6 12
 Quartz 18 11 21 16 18
 Feldspar 48 63 52 56 53
 Carbonate 6 4 4 4 4
 Amphibole 2 1 2 3 -
 Hematite 2 2 2 1 2
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value for normal fired brick is 7 MPa [34], which helped 
us to conclude that clayey soils from Boulgou could be 
used for fired bricks as from 1050 °C.

5 � Conclusion

This study focused on some geotechnical and mineralogi-
cal characteristics of clayey soils in order to evaluate their 
potentialities in engineering applications such as backfill 

material and potential fusible raw material. Based on the 
results obtained from the field and laboratory tests, the 
following conclusions were reached:

1.	 The studied clayey soils in Boulgou area, North region 
of Cameroon, are sediments deposited in more or less 
distinct layers with overall thickness varying between 
2 and 3.5 m. Six samples (P1 to P5 and SPmG) were col-
lected in wells dug. They were clay sand (SC) for P1, P2, 
P5 and SPmG, silty clay (SC) for P3 and poorly graded 

Table 5   Physical properties of fired specimens

* The assessment of the cohesion of the fired specimens was made up by visual observation of the fired products

Samples T (°C) Color Observation of 
the cohesion*

Sonority Linear 
shrinkage 
(%)

Water 
absorption 
(%)

Bulk density 
(g/cm3)

Flexural 
strength 
(MPa)

P1 850 5 YR 5/8 Reddish Slightly metallic 0,3 17,9 1,7 0,5
900 Average Metallic 0,4 18 1,7 0,8
950 0,3 17,3 1,7 3,5
1000 Good 0,6 16 1,9 5,3
1050 5 YR 5/4 Brown red 0,7 15,9 1,9 8,2
1100 Good 2,2 14,4 2 10,6
1200 5YR5/2Gray red Good 9,4 2 2,32 16,6

P2 850 5 YR 5/8 Reddish Slightly metallic 0,3 17 1,9 0,4
900 Good Metallic 0,7 16,8 1,8 0,5
950 0,7 16,8 1,8 2,6
1000 Good 1 16 1,9 4,1
1050 5 YR 5/4 Brown red 1,3 15,6 1,9 5,8
1100 Good 2,5 13,3 2 8,4
1200 5YR5/2Gray red Good 8,3 1,85 2,36 14,8

P3 850 5 YR 5/8 Reddish Slightly metallic 1,5 16,7 1,8 0,4
900 Weak Metallic 1,5 17,1 1,8 0,4
950 1,5 16,9 1,8 2,2
1000 Weak 2,3 17,9 1,8 3,2
1050 5 YR 5/4 Brown red 2,4 15,5 1,9 4,2
1100 Average 3,7 12,8 2 7
1200 5YR5/2Gray red Good Metallic & vitrified 6,3 1,3 2,31 17,4

P5 850 5 YR 5/8 Reddish Slightly metallic 0,3 19,6 1,7 0,4
900 Average Metallic 0,6 19,6 1,7 0,6
950 0,6 19,7 1,7 2,5
1000 Good 0,7 19 1,8 3,9
1050 5 YR 5/4 Brown red 1,1 18,7 1,8 4,9
1100 Good 1,6 16,9 1,9 7,8
1200 5YR5/2Gray red Good 7,8 3,8 2,3 15,1

SPmG 850 5 YR 5/8 Reddish Average Slightly metallic 0,4 17,4 1,7 0,4
900 Metallic 0,7 18,9 1,7 0,6
950 0,7 19 1,7 3,1
1000 Good 1,1 17,4 1,8 4,2
1050 5 YR 5/4 Brown red 1,3 15,7 1,8 5,3
1100 Good 2,9 14,7 1,9 8,1
1200 5YR5/2Gray red Good 5,5 1,4 2,2 16,2



Vol.:(0123456789)

SN Applied Sciences (2021) 3:551 | https://doi.org/10.1007/s42452-021-04541-4	 Research Article

sand (SP) for P4 according the USCS classification, with 
low plasticity (CL) for P1, P2, P3 and P5 and high plas-
ticity (CH) for SPmG. They were low-permeability and 
high/low-porosity materials in McManus diagram’s, 
thus easily extrudable in ceramic process; “CH” may 
be considered as marginal backfill material while “CL” 
were relatively impervious and could be fairly easily 
compacted;

2.	 The swelling behavior of Boulgou soils, their clayey 
nature (fineness ⁓27 to 53%, methylene blue values 

⁓3 to 5, low permeability and high compressibility, a 
degree of compactness ⁓85%) may confirm the suit-
ability of theses soil in some engineering applications. 
Those properties make them useful in civil engineer-
ing projects with preliminary treatment in some cases. 
For example, quick lime ⁓2 to 4% or slaked lime ⁓3 to 
5% could reduce their swelling characteristics or sand 
additive up to 25–30% could perform their engineer-
ing properties like dry density and shear strength;

3.	 Combined with the mineralogy and chemistry char-
acteristics observed (smectite 3–6%, illite: 8–10%, 
feldspar 48–63% and alkali Na2O + K2O, ~ 5 to 6% and 
earth-alkali CaO + MgO, ~ 4 to 5%), the studied clayey 
soils are lusting for ceramists as evidenced by the pot-
tery activities in the locality. These minerals were very 
good fluxing agents in ceramics manufacturing;

4.	 Their firing characteristics at temperatures ranging 
from 850 to 1200 °C, as for building materials, pre-
sented them as suitable for brick-making with the 
best properties as from 1050 °C. At high temperature 
(1200 °C), the abundance of liquid phase helped to 
reduce the open porosity. The water absorption val-
ues < 4% suggested suitability for gres ceramics which 
included low porosity products such as sanitary ware 
and tile.

Fig. 5   Pictures of fired specimens
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Fig. 6   Evolution of firing properties
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