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Abstract   The present study describes research 
carried out to evaluate the mineralogical, geochemi-
cal and technological properties of indurated shale-
quarry wastes and assess the suitability of these low-
cost and locally available quarry wastes generated 
from crushed indurated shales for possible use as 
alternatives to fresh raw materials in the manufacture 
of roofing-tile products. Firstly, the mineralogical 
and chemical properties of the indurated shales were 
investigated by X-ray diffraction (XRD) and X-ray 
fluorescence, while their physical properties were 
identified by grain-size distribution, Atterberg limits, 
and clay activity. Samples of indurated shale-quarry 
wastes (ISQWs) were subjected to heat treatment at 
elevated firing temperatures to provide the required 
strength and durability and their ceramics properties 
(linear shrinkage, weight loss, water absorption, bulk 
density, and flexural strength) were determined. From 
the results, the ISQWs were composed predominantly 

of fine particles with medium plasticity and clay 
activity with values generally >0.75. The mineralogy 
revealed a predominance of aluminosilicates (illite-
kaolinite-smectite-chlorite) with large quartz contents 
and variable percentages of carbonate and feldspar. 
The oxides were dominated by  SiO2 and  Al2O3, small 
amounts of ferromagnesian minerals, and consider-
able amounts of alkalis  (K2O and  Na2O) which act 
as fluxes. The CaO concentrations were variable and 
related to carbonate contents. Characterizations based 
on compositional ternary (total clay mineral-car-
bonate-quartz + feldspar) systems, Casagrande clay 
workability charts, and Winkler and McNally dia-
grams revealed their suitability for ceramics applica-
tions as the majority of ISQW samples fell within the 
specifications for roofing tiles. The ISQWs fired at 
a high temperature of 1000°C revealed considerable 
weight loss, reduction in both linear shrinkage and 
water absorption with insignificant increase in flex-
ural strength. In order to achieve excellent ceramics 
properties and further reduce sintering temperature 
for their suitability as raw materials in the production 
of roofing tiles, beneficiations of ISQWs are highly 
recommended.
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Introduction

Conventional roofing tiles are usually composed of 
either clayey or concrete materials which are strong, 
durable, and non-combustible. According to Diko-
Makia and Ligege (2020), Terrones-Saeta et  al. 
(2020) and Revuelta (2021), ceramic roofing tiles 
are typical building materials, manufactured from 
raw materials such as clays, shale, silica, fluxes (feld-
spars), or similar naturally occurring earthy sub-
stances and subjected to heat treatment at elevated 
temperatures (firing). They have been used for cen-
turies both in residential- and commercial-property 
applications and are considered to be environmen-
tally friendly roofing materials, which contribute 
greatly to the creation of a favorable microclimate 
(local region with unique pattern of weather differ-
ent from local climate) (Pavlova et  al., 2019). They 
have significant advantages over other types of roof-
ing tiles not only in terms of architectural expression 
and durability but also in terms of other physical and 
mechanical characteristics which have greatly influ-
enced their widespread adoption among builders. The 
exploitation of clay materials for industrial end-prod-
ucts such as structural ceramics (bricks and floor and 
roofing tiles) and earthenware (porcelain, household 
ceramics), are based on the availability of raw mate-
rials, accessibility, and comparatively low to inter-
mediate firing temperatures (Diko-Makia & Legege, 
2020;  Serra et  al., 2013). The relevance of clays in 
economic (Ekosse, 2010; Kühnel, 1990; Murray, 
2000) and technological development (Baccour et al., 
2009; Kagonbe et  al., 2021; Pavlova et  al., 2019) is 
due to their plasticity, inertness, and stability, provid-
ing specific properties including rheology, for specific 
industrial use. Demand for clays as raw materials for 
commercial applications has risen sharply due to the 
rapid increase in construction owing to globaliza-
tion and urbanization (Ekosse, 2010; Stock, 2012; 
Baraldi, 2018; Akintola et  al., 2020; Terrones-Saeta 
et  al., 2020). Globally, such impressive infrastruc-
tural growth raised demand for clays as raw materi-
als to an estimate of 230 million tons per year (Stock, 
2012; Baraldi, 2018). In Brazil, for instance, struc-
tural ceramics industries currently consume ~1.5 mil-
lion  m3/year of clay as a raw material (Teixera et al., 
2001). In the African continent, production of roof-
ing tiles in 2019 was estimated at ~759 million  m2. 
Besides Egypt with an estimated production of 300 

million  m2 and Nigeria with an estimated production 
of 115 million  m2, growth in production of ceramics 
roofing tiles has continued greatly in Sub-Saharan 
Africa (Stock, 2012; Baraldi, 2018). Research by 
Revuelta (2021) revealed that the life span of ceramic 
roofing tiles averaged 75  years, highlighting their 
durability, and they are easily recycled at the end of 
their service life. To continue to manufacture ceramic 
products, and given that clays as raw materials may 
become scarce in the future (Gonzales et  al., 1990; 
Kazmi et  al., 2016; Subashi De Silva & Malwatta, 
2018; Terrones-Saeta et  al., 2020) and considering 
that China has already imposed a limit on production 
due to insufficient raw materials (Chen et  al., 2011; 
Lingling et  al., 2005; Terrones-Saeta et  al., 2020), 
an urgent need exists to source cheap, locally avail-
able, and sustainable raw materials that can meet 
the requirements of conventional, depleting natural 
resources, especially in tropical developing countries.

