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A B S T R A C T

Understanding of clayey materials properties continues to elude brick manufacturers, hence unsure of their
application for brick making purposes. The raw materials were assessed geochemically, mineralogically, physi-
cally and technologically. The geochemical result showed that the fluxing oxides K2O, N2O, CaO, MgO and MnO
are generally low in content with average abundance ranging from 0.06% to 1.78%. The Fe2O3 content varies
(4.8–25.5%) thus reflects heterogenous stability in tonality. Most of the studied samples have relatively high
Al2O3 content which suggest the bauxitic composition from which kaolinite minerals might have resulted from.
The XRD analysis revealed the presence of kaolinite and chlorite as the major clay minerals while quartz, feldspar,
talc and hornblende were present as non-clay minerals. For DTA, the threshold of new crystallization processes
were attained at 1000 �C. The SEM analysis revealed the presence of some stroma in all samples although with
sizes >50 nm. These pores were suggested to constitute a capillary system where molten mineral occupy as
temperature increases. The Atterberg's limit indicated that the studied materials are inorganic silts with high
compressibility and organic clays properties since it plotted below the A-line of plasticity chart. The compressive
strength (CS) for brick specimens made from kaolinite-rich material are relatively higher than chlorite-rich
specimens. This was attributed to the ineffective pore connection within the kaolinite interstitial particles
compared to the chlorite-rich specimen, hence increasing the density. The water absorption (WA) test on twenty
brick specimens showed that the pore volume and capillarity for bricks which are chlorite-dominated were
comparatively higher, thus absorbing more water molecules. These results revealed that majority of the studied
clayey material are not suitable for double storey construction bricks but meet the requirements for single-storey
construction when compared with SANS standards.
1. Introduction

The demand of clayey material for different purposes is acknowl-
edged in different parts of the world due to its ubiquitous distribution. As
the interest in commercial application of clayey material for construction
purposes is increasing owing to globalization and urbanization, Lahcen
et al. (2014) emphasized the importance of proximity to construction
sites since clayey materials have low unit value. Apparently, trans-
portation of raw clay materials, proximity to beneficiating point, human
resources, power and amenities strongly influence the mining of clayey
deposits (Seong, 2005). Meanwhile, clayey materials differ in properties
from region to region because their physical, chemical, mineralogical and
mechanical properties are specific to various rock type distribution,
diagenetic and weathering processes that contributed to their deposition
(Lahcen et al., 2014; Manoharan et al., 2012). Clayey materials rich in
iron content and lack of fluxing oxides have been suggested to exhibit
poor mechanical resistance to compressive test thus not suitable as
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masonry units (Mahmoudi et al., 2008). Mechanical resistance and
durability of burnt brick are considered to improve as thermal conduc-
tivity, strength and fluxing materials increases while the water absorp-
tion rate remains minimal (Ntouala et al., 2016; Fadil-Djenabou et al.,
2015).

In the Thulamela region of South Africa, rise in demand for clayey
materials has been driven primarily by increase in construction and civil
activities due to urbanization and infrastructural development (Dacosta
et al., 2013). This demand cannot be met with the traditional methods of
brick manufacturing hence the need to characterize and evaluate the
materials for masonry units. Meanwhile, many research have assessed
the use of clayey materials for final brick products but their findings
cannot be implemented at other regions due to their heterogenous dis-
tribution (Fadil-Djenabou et al., 2015; Boussen et al., 2016; Mahmoudi
et al., 2017; El Idrissi et al., 2018). The empirical assessment of clayey
material employs the use of suitability diagram such as Winkler's to
suggest application for common bricks, vertically perforated bricks,
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hollow products and roofing tiles and masonry bricks (Yongue-Fouateu
et al., 2016; Loutou et al., 2019). On the other hand, technological
evaluation provides the practical and technical use of the final clay
product by comparing the brick's strength and water absorption capacity
with the requirements of regulatory organizations such as South Africa
National Standard (SANS) and American Society for Testing andMaterial
(ASTM). To date, no technological evaluation of clayey materials for
burnt brick making has been reported in Thulamela regions despite
several work on clayey materials (Murray, 2000; Hajjaji et al., 2002;
Ekosse, 2010; Diko et al., 2011; Manoharan et al., 2012; Obaje et al.,
2013; Dacosta et al., 2013; Refaey et al., 2015; Boussen et al., 2016; El
Idrissi et al., 2018). However, the heterogeneous nature clay material
invalidates the generalization of its application for burnt bricks due to
varying nature of bedrock, regional topographic and climatic condition.
To resolve this problem, the study aims to characterize and technically
evaluate the Thulamela clayey materials for brick making purposes.