Previous Studies of Wastes and Source of Indurated 
Shale

With the innovation of ‘waste to wealth’ technology, 
evaluating all possible alternative materials (which 
may be either wastes or unusable materials) which 
require less energy for manufacture and which offer 
excellent properties to ensure better fired products 
is imperative. Nowadays, many kinds of wastes are 
found in various categories at various locations and 
with various properties. Work by Ripoli (1997) on 
waste materials from crushed rocks showed that they 
can be used to replace conventional fluxing materi-
als, especially when the wastes have the advantage of 
controlling the plasticity and shrinkage of the ceram-
ics ware without producing any negative effects. 
Studies were carried out by Çolak and Özkan (2011) 
and by Özkan (2014) on the sintering properties of 
the Bornova shale (Turkey); those authors recom-
mended them for possible use in the production of 
red fired ceramics when beneficiated. The tertiary 
volcanic cones at Limbe (Cameroon) were suggested 
by Diko-Makia and Ligege (2020) as raw materials in 
the ceramics industry. All these case studies showed 
favorable conditions for waste-recovery systems 
which would help to minimize the adverse effects 
of wastes on the environment. In all of those previ-
ous studies, characterization of the raw materials was 
considered vital to ascertaining their best use in the 
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final industrial products. The Abakaliki region (south-
eastern Nigeria) has enormous rock reserves that are 
used as sources of construction aggregate (Fig.  1a). 
The Albian indurated shales are widely deposited in 
the sedimentary basins of southeastern Nigeria and 
have been studied by Obiora and Charan (2011), 
Nweke and Okogbue (2017), and Nweke and Okog-
bue (2021) and were estimated to cover ~ 452   km2. 
Commercial, mechanized crushing of the Albian 
indurated shales and other rock types such as pyro-
clastics, limestones, and sandstones are carried out at 
Ebonyi State Umuoghara industrial clusters, on the 
outskirts of the Abakaliki Township. According to 
Nweke and Okogbue (2017) the volumes of indurated 
shale that are quarried, processed, and utilized annu-
ally as construction aggregates are increasing rapidly 
and ~15,000 metric tons of crushed aggregates are 
usually produced on a daily basis. During the quar-
rying and crushing, huge quantities of wastes (i.e. 
by-products of the crushed indurated shale referred 
to locally as ‘dust’) are usually generated on a daily 
basis and are considered toxic and environmentally 
harmful (Okogbue & Nweke, 2018). These harmful 
quarry wastes (Fig. 1b, c) are occasionally discarded 
into abandoned lands and often in tailings dams, 

thereby posing serious challenges as these can lead 
to acid mine drainage. Only a few local contractors 
use the waste materials, e.g. as fine aggregates for 
molding road curbs; the material is cheaply available. 
Despite this development, huge quantities of quarry 
wastes have remained unutilized resulting in serious 
environmental and economic problems because dusts 
can be dispersed easily by gravity, water, and wind. At 
present, no technological studies exist on the indus-
trial applications of indurated shale-quarry waste 
(ISQW) in the ceramics industries in spite of several 
studies on Albian indurated shales, e.g. on their com-
positions (Cratchley & Jones, 1965; Akpokodje et al., 
1991; Obiora & Charan, 2011), and on their use as 
construction aggregates (Nweke & Okogbue, 2021; 
Okogbue & Nweke, 2018). For economic reasons, the 
ceramics industry uses clayey materials from nearby 
deposits. The selection of appropriate raw materi-
als is based on specific criteria which are related to 
the technological behavior during the various stages 
of manufacturing (El Ouahabi et  al., 2014; Yongue-
Fouateu et al., 2016) and the overall chemical compo-
sition (Diko-Makia & Ligege, 2020; Semiz & Çelik, 
2020); the objective of the present study was to evalu-
ate the mineralogy and the chemical, physical, and 

Fig. 1  Albian indurated shale from Abakaliki, southeastern Nigeria: a Agbaja active quarry, b lumps of crushed quarry rock, and c 
indurated-shale quarry waste materials from one of the quarries
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technological properties of indurated shale-quarry 
wastes to establish their possible potential in the pro-
duction of ceramics. Various diagrams, including 
those by Holtz and Kovacs (1981), McNally (1998), 
the Casagrande clay workability chart (Diko-Makia 
& Ligege, 2020), Winkler’s (1954) diagram (Diko-
Makia & Ligege, 2020), and a compositional ternary 
diagram (Diko-Makia & Ligege, 2020; Marsigli & 
Dondi, 1997), were employed to establish the suit-
ability of ISQWs as potential raw materials in the 
ceramics (roofing tiles) industries. After studying 
the characteristics of the waste materials, the sam-
ples were fired (heat treated) from 800 to 1000°C 
and the technological properties of the fired product 
determined. The introduction of technological revo-
lutions such as fast firing, according to Dondi et  al. 
(2014) and Temga et al. (2019), will bring about dras-
tic changes in raw materials and eventually give rise 
to novel products. The main scope of this research, 
therefore, hinged on the optimal exploitation of low-
cost and locally available raw materials to reduce 
production costs and avoid limits on the production 
of roofing tiles necessary for socio-economic devel-
opment as well as the creation of employment oppor-
tunities within the region.