2. Study area

The Thulamela municipality area from which samples were collected
is situated between latitude 22015

0
0000S and 22030

0
0000S longitude

3000900000E and 3100005600E (Figure 1). The sediment thickness varies
at different locations and has an estimated thickness of 200 m in the
Mutshindudi Natal House agglomerate north of Thohoyandou but best
developed in the Kruger National Park (Barker et al., 2006). The area is
geologically characterized with pyroclastic lava of about 3000 m thick-
ness which intercalates sedimentary rock with tuffaceous rock (Bordy
and Catuneanu, 2002). Stratigraphically, the study area, Thulamela
Municipality, falls within the geology of Soutpansberg Group of Sedi-
mentary and Volcanic rocks (Anhaeusser, 2006). It represents a
volcano-sedimentary succession in chronological order of Tshifhufhu,
Sibasa, Fundudzi, Wyllie's Poort, Nzhelele, Stayt and Mabiligwe Forma-
tions (Barker et al., 2006). However, Thulamela Municipality is domi-
nantly underlain by the Sibasa Formation which comprises mainly of
arenaceous and argillaceous rocks with a few thin pyroclastic beds
(Barker et al., 2006). Retrospective studies (Kroner et al., 1999, 2000, Xie
Figure 1. Distribution of clayey
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et al., 2017) have indicated that the clayey argillaceous formations, with
estimated thickness of 1900 m, constituted great economic deposits for
traditional pottery maker in a non-mechanized way.

3. Materials and methods

3.1. Sampling

The clayey raw materials were obtained from soils derived from
basaltic rock which widely underlain the study area. Based on texture
and colour variation, a total of fifteen clayey soil samples were collected
from five different locations designated L1 to L5 coded as Lwa, Nan, Mat,
Mav and Man respectively after the locality or village names. The sam-
ples were randomly collected from each location and thoroughly mixed
until homogeneity was achieved and then quartered into five represen-
tative samples. The representative samples which correspond to each
location were finally analyzed in the laboratory for various character-
izations while brick specimen briquettes were molded as well for tech-
nological test.

3.2. Mineralogical analysis

Mineralogical composition of fine powders of the bulk fractions were
semi-quantitatively determined using X-ray Diffraction (XRD) analysis at
the University of Pretoria Lab. The bulk mineralogy of sediments was
analysed at 15 cm intervals, depending on changes in sedimentary facies
and colours (Jung et al., 2019). The fine clay fraction samples were
dispersed in 0.7 mg/mL of distilled water and put in an ultrasonic water
bath for 40 s to prevent flocculation of particles (Jung et al., 2019). Then,
air-dried samples were made by pipetting sediment dispersions onto slide
glasses for XRD analysis. After glycolation and oven-drying the samples
at 300 �C for 1 h, sample was tightly mounted on oriented sample holder
with very little pressure using black loading preparation technique for
XRD analysis. The analysis was performed using PANalytical X'Pert Pro
powder diffractometer equipped with X'Celerator detector coupled with
receiving slits, variable divergence and Fe-filtered Cu-Kα radiation.
deposits in the study area.
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Whilst the receiving slit was positioned at 0.040�, counting area was from
5 to 70� on a 2θ scale at 1.5s. The clay phases were identified using
X'PertHighscore plus software (Omotoso et al., 2006). For details, the
mentioned study provides information on Rietveld refinement (Autoquan
Program) which was employed to compute the relative phase amounts of
the mineral components (w%).
3.3. Geochemical analysis