Geographical and Geological Setting

Description of the Location and Physiology

The study area covers the Abakaliki metropolis 
(Fig. 2a) and its suburbs of Ezza North, Ebonyi, and 
the Abakaliki Local Government Areas of Ebonyi 
State. The area is located between the latitudes 
06°15’N and 06°25’N north of the equator and lon-
gitudes 08°00’E and 08°10’E east of the Greenwich 
meridian, covering ~420  km2. It has quite a good net-
work of roads connecting the city center to the sub-
urbs. The area can be accessed through a network 
of tarred roads including Abakaliki–Enugu, Abaka-
liki–Ishieke, and Abakaliki–Afikpo. The relief of the 
area exceeds 400 m above-sea-level in most locations 
such as the Azugwu, Umuoghara, and Sharon areas, 

all within the Abakaliki metropolis. Hills formed by 
pyroclastic bodies serve as the major relief structures 
while the low-lying areas are usually waterlogged 
during the rainy season and are predominantly under-
lain by shale. The Iyiokwu, Iyiudene, and Ebonyi 
Rivers are among the main rivers that drain the area 
along with a few minor drainage flows. The drain-
age systems flow eastward to join the Cross River 
in Cross River State which is outside the study area. 
Tropical rainforest, with distinct wet and dry sea-
sons, is the typical vegetation in the area (Okogbue 
& Nweke, 2018). The dry season which lasts from 
November to March is characterized by a period of 
dry hot weather, while the rainy season which usually 
begins in April and ends in October is characterized 
by a prolonged period of rainfall with a short period 
of reduced rains in August. The average monthly 
rainfall ranges from 31 mm in January to 270 mm in 
July, with the dry season experiencing much reduced 
rainfall.

Geology of the Indurated Shale of Southeastern 
Nigeria

Previous studies (Agumanu, 1989; Akande & Muche, 
1989; Odoma et al., 2015; Reyment, 1965; Simpson, 
1954) gave detailed accounts of the geology, stra-
tigraphy, and economic potential of Abakaliki in 
the Lower Benue Trough, Nigeria. The tectonic his-
tory of the Lower Benue Trough was dated to pre-
Albian time (Agumanu, 1989; Akande & Muche, 
1989; Burke et  al., 1971; Nwajide, 1990; Reyment, 
1965; Simpson, 1954). The Abakaliki–Benue Trough 
(Fig. 2b) originated as a failed arm of the triple junc-
tion rift-ridge system during the break-up of Gond-
wana (Burke et  al., 1971; Olade, 1979), which led 
to the separation of Africa from South America dur-
ing the Aptian/Albian. Sedimentation in the Trough, 
according to Reyment (1965), was believed to have 
been initiated after the separation South America 
from Africa and was controlled by tectonic events and 
epeirogenic movement. The first marine transgres-
sion in the trough started in the mid-Albian period 
with the deposition of the Asu River Group (ARG) 
sediments. The ARG sediments were regarded as the 
oldest Cretaceous sediments in the basin and overlay 
unconformably on the Precambrian basement com-
plex. The Asu River Group sediments consist mainly 
of olive-brown or bluish-gray shales and sandy shales, 

Fig. 2  a Map of Abakaliki and its environs showing the sam-
ple locations, b regional stratigraphic map of the southern 
Benue Trough, Nigeria (adapted from Nwajide, 1990) showing 
the Asu River Group where the study was carried out

◂
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fine-grained micaceous sandstones, and micaceous 
mudstones with thin limestones around Abakaliki 
(Agumanu, 1989; Nwajide, 1990; Simpson, 1954); of 
dark gray–black pyritic micaceous shales, which in 
many cases were hardened or indurated by the effect 
of tectonism around Abakaliki with an average thick-
ness of ~2000 m; and of thin sandstone and siltstone 
beds, magnetite and dolomitic horizons at Ngbo, 
with an estimated thickness of ~2500  m (Agumanu, 
1989; Nwajide, 2013). In addition, Reyment (1965) 
and Benkhelil (1989) described the ARG sediments 
as consisting mainly of arkosic sandstones, volcani-
clastics, marine shales, siltstones, and limestone. Pre-
vious authors (e.g. Cratchley & Jones, 1965; Obiora 
& Charan, 2011; Okogbue & Nweke, 2018) attributed 
the induration of the Albian calcareous shales depos-
ited widely within the Abakaliki region to the effect 
of contact metamorphism during the igneous intru-
sion at pre-Santonian.

Materials and Methods

Sampling

The ISQW materials were obtained from the repre-
sentative indurated shale bodies distributed widely 
across the Abakaliki region, southeastern Nigeria. 
The indurated shale bodies are currently quarried, 
crushed, and utilized as road and building construc-
tion aggregates in the Abakaliki metropolis and other 
neighboring states in southeastern Nigeria. The quar-
ried waste samples from the five selected quarries 
were designated as ISQW1-Agbaja quarry, ISQW2-
Umuoghara quarry, ISQW3-Abaofia quarry, ISQW4-
Ezzangbo quarry, and ISQW5-Echara quarry. In each 
of the active quarries, full bags of bulk-rock samples 
were collected from at least two different points, for 
laboratory tests. The rock samples from the five loca-
tions showed no differences in color (Fig. 1), texture, 
or quality. The various bags full of samples were 
packaged in separate polyethylene sacks, labeled, and 
transported to the laboratory at the National Steel 
Raw Materials Exploration Agency in Kaduna, Nige-
ria, where sample preparation and laboratory testing 
on each of the samples commenced within 48  h of 
sampling. The samples were analyzed using various 
basic laboratory tests while specimen briquettes were 
molded for technological tests.