Major and trace element geochemical analyses of the fine bulk clay
were quantitatively estimated using PANaytical AXios X-Ray fluores-
cence (XRF) spectrometer at the University of Venda, Limpopo, South
Africa. The clay samples were pulverized to obtain <32 μm fractions and
then calcined at 1000 �C for minimum period of three hours in order to
oxidize iron (ii) oxide (Fe2þ) and sulphur (S). Pressed powder pellets for
XRF analyses were prepared using 6 g of sample powder and 12 g of boric
acid as a binder. The mixture was fused into a steel cup and pressed at a
pressure of 30 tons in hydraulic set (Reimold et al., 1994). The XRF in-
strument equipped with a 4 kW Rhodium (Rh) tube was used to analyze
major oxides by inserting a glass disks containing 1 g calcined sample, 8 g
flux composed of 35% alkali borate (LiBO2) and 64.71% lithium tetra
borate (Li2B4O7) as oxidant at 1050 �C into the XRF equipment. For
details, the work of Reimold et al. (1994) describes the accuracy, pre-
cisions, procedures and standards employed for this analysis.
3.4. Thermal stability analysis

The thermal analysis was conducted to determine the thermal sta-
bility of samples and to provide information regarding mass changes in
mineralogy of the clay samples as the temperature increases at the Stel-
lenbosch University in South Africa. The differential thermal (DTA) was
conducted using Setaram apparatus which was calcined with inert sub-
stance (Al2O3). Samples were obtained based on principles of stokes law
of sedimentation of clay and placed in sample holder of the furnace. The
sample holder was a piped block with two small holes for the sample and
inert substance. Differential thermocouple junction wire was inserted
into the sample and inert substance holder while the heat source was
powered. The maximum temperature attained was 1000 �C at a heat rate
of 25 �C/min for 5 h owing to the heat capacity which the inert substance
can withstand. The temperature difference between sample and calcined
inert substance (Al2O3) was recorded after undergoing identical thermal
cycles. The differential temperature was then plotted against time as DTA
curve. The degree of structural stability was evaluated from both the
dehydroxylation temperature and asymmetry of the endothermic peak.
Slope ratio was also obtained by calculating the ratio of the limiting
gradients of the exothermic and endothermic material in a liquid
medium.
3.5. Microstructural test

Micro structural pores and topography of the studied clays were
determined using a Ziess EVOMA15 scanning electronmicroscope (SEM)
equipped with a tungsten filament. A Bruker energy dispersive X-ray
spectrometer was used for the morphological analysis. The system was
operated under high vacuum of approximately 2.15 e-006 mbars. The
electron beam was generated with an accelerating voltage of 20 KV and
probe current of approximately 2 nA. The clay sample was sprinkled onto
a carbon tape substrate and carbon coated prior to being loaded into the
SEM. A secondary electron detector was used to produce images at 300X,
600X and 900X magnifications. Some of these particles are out of focus
owing to the three-dimensional depth loss of information. Focusing on
one part results in the other being out of focus on some of the images
particularly at the high magnification.
3

3.6. Physical tests

3.6.1. Particle size distribution
The grain size analysis was conducted when collected samples were

first air-dried until constant mass was achieved and 500 g of weighed soil
samples were shaken through a stack of sieves with openings of
decreasing size from top to bottom using mechanical shaker. The mass of
soil retained and passing each sieve was weighed and recorded after the
soil was shaken on mechanical shaker. The percent finer on each sieve
size was determined using Eq. (1). 50 g of soil which passed through No
200 sieve or <75 μm fractions were treated with hydrogen peroxide
(H2O2) solution in order to oxidize organic material. The resultant slurry
is mixed with 125 ml of 4% sodium hexametaphosphate (NaPO3) solu-
tion which act as the deflocculating agent. The sedimentation was based
on the principle of stroke's law in which particles fall freely at steady
velocity under the gravity influence (Nyakairu et al., 2002).

F ¼
P

M� ðM1 þM2 þ…Mi ÞP
M

(1)

where
P

M is the summation of the cumulative mass retained in each
sieve,

P
M� ðM1 þM2 þ…Mi Þ is the cumulative mass of soil retained

above each sieve, and F is the percent finer on each sieve size.

3.6.2. Atterberg test, pH and colour
The degree of plasticity of studied samples was achieved through

determination of Atterberg's liquid (LL) and plastic limit (PL) using
Casagrande apparatus (Casangrande, 1947) in accordance with the
ASTM-D4318 standard. Prior to commencement of the procedure for
liquid limit the apparatus was properly adjusted to the consistency height
of 10 mm. Correctness of calibration was confirmed by vibrated sound
when the crank struck the cam follower. Subsequent trials were repeated
producing successive number of blows to close the grooves. The number
of blows (N), as the ordinates on the logarithmic scale, was plotted
against the moisture contents as the abscissae on the arithmetic scale
using semi-logarithmic graph paper. The flow curve was a straight line of
best-fit drawn as nearly as possible through the plotted points to deter-
mine the moisture content at 25 blows.