Preparation and Laboratory Testing Methods

The standard procedures adopted for laboratory 
tests followed those specified in the American Soci-
ety for Testing Materials standards (ASTM C326-
09, ASTM C373, ASTM D-422, ASTM D4318, 
and ASTM C1167). The waste samples were 
ground into fine sizes (<2  μm size fraction using 
an agate mortar and dried in an oven at ~105°C for 
24  h. The mineralogical analyses were carried out 
using X-ray diffraction (XRD) and the methodol-
ogy adopted was in accordance with those adopted 
by Moore and Reynolds (1989) and Odoma et  al. 
(2015). The analysis was performed using a PANa-
lytical X’Pert Pro powder diffractometer equipped 
with an  X’Celerator detector coupled with receiv-
ing slits, variable divergence and Fe-filtered Cu-Kα 
radiation (λ = 1.7890  Å). Qualitative X-ray diffrac-
tion analyses of the ISQW samples were carried 
out using a Bruker AXS D8 Advance PSD system 
operated at 40 kV and 40 mA, scanning between 3 
and 85°2θ with a step size of 0.034°2θ and timing 
of 2  s/step with CuKα radiation. The silt and clay 
fractions were obtained by hydrometer analyses 
which were based on Stoke’s Law of sedimenta-
tion of each individual particle falling at a constant 
velocity under gravity after the removal of carbon-
ate by HCl (10%). After carbonate removal, clay 
was deflocculated by successive washings with 
demineralized water. The <2  μm fraction of the 
waste was separated by centrifugation. X-ray dif-
fraction patterns were collected under three treat-
ments (natural, ethylene glycolation, and heating 
at 500°C for 4 h) ranging from 2 to 70°2θ for bulk 
samples and from 2 to 40°2θ for samples which 
were air-dried, ethylene-glycolated for 24  h, and 
heated at 550°C for 4  h for the <2  μm size frac-
tion. Sample ISQW1 was used as a representative 
sample due to similarities in texture, composition, 
and origin noted in the five samples. Mineral iden-
tification from the diffractogram and a semi-quan-
titative mineralogical composition were carried out 
using EVA software. The semi-quantitative abun-
dances of the minerals identified in the ISQW sam-
ples were estimated from the height of diagnostics 
peaks multiplied by their respective corrective fac-
tors (Boski et al., 1998; Brindley, 1980; Cook et al., 
1975; Fagel et al., 2003). X-ray fluorescence (XRF) 
spectrometry was used to determine the oxide % of 
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elements on the <2  μm size fraction of the ISQW 
samples. The XRF tests followed the standard pro-
cedures described by Viani et al. (2018) and Nweke 
and Okogbue (2021). The Philips PW 1600 X-ray 
fluorescence spectrometer (Malvern Panalytical 
Ltd., Malvern, UK) equipped with an end-window 
4  kW Rh-anode X-ray tube was used. The energy-
dispersive XRF system was made up of an excita-
tion source, sample chamber, silicon (lithium) drift 
detector, signal processing and recording system 
(preamplifier), multichannel analyzer, and video 
display unit. The ISQW samples were crushed 
into powdered form in a tungsten crushing vessel 
and ~6.25  g of the powdered waste samples were 
mixed with ~1.4  g of wax (M-HWC); in order to 
obtain a pressed disc, the mixtures were compressed 
using a force of 18 N. The dilution factor (0.8169) 
was calculated from the mass of the ISQW samples 
and total dilution mass. The total organic matter 
of the waste samples were determined by Loss on 
Ignition (LOI) determined at 500°C for 4  h (Heiri 
et  al., 2001; Semiz, 2017). The grain-size distri-
bution analyses of the samples were performed by 
wet sieving for particles which are ≥80 μm and by 
sedimentometry for particles which are ≤80  μm in 
accordance with the ASTM D-422 (1972) stand-
ard. The fines fractions of the waste samples were 
characterized using hydrometer analysis based on 
Stoke’s law of sedimentation. The degree of plastic-
ity of the samples was achieved via the Atterberg 
limits (liquid limit, LL and plastic limit, PL) using 
the Casagrande apparatus in accordance with the 
ASTM-D4318 (2010) standard described by Casa-
grande (1947) and Nweke and Okogbue (2021). The 
Atterberg limits tests were carried out using ~100 g 
of air-dried soils passing a 0.425 mm sieve (a No 36 
British Standard BS International sieve) following 
the standard procedures as specified by ASTM-D 
4318 (2010) and British Standard 1377 (BS, 1990). 
The plasticity index (PI) for each of the ISQW sam-
ples was obtained from the difference between LL 
and PL whereas the clay activity (CA) was calcu-
lated using Eq. 1

In order to study the evolution of firing proper-
ties of the ISQW samples, cylindrical ISQW sam-
ples were prepared. The ISQW samples were oven 

(1)CA = PI∕claywt.%

dried at 105°C for 24 h and ground to a fine pow-
der, then sieved using a mesh-size of 100  μm and 
were mixed with 26–28% water content to enhance 
particle binding in order to produce a cylindri-
cal shape. Then the wetted powdered ISQW sam-
ples were pressed under 1500 N pressure to obtain 
100  mm × 50  mm × 8  mm prismatic samples. Then 
the samples were air dried for 24 h and oven dried 
at 105°C for 24 h to ensure that absorbed moisture 
was eliminated. After drying, the specimens were 
cooled in a drying room maintained at a tempera-
ture of 24°C, with a relative humidity of between 
30 and 70%. Thereafter, the specimens were stored 
in the drying room at the required temperature of 
105°C and humidity of 70% until they were tested. 
Using a laboratory kiln, the dried ISQW samples 
were fired at 800, 900, and 1000°C (in 100°C inter-
vals) for 5 h at a heating rate of 5°C/min using an 
electrically powered laboratory furnace. Fired sam-
ples were used for characterization of the raw mate-
rials according to the standards suggested by the 
ISO10545-3 method. The raw materials were sub-
jected to heat treatment (high-temperature firing) 
of 1000°C in order to provide the required strength 
and durability. The fired ISQW specimens were 
tested for ceramics properties such as linear shrink-
age, weight loss, bulk density, water absorption, and 
flexural strength as part of the ceramics evaluation 
and the various technological tests were conducted 
in accordance with standards such as: IS 3495–2, 
ASTM C373-14 (2014), ASTM C326-09 (2009), 
and ASTM C1167 11 (2017). Four tests were con-
ducted for each property and the average results 
were tabulated.

The linear shrinkage (LS) of the studied ISQW 
was calculated using Eq. 2

This expression depends on the relative variation 
length of the briquette, where L0 represents the length 
of the briquette before firing and L represents the bri-
quette after firing.

The water absorption capacity (WA) of the ISQW 
was measured by weighing the fired briquette (M1) 
and the wet briquette (M2) after immersion in water 
for 24  h and was indicated with an expression as 
follows:

(2)LS(%) = [
(

L
0
− L

)

∕L
0
] × 100
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The weight loss (WL) of the ISQW studied was 
calculated as follows:

where Md represents the dry mass (g) at 105°C and 
Mf represents the fired mass (g) at each final firing 
temperature.

The bulk density (BD) of the ISQW briquette is 
represented in Eq. 5 as:

where Mf is the fired briquette weight (g) and V rep-
resents the measured volume  (cm3) of the briquette.

The flexural strength (FS) of the ISQW samples 
studied was evaluated using the three-point bending-
test method in accordance with the ASTM F417-96 
procedure described by Yongue-Fouateu et al. (2016). 
The value of modulus of FS for each specimen was 
computed and recorded to the nearest 0.01 MPa with 
the expression represented as follows:

where F = maximum load, L = distance between the 
supports (mm), b = net width of the specimen at the 
plane of failure (mm), and d = depth of the specimen 
at the plane of failure (mm).

Results and Discussion

Mineralogical and Chemical Characteristics of 
Indurated Shale

Representative matched XRD patterns for all of the 
minerals identified in one of the ISQW materials 
studied (ISQW 1 sample) are presented in Fig.  3a. 
The remaining matched XRD patterns are given 
in the Supplementary Material file. The promi-
nent peaks at 25.4, 26.5, 27.6, and 35.6°2θ (2.5 and 
3.4 Å) are characteristics of quartz. Other character-
istic peaks of quartz include 4.25 and 3.34 Å. Chlo-
rite minerals were identified by the persistence of the 
second reflection at (d = 7.0 and 14 Å) during heating 
and feldspars were identified at d = 3.19 and 3.24 Å. 
Peaks observed at 3.51, 4.15, 2.71, and 10.01 Å were 

(3)WA(%) =
[

M
2
−M

1
)∕M

1

]

× 100

(4)WL(%) =
[(

Md− −Mf

)

∕Md

]