To determine the pH of the soil about 100 ml of de-ionized water was
added to 100 g of pulverized clay samples placed in a 100 ml beaker. The
clay solution was stirred continuously for an hour using stirring rod until
a homogeneous solution was achieved. This was to allow the pH of the
soil slurry to stabilized. The pH meter was calibrated with buffer solu-
tions of pH 4.00 and 7.00 to standardize the acid-base condition. The
thermometer was used to measure the temperature after which the pH
meter electrodes were inserted into the soil slurry. After two minutes, the
displayed value was read and recorded.

The colours of raw clayey material were determined using the Mun-
sell colour chart. The chart consists of standard colours in different hue,
value and chroma. The colour of clayey sample on the white sheet was
compared and correlated with the standard colour of Munsell chart to
determine its hues, value and chroma. The colour test provides infor-
mation about colour stability and mineral composition of clays when
subjected to engineering and mineralogical tests.

3.6.3. Cation exchange capacity (CEC)
The CEC of clay sample was determined using exchangeable cation

extraction and atomic absorption spectrometer. About 25 g of the sample
was initially oven dried at 110 �C for six hours until constant weight was
achieved. The sample pH was later adjusted to near-neutral when diluted
with 1 L of NH4OH inside a 500 mL conical flask. The near-neutral so-
lution was then thoroughly mixed with 125 mL of 1M NH4OAC for 12 h
using a mechanical shaker. With the aid of suction machine, the solution
was poured into a funnel lined with filter paper. The filtrate was re-
filtered until the solution is clear by pouring 25 mL of 1M NH4OAC into
the suction clay solution. The cleared filtrate was then poured into a



Figure 2. X-ray diffractograms patterns of the studied clayey material (Note: Q-
quartz; P-plagioclase; K-kaolin; C-chlorite; H-hornblende, M-microline, T-talc).
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beaker for determination of exchangeable cation such as Naþ, Kþ, Ca2þ

and Mg2þ using atomic absorption spectrometer. The results of detected
cations were displayed on the computer screen connected to the spec-
trometer and given in ml/g although converted to meq/100 g using Eqs.
(2), (3), 4 and, (5) (Chapman, 1965)

Total solution ðmlÞ¼ final tube weight ðgÞ � tube tare weight ðgÞ
� 2gðweight of soil usedÞ (2)

Mg in solution; not on CEC ðmeqÞ¼Total solutionðmlsÞ
� 0:003ð1:5mM MgSO4 has 0:003meq:l (3)

Total Mg added ðmeqÞ¼ 0:1meqðmeq in 10mls of 5mM MgSO4Þ
þmeq added in 0:1M MgSO4 (4)

CECðmeq = 100gÞ¼ ðc� bÞ � 50ðtotal Mg added�Mg in final solutionÞ
(5)

3.7. Mechanical tests

The compressive strength of the bricks was tested at loading rate of
140 kg/cm2/min following international procedures ASTM C67-03 from
which the national standard SANS227:2007 was adopted. Three repre-
sentative brick specimen which cover texture, colour and sizes were
subjected to vertical load force until failure thus recorded as strength.
The external dimensions of each sampled brick were measured and
marked for identification with the weight recorded in grams.

The water absorption test of the bricks was conducted to determine
the durability and suitability of the bricks for building purposes using the
ASTM C67-17. This was carried out by soaking the bricks in water for a
period of 24 h. A total of 20 burnt bricks were used to carry out the test.
The bricks were first weighed dry and this was recorded as weight 1 (w1),
then they were soaked in cold water for 24 h and were weighed again
after soaking, the weight after soaking was recorded as weight 2 (w2).
The percentage of the water absorbed was then calculated. The water
absorbed by the brick was indicated by the difference in w2 and w1. The
water absorption value for each site was indicated by the average values
of the brick replicates for each location.