× 100

(5)BD (g∕cm3) = Mf ∕V

(6)FS (MPa) = 3FL∕2bd2

assigned to anatase, goethite, hematite, and musco-
vite, respectively. The results, however, revealed the 
predominance of clay minerals (illite-kaolinite-smec-
tite-vermiculite) (48.4%), with large quartz contents 
(30%) along with considerable amounts of carbon-
ate and feldspar as well as jarosite, rutile, anatase 
(16.6%). The intensities of peaks characterizing each 
clay mineral present in the size fraction were meas-
ured for a semi-quantitative estimate of the proportion 
of clay minerals present in the <2  μm size fraction 
(untreated, ethylene glycolated for 24  h, and heated 
at 550°C). From the semi-quantitative abundance of 
the minerals identified in the representative ISQW 
sample, the mineralogical composition of the indu-
rated shale as illustrated in Fig. 3b was summarized 
in Table 1. According to Moore and Reynolds (1989), 
Rieder et  al. (1998), and Murray (2007), the miner-
alogical components refer to the relative abundance 
and identification of the clay minerals. The presence 
of aluminosilicates (Rieder et al., 1998) such as illites 
(group of closely related non-expanding clay miner-
als) in each of the tested ISQW samples were indi-
cated by the visible peak intensities at d = 10 Å. Char-
acteristic peaks of kaolinites were identified at 7.13, 
4.36, 4.16, and 3.57 Å whereas smectites were indi-
cated by their characteristic peak at 14 Å under natu-
ral conditions, which migrated to 16 Å after glycola-
tion and later collapsed to 10 Å after heating. Brindley 
and Brown (1980) and Rieder et  al. (1998) had ear-
lier described illites as clay-size mica, a dioctahedral 
mineral found in 2:1 clay minerals with non-expand-
able layers; they are common in sediments, argil-
laceous rocks, and in low-grade metamorphic rocks. 
Previous researchers (Agumanu, 1989; Akpokodje 
et al., 1991; Nweke & Okogbue, 2021), revealed that 
the Albian shales of the Asu River Group sediments 
were dominated by illite with smectite, chlorite, and 
kaolinite as found as minor components while quartz, 
feldspar, and carbonate were regarded as the main 
non-clay minerals. A small quartz content in the raw 
materials usually reduces the strength of the ceram-
ics specimen (Zeballos et  al., 2016), which affects 
adversely the quality of the end product. This is not 
likely to be the case with ISQW considering the 
amounts of quartz (generally ≥ 30%) in each tested 
sample. Feldspars are regarded as the source of both 
the alkali content and the alumina needed in the fine 
ceramics industry as a flux in the formation of glassy 
phases which promote vitrification and translucency 

150

https://doi.org/10.1007/s42860-023-00240-w Published online by Cambridge University Press

https://doi.org/10.1007/s42860-023-00240-w


Clays Clay Miner.  

1 3
Vol.: (0123456789)

(Moharem & Saleh, 2007; Lori, 2008). The feldspar 
in the present study may also serve as a vitrifying 
(fluxing) agent that can form a glassy phase at inter-
mediate temperature which will probably guarantee 
better fusibility for the raw material in the produc-
tion of roofing tiles. The amounts of smectite (<10%) 

are considered to be very small; an indication of the 
small likelihood of the ISQW samples cracking or 
shrinking especially during drying or firing. This was 
regarded as an advantage in terms of tile manufacture. 
Although chlorite minerals were found in all of the 
ISQW samples tested, they are usually eliminated in 

Fig. 3  a XRD analysis of the ISQW from Abakaliki, southeastern Nigeria, b clay fraction of representative ISQW samples. Illite 
dominated in the left-hand patterns. Normal (H), glycolated (G), and heated at 550°C (AD)

Table 1  Mineralogical composition (wt.%) of the representative sample of the Albian-indurated shale

Whole rock  <0. 002 mm fraction

Sample ID Quartz Feldspar Carbonate Chlorite Clay Kaolinite Smectite Illite Chlorite Vermiculite
ISQW 30 7.5 9.1 4.9 48.4 10.2 5.3 74.0 9.4 1.4
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the sintering process and as such, their presence is not 
often considered to be a serious problem. To under-
stand better the mineralogy of the indurated shales, 
the ternary composition diagram used by Strazzera 
et  al. (1997) for ceramic raw materials from south-
ern Sardinia (Italy) was adapted here. Using the ter-
nary compositional diagram based mainly on the 
total clay mineral-carbonate-quartz + feldspar dia-
gram (Fig. 4a), the mineralogical classification of the 
ISQW revealed that the representative ISQW sample 
tested fell within roofing-tile region.

The chemical compositions of the ISQW sam-
ples were investigated by XRF analysis and the 
results as presented in Table  2 revealed the pres-
ence of major oxides with various amounts of 
 SiO2 (57.1–60.1%) >  Al2O3 (16.7–17.8%) > CaO 
(4.30–6.20%) >  K2O (4.05–6.05%) >  Fe2O3 

(1.94–3.39%), >  Na2O (0.93–1.36%). Most impor-
tantly, chemical analyses allowed for rapid clas-
sification of raw materials for optimal ceramics 
applications. In the manufacture of roofing tiles, 
the chemical composition of raw materials, accord-
ing to Diko-Makia and Ligege (2020) is regarded 
as an important factor and is related to the mineral-
ogy, especially to the amount of quartz and type of 
clay minerals present. The concentrations of  SiO2, 
 Al2O3, and  K2O in each of the rock samples meant 
that they were dominated by quartz and illite as the 
non-clay mineral and clay mineral, respectively. 
The values of  SiO2 and  Al2O3 were observed to be 
close to those of the plastic fire clay of St. Louis, 
Missouri (Huber, 1985), which had an  SiO2 value 
of 57.6% and an  Al2O3 value of 24.0%. According 
to Pontikes et  al. (2007), large amounts of  Al2O3 in 