4. Results and discussion

4.1. Mineral composition characterization

The results of the mineralogical analysis of studied clayey material
are presented in Table 1 while Figure 2 shows the XRD diffractogram
patterns. The result mainly depict the presence of kaolinite and chlorite
minerals while the non-clay minerals included quartz, feldspar, talc and
Hornblende. In most samples, Kaolinite content ranged from 22.80% to
59.26% when sample from L1 was found to have highest value. The
kaolinite mineral was found as a main clay mineral in samples from L1
(59.26%) and L3 (25.19%) whose values were comparatively higher than
L5 (22.80%) although absent in chlorite content. Chlorite were found
present in all samples except in L1 and L3 samples while clays from L5
and L2 have higher values of 9.07% and 8.83% respectively. The pres-
ence of kaolinite and chlorite as the major clay mineral suggest the
Table 1. Mineralogical analysis of the raw clayey material.

Location Kaolinite Chlorite Quartz

Lwa L1 59.26 - 22.61

Nan L2 - 8.83 37.39

Mat L3 25.19 - 59.87

Mav L4 - 8.03 42.02

Man L5 22.80 9.07 34.88
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weathering product of feldspar and mafic silicate. This explains the
presence of plagioclase and hornblende which are mafic-rich silicate
minerals. The absence of smectite proposes low potential of cracking
during drying or firing (Dacosta et al., 2013) whilst Illite has been re-
ported to provide auspicious properties for ceramic use (Bennour et al.,
2015; Mahmoudi et al., 2016). Although talc, hornblende and chlorite
are relatively low, their presence connote metamorphic provenance of
the clayey raw material.

4.2. Geochemical compositions characterization

The geochemical result for the studied clay show the presence of
major element such as Si, Al, Na, K, Mg, Ca, Ti, Fe and Mn in their oxide
forms. The result show varying amount of silica (34.1–59.5%), alumina
(14.30–22.4%), sodium oxide (0.1–1.3%), potassium oxide (0.3–3.0%),
magnesia (0.1–1.3%) and calcium oxide (0.1–1.7%) in studied bulk
clays. The fluxing oxides of the samples namely K2O, N2O, CaO, MgO,
MnO and P2O5 are generally low in content with average abundance
ranging from 0.06% to 1.78% (Table 2). The low content of the fluxing
oxides consequently reduces the mullites and crystobalites phases for-
mation during vitrification as temperature increases hence lower density
or strength of clayey product (Diko et al., 2011). The iron oxide content,
Fe2O3, varies (4.8–25.5%) thus reflects heterogenous stability in tonality
and colour. The result of the Musell colour test shows redox reaction of
the iron content in terms of strong brown, red, brown and yellow red
colours displayed. The manganese oxide (MnO) may have contributed to
the varied colour as well despite its relatively low content (Darweesh
et al., 2012). Most of the studied samples have relatively high Al2O3
content which suggest the bauxitic composition from which kaolinite
minerals might have ensued.

4.3. Thermal description of clayey material

The results of the differential thermal (DTA) for the studied clayey
materials are presented in Figure 3. There are two conspicuous endo-
thermic and exothermic peaks which characterizes studied clayey ma-
terials. The endothermic reaction occurred at 200 �C and 610 �C while
Plagioclase Microcline Hornblende Talc

38.16 - 9.23 -

- 16.35 4.34 -

33.09 - 1.95 13.35

- 7.53 4.26 -

24.82 4.66 - 5.79



Table 2. Chemical analysis of the studied clayey material.

Location SiO2 (%) Al2O3 (%) Fe2O3 (%) MnO (%) MgO (%) CaO (%) Na2O (%) K2O (%) CIA k/Cs SiO2/Al2O3 lol

Lwa 34.1 22.4 25.5 0.2 0.1 0.1 0.1 0.5 97.7 851.9 1.5 15.2

Nan 59.5 16.0 4.8 0.1 1.3 1.2 1.3 3.0 95.7 1111.1 2.4 10.9

Mat 48.3 20.10 14.6 0.1 0.4 0.3 0.1 0.3 77.0 2963.0 3.8 12,4

Mav 54.1 14.30 5.9 0.1 1.2 1.7 0.9 1.6 74.1 5629.6 3.7 17.7

Man 47.0 19.50 9.8 0.1 0.8 1.3 0.1 1.3 87.8 2351.9 2.4 17.5

G.O. Akintola et al. Heliyon 6 (2020) e05626
the exothermic event conspicuously peaked at 100 �C and 450 �C. The
first endothermic reaction was attributable to the expulsion of weakly
bond and adsorbed water which corresponds to mass loss of about 1.2%
as indicated by the temperature curve. The second endothermic reaction
occurred at temperature range from 500 �C to 650 �C. Similarly, the first
exothermic expansion was noted near 100 �C due to expulsion of surface
water from the samples while the second exothermic peak occurred near
450 �C. The temperature corresponds to decomposition of organic mat-
ters. At this temperature where the total mass loss was 3.8%, poly-
morphic transformation of α-quartz to β-quartz is suggested to have
occurred as observed by dehydroxylation reaction. At exothermic reac-
tion trend near 900 �C, a total mass loss of 6.6% (L5), 7.2% (L1), 8.4%
(L3), 6.2% (L2) and 2% (L4) which correspond to complete destruction of
the clay minerals and decarbonacious reaction were observed and thus
consistent with the work of Boussen et al. (2016) As temperature rise
above 900 �C, the clayey materials show progressive increase until 1000
�C while samples from Manini at 800 �C. This temperature suggests that
the threshold of new crystallization processes has been reached. It was
indicated that new mineral such spinel is usually accompanied by rapid
shrinkage during the process (Mahmoudi et al., 2017; Zhang et al., 2017).
4.4. Microstructural and pore characterization

The scanning electron (SEM) photomicrographs of all the studied
samples are presented in Figure 4. The surface topography of all studied
samples varies from coarse to fine texture although replete with macro-
pores of >50 nm. Variation in the shapes from spherical to irregular di-
mensions can be adduced to different particle sizes present in samples
whilst the coarse topography suggests the presence of resistant minerals,
Figure 3. Thermogravimetry curves of the studied samples showing EESW-endotherm
EEWA- Exothermic expulsion of weakly bond water, EDOM-Endothermic decomposit
ERC-Exothermic recrystallization reaction in L1 to L5.

5

such quartz, to weathering. The fine texture indicates the mineral that are
susceptible to weathering such plagioclase and microcline. The platy
shaped orientation indicates that atomic arrangement in the layered
structure of clayey minerals glides each other hence imparts plasticity
properties. Tiny pore and stroma were present in all samples although
with pore sizes >50 nm. The pore volume constituted a capillary system
in which molten minerals such as mullite, spinel and crystobalites that
usually formed at higher temperature can saturate.
4.5. Physical tests

4.5.1. Particle size distribution
The particle size of the studied samples averagely consist of 90% of

sand fractions, 6% of silt fractions and 4% of clay fractions (Table 3) and
the engineering properties such as the coefficient of uniformity (Cu),
coefficient of gradation (Cc)were determined (Zhang et al., 2017). Based
on the textural properties, the studied samples are designated as elastic
silt (MH), lean clay (CL), inorganic silt (ML) soils under the Unified Soil
Classification System (USCS). All samples showed homogeneous distri-
bution of sand size fractions (2–0.05 mm) with compositional values
ranging from 86.98-98.66% and the gradational curve followed a
decreasing order from L4> L2 > L3 > L5> L1 samples (Figure 5).
Similarly, the clay fines fraction with size diameter ranging from 2 μm to
0.05 mm showed heterogeneous abundance with average value greater
10% particularly in L1 sample. This may be attributed to relatively higher
content of Al2O3 from which more kaolinite could have weathered as
revealed in the XRF and XRD results. Holistically, the gradational esti-
mation depicted that all the soils collected from L1, L5, L4 and L3 showed
a well sorted and graded pattern with exception of soils from L2 location.
ic expulsion of surface water, EEAW-Endothermic expulsion of absorbed water,
ion of organic matters, TAB-polymorphic transformation of α-quartz to β-quartz,



Figure 4. Scanning Electron Microscope (SEM) Photomicrographs showing L1- fine to coarse capillary systems, L2- crackly capillary system, L3- dissolved mineral
capillary system, L4- extensional capillary system, L5- pores capillary system.

Table 3. Textural properties of studied soil samples.

Location Grain sizes composition (%) Engineering parameters

Sand Silt Clay D10 D30 D60 D75 Cu Cc So USCS

L1 94.39 3.43 2.21 0.07 0.22 0.55 0.80 7.86 1.26 2.11 MH

L2 98.56 0.80 0.62 0.06 0.15 0.35 0.50 6.36 1.17 2.04 ML

L3 96.41 1.99 1.68 0.12 0.25 0.70 1.50 5.83 0.74 2.67 ML

L4 98.66 0.78 0.62 0.15 0.35 0.75 1.00 5.00 1.09 1.83 CL

L5 96.67 1.94 1.36 0.12 0.28 0.62 0.88 5.17 1.05 2.00 CL

Note: MH-Elastic silt; CL-Lean clay; ML-inorganic silt.