Fig. 4  Mineralogical and chemical classification of raw materials based on: a clay minerals, carbonate, and quartz + feldspar ternary 
diagram (Diko-Makia & Ligege, 2020); b major oxide contents showing ISQW utilization (adapted from Akintola et al., 2020; Diko-
Makia & Ligege, 2020)
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raw materials often help in improving the strength 
and hardness of the final ceramics product. The large 
amounts of  Al2O3 (16.7–17.8%) in the ISQW mate-
rials which suggested a bauxitic composition from 
which kaolinitic minerals might have ensued, corre-
spond to refractory industrial specifications (Parker, 
1967) and ceramics products (Singer & Sonja, 1971). 
The  SiO2:Al2O3 ratios of the indurated shales rang-
ing from 3.38 to 3.57 are noted to be greater than the 
values found in pure kaolinite  (SiO2:Al2O3 = 1.18) 
and smectite  (SiO2:Al2O3 = 2.36), a situation related 
partly to the amount of free silica (quartz) (Tsozue 
et  al., 2017; Semiz and Çelik, 2020), suggesting the 
excess  SiO2 which was represented in >52% of the 
samples tested. The  SiO2:Al2O3 molar ratio usu-
ally ranges between 1.6 and 2.6 in the plastic fire 
clay, between 2.4 and 4.0 in ball clay, and between 
3.5 and 6.7 in siliceous fire clay (Baioumy & Ismael, 
2014; Temga et  al., 2019). The CaO concentrations 
(4.3–6.20%) were variable and related to carbonate 
contents (7.2–10.5%), according to the XRD analy-
ses. The relatively large  K2O values reflected the 
predominance of illite in the indurated shale rock 
of Asu River Group sediments (Akpokodje et  al., 
1991; Nweke & Okogbue, 2021). According to Galan 
(2003),  Na2O and  K2O are regarded as essential in the 
production of roofing tiles because they act as flux-
ing agents, thereby reducing the melting points of 
ceramic mixtures. The fluxing agents such as alkali 
oxide  (Na2O and  K2O; 4.98–7.41%) and alkaline 
earth oxides (CaO and MgO; 4.78–6.70%) were noted 
to be generally >4.0%, an indication of possible den-
sification of ISQW at high temperature. Carbonate-
rich raw materials yield light-colored products (Peters 
& Iberg, 1978). According to Rooney (1984), Bun 
Kim et al. (2011), and Daoudi et al. (2014), the  Fe2O3 
contents are often sensitive to firing conditions as 
they can produce unexpected results in terms of the 
color and texture of the fired clays. High concentra-
tions of  Fe2O3 are not acceptable for use in ceramic 
manufacture because light colors are required. 
According to Dondi et al. (2002) and Semiz and Çelik 
(2020), classifications based on  Fe2O3 concentrations 
of clay-rich raw materials are as follows: (1)  red fir-
ing clays,  Fe2O3 concentration >5%; (2)  tan burning 
clays,  Fe2O3 concentration between 1 and 5%; and 
(3) white firing clays,  Fe2O3 concentration <1%. The 
 Fe2O3 concentrations of the ISQW materials stud-
ied (1.94–3.39%) fell within the class of tan burning 

clay material. However, the concentration of  Fe2O3 
was not regarded as the main factor related to colora-
tion of ceramic products. The presence of  TiO2 along 
with  Fe2O3, according to Diko-Makia and Ligege 
(2020) and Oyebanjo et al. (2020), can be associated 
with discoloring components such as hematite, goe-
thite (Fe-hydroxide), and anatase. Keller (1968) and 
Oyebanjo et  al. (2020) further described raw mate-
rials containing  TiO2 ranging from 1 to 3  wt.% and 
 Fe2O3 with values ≥ 3.0  wt.% as being of no use to 
the ceramist because such concentrations are con-
sidered undesirable, especially for roofing-tile manu-
facture (Zeballos et al., 2016). The concentrations of 
MgO (0.48–0.50%),  TiO2 (0.75–1.76%), and  Fe2O3 
(1.94–3.39%) here are well within the acceptable 
limit, and probably won’t have a negative impact on 
the color of the final ceramic product. The small and 
similar values in the  Fe2O3 contents reflected homo-
geneous stability in terms of tonality and color which 
can favor white ceramic formulations.  SO3 is another 
harmful oxide for ceramic materials (Terrones-Saeta 
et  al., 2020) but in the case of the ISQW samples 
studied, the  SO3 values ranging from 0.04 to 0.9% are 
considered small. The LOI values (6.43–10.4%) can 
be attributed to the dehydroxylation of clay minerals, 
organic matter oxidation, and decomposition of car-
bonates and hydroxides (Celik, 2010; Semiz, 2017). 
As specifications for the industrial applications relate 
to the major oxides, Fig. 4b depicts the chemical data 
on a ternary diagram  (Fe2O3 + CaO + MgO)/Al2O3/
(Na2O +  K2O) used by Fiori et  al. (1989) to clas-
sify raw clay materials and industrial ceramic bod-
ies and those of the studied ISQW materials showed 
that they have oxide values very close to outliers for 
earthenware and red clay body production as well 
as clinker and white stoneware. The alkali and alka-
line earth elements (CaO + MgO +  Fe2O3 +  Na2O 
+  K2O; 12.3–16.4%) in addition to the presence of 
illite and feldspar might guarantee a good fusibility 
for ceramic production (Akintola et  al., 2020; Tso-
zue et  al., 2017). The amounts of fluxing oxides in 
the ISQW samples will allow for sufficient sintering 
during firing to guarantee the formation of vitreous 
phases. Sintering temperature is often an important 
processing variable which can influence significantly 
the final ceramic product (Serra et  al., 2013; Diko-
Makia & Ligege, 2020) and poor vitreous-phase for-
mation usually influenced negatively the cohesion 
of the products fired (Onana et  al., 2019). Based on 
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chemical specifications, the concentrations of  SiO2, 
 Al2O3, MgO, and  Fe2O3 are within the allowable 
international parameters for ceramics formulations. 
The ISQW materials are rich in  SiO2 and  Al2O3 
which have great influence in terms of the develop-
ment of ceramic materials.