Figure 5. Particle size distribution of the studied samples.
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Figure 6. (a) Riley's plot showing possible clay utilization (b) Winkler's chart showing potential use of clay for (1) common bricks, (2) vertically perforated bricks, (3)
roofing tiles and masonry bricks (4) hollow products.

Figure 7. Plasticity chart showing degree of compressibility of studied clays.

Table 4. Summary of physical properties of studied clay samples.

Location Hue/value/chroma Colour Soil pH CEC (Meq/100 g)

Lwa L1 5YR/5/8 Yellowish red 6.13 20.69

Nan L2 7.5YR/5/4 brown 7.02 17.60

Mat L3 7.5YR/4/6 Strong brown 6.99 27.86

Mav L4 7.5YR/5/8 Strong brown 7.5 37.05

Man L5 2.5YR/5/8 Red 6.78 42.73
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This could be due to the presence of relative higher abundance of sand
size fractions and lowest fines sizes compared to others. According to
Winkler's diagram the grain size distribution shows that the samples from
location 2 and 4 are suitable for roofing tiles and masonry bricks while
samples from location 1, 3 and 5 could be used for common bricks,
vertically perforated bricks and hollow products respectively (Figure 6b).
In addition, the studied samples show possible uses for red stonewares
and while stoneware (Fiori et al., 1989).
4.5.2. Atterberg limits, pH
The plasticity properties of the clay deposits exhibited heterogeneous

behaviors as revealed in plastic limit (PL), liquid limit (LL) and plastic
7

index (PI) values presented Figure 7. This A-line separated the inorganic
clay above the line from the inorganic silts below the line. Thus, the L1
samples indicate inorganic silts of high compressibility and organic clays
properties due to their position below the A-line in plasticity chart. The
studied samples from locations L2, L4 and L5 were found to be having LL
values that are greater than 50 but lower PI value than 30 when compare
with clayey samples from L1 location. This indicated that these soils are
inorganic silts with high compressibility and organic clays properties
since it plotted below the A-line of plasticity chart. The samples from L3
location were found to be having medium plasticity properties with LL
values ranging from 30 to 50 and plotted below the A-line of plasticity
chart where intermediate PI value ranged from 15 to 21. According to the
Unified Soil Classification System, soils from L1 are considered as elastic



Figure 8. Compressive strength of bricks against their masses.
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silt (MH) due to their coefficient of uniformity (Cu) < 3 and have >50%
liquid limit values which plotted above the “A” line (See Figure 5).
Furthermore, soils from L5 which plotted below the “A” line are
considered as inorganic silt (ML) while those from L2, L3 and L4 are
regarded as clayey sand.

The raw clays varied in hue/value/chroma with their corresponding
tonality shades (Table 4). Their hue/value/chroma ranged from 2.5YR/
5/8 to 10YR/5/1 with corresponding tonality of red and gray. The clayey
material that exhibits pale yellow to gray colour suggests reducing
properties of the soil due to leachable Fe resulting from hydromorphic
conditions. The reddish to very pale brown sample indicates that
oxidizing nature where Fe was enriched during their formation pro-
cesses. Clay samples of L1 and L5 whose Fe content is relatively high
(above 5%) exhibited a deep tonality. The CEC values of studied samples
widely varied from 17.60 to 42.73 meq/100 g and soil pH exhibited
similar near-neutral-pH values ranging from 6.13 to 7.50. Samples from
L5 and L4 have relatively high CEC values above 30 meq/100 g
compared to other samples in which their CEC values are below 30 meq/
Table 5. The water absorption of the bricks.

Sample number Initial weight of dry bricks W1 (kg) Final weight of

L1 2.509 2.813

2.412 2.725

2.624 2.945

2.463 2.802

2.532 2.807

L2 3.140 3.643

3.040 3.567

3.335 3.911

3.098 3.644

2.896 3.406

L3 2.619 2.993

2.562 2.905

2.526 2.854

2.516 -

2.713 3.074

L4 3.214 3.901

3.147 3.877

3.101 3.892

3.261 3.911

3.167 3.833

L5 3.762 4.332

3.993 4.551

3.479 3.988

3.432 3.963

3.964 4.580

Note: “- “indicates the brick dissolved in water.
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100 g. Studied samples with CEC value above 30 meq/100 g may likely
experience efflorescence effect owing to Ca2þ ion which could adhere to
the surface area of the clayey material although insignificance amount of
Ca oxide was found in all studied samples. Some previous studies (Riaz
et al., 2019; Saidian et al., 2016; De Jonge et al., 1996) have provided
plausible arguments that the CEC properties highly correlates to the
adsorption specific surface of any clayey material at neutral or near
neutral pH.
4.6. Mechanical tests

4.6.1. Compressive strength
Figure 8 shows the results of the average compressive strength test of

the bricks against the mass. The average strength value range from 2.9 to
5.2 MPa in which brick specimens from L1 and L4 have highest and
lowest crushing strength value respectively. In comparison to brick
specimens from L2 with 3.8 MPa strength value, the L3 and L5 bricks
showed relatively higher of 4.3 and 4.1 respectively. Bricks specimens
from L1, L3 and L5 have relatively higher compressive strength values
than L2 and L4 possibly because of higher content of kaolinites whose
pores are not effectively connected hence denser with high thermal sta-
bility. On the other hand, specimens from L2 and L4 are dominated with
chlorite whose open pores are relatively larger on the surface hence
lower density and compressive strength. The ASTM C67-03 and
SANS227:2007 standards stipulate the average compressive strength
values of 4.0 MPa for on-site manufacture, 5.0 MPa for off-site manu-
facture and 10 MPa for double storey constructions. Based on the indi-
vidual and average compressive strength values obtained, the bricks from
L1, L3 and L5 are suitable for on-site single storey construction because
values are above 3.2 and 4.0 MPa respectively while L2 and L4 do not
meet the standards. However, none of the studied brick specimen has
crushing strength suitable for off-site double storey constructions
bricks W2 (kg) Water absorption
w2� w1

w1
� 100

Average % water absorption

10.806 11.01

11.486

10.899

12.098

9.796

13.807 14.65

14.774

14.727

14.984

14.974

12.496 11.88

11.807

11.493

-

11.744

17.610 18.15

18.828

20.323

16.619

17.375

13.158 13.00

12.261

12.763

13.399

13.449



Figure 9. Relationship between water absorption (WA) and compressive strength (CS).
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because their individual and average values are below 8 MPa and 10
MPa. This reveals that the dominant kaolinite minerals have minimal
effect on strength formation while the iron oxides enhance the cemen-
tation as depicted in the compressive strength results.

4.6.2. Water absorption
The results of water absorption (WA) tests conducted on twenty brick

specimen from different locations in the study are presented in Table 5. It
reveals average water absorption values of 11.01%, 14.65%, 11.88%,
18.15% and 13.00% for locations L1, L2, L3, L4 and L5 respectively.
Brick specimen from location L1, L3 and L5 have WA values less than
14% which suggests their suitability for engineering construction ac-
cording to SANS 227:2007 and ASTM standards while brick from L2 and
L4 are unsuitable due to higher values above the required standard. This
indicate suggests that the pore volume and capillarity for L2 and L4
bricks are comparatively highly than other bricks hence absorbing more
water molecules. Although the average WA value for L3 meets the
required standard, some brick specimen completely dissolved in water
within a 24-period. This could be attributed to higher content of talc in
their composition which expands to dissolve when mixed with water or
under-firing of brick during manufacturing process. The suitability of
brick for engineering purpose in terms of WA was found to correlate with
compressive strength as shown in Figure 9.

5. Conclusions

The studied clayey raw materials are found to be composed mainly of
kaolinites and chlorite clay minerals besides other non-clay minerals
such iron oxide, quartz and plagioclase. Majority of the studied raw
materials demonstrate their suitability for single-storey construction
bricks based on their mechanical and durability tests compliance with
SANS and ASTM standards. Based on the parameter characterization, the
chlorite-rich clayey raw material may be unsuitable for light weight
masonry burnt brick compared to kaolinite rich clayey materials because
they showed higher compressive strength and low water absorption
properties.
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