Physical Characteristics of Indurated Shale

The results of the grain-size distribution tests con-
ducted on the ISQW samples are presented in 
Table  3. The International Society of Soil Science 
classifies soil according to its dimension and was 
subdivided into clay, silt, and sand fractions. From 
Table 3, the clay fraction ranged from 22 to 28%, the 
silt fraction ranged from 42 to 48% while the sand 
fraction ranged from 24 to 38%; an indication of the 
predominance of clay-silt materials. Grain-size dis-
tribution has fundamental importance in the charac-
terization of raw materials for traditional ceramics 
applications (Akintola et  al., 2020). It can indicate 
the plastic behavior and firing behavior exhibited by 
the raw material, as well as the mechanical strength 
of the fired product. It also controls to a significant 
extent the technological parameters during the drying 
and firing processes as sands are predictably reactive 
upon firing especially at lower temperatures (Akin-
tola et al., 2020). For ceramics products, the <2 μm 
fraction is of particular importance (Mahmoudi 
2008). Large proportions of the <2  μm fraction 
(i.e. >80% of the total), according to McNally (1998) 
and Ekosse (2010), will account for excessive shrink-
age during firing; this is not likely be the case for 
the ISQW samples. The amount of <2 μm fractions 

(22–28%) obtained can result in very limited crack-
ing due to shrinkage when fired for ceramics applica-
tions. The clay fraction may, therefore, be regarded 
as an added advantage in confirming the suitability 
of the raw material for roofing-tile fabrication. The 
sand fraction (24–38%) present in the ISQW also 
has a significant role to play in the technological 
behavior. To formulate roofing-tiles ceramics bod-
ies, a Winkler Diagram was used to obtain products 
with good technological properties (Diko-Makia & 
Ligege, 2020; Semiz, 2017; Winkler, 1954; Yongue-
Fouateu et  al., 2016). Raw materials are usually 
plotted on a Winkler diagram (Fig.  5a) in order to 
evaluate their suitability for various ceramics prod-
ucts which included: (1) common bricks, (2) vertical 
perforated/corrugated bricks, (3) roofing tiles/wall 
tiles, and (4) perforated or hollow products. From 
the Winkler diagram (Fig.  5a), the ISQW samples 
matched most closely the vertical corrugated bricks 
and roofing tiles. The raw materials were further 
plotted on the proposed McNally diagram (Fig.  5b) 
for brick and tile production. From the diagram, 
three samples plotted within the region of roofing 
tiles while the other two samples plotted between 
the perforated bricks region, indicating that they are 
unsuitable materials (due to their liability to excess 
shrinkage on firing).

The results of the Atterberg limits tests of the 
ISQW materials studied as presented in Table  3 
revealed that the LL ranges from 44 to 50%, the PL 
ranges from 16 to 27% while the PI ranges from 21 
to 34%. In the application of clay materials in the 
ceramics industries, plasticity is considered an impor-
tant parameter which assists in determining the clay 

Table 3  Results of the grain-size distribution and Atterberg limit tests of indurated shale-quarry waste samples

S/N Quarry Location Sample ID Grain-size distribution Atterberg limit

Clay 
(%) <2 μm

Silt (%) 
20–2 μm

Sand 
(%) >20 μm

LL (%) PL (%) PI (%) Clay 
Activity 
(%)

1 Agbaja ISQW 1 24 48 28 44 16 28 1.17
2 Umuoghara ISQW 2 28 46 24 50 16 34 1.21
3 Abaofia ISQW 3 26 44 30 47 26 21 0.80
4 Ezzangbo ISQW 4 20 42 38 48 27 21 1.05
5 Echara ISQW 5 22 48 30 46 18 28 1.27

Min 22 42 24 44 16 21 0.80
Max 28 48 38 50 27 34 1.27
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workability, drying behavior, and ceramic applica-
tions (Diko et al., 2011; Murray, 2007). The plastic-
ity of clayey materials is controlled by factors such 
as grain-size distribution, mineralogy (especially the 
clay mineral in the raw material), and the presence of 
organic matter (Holtz & Kovacs, 1981; Daoudi et al., 
2014). As shown in Table 3, the LL values (44–50%) 
agree with the range defined by other researchers, 
such as Baccour et  al. (2009) and Semiz and Çelik 
(2020) (30–60%), in terms of the composition of raw 
materials used for ceramics production. The LL and 
PI values for the ISQW samples plotted on the Holtz 

and Kovacs (1981) diagram (Fig. 6a) revealed that all 
the tested ISQW samples plotted in the medium- to 
high-plasticity region. From the diagram, the medium 
plasticity displayed by the samples was consistent 
with the predominant clay mineral being illite (Bain, 
1971). The scattered plots in the Holtz and Kovacs 
diagram which revealed that the raw materials fall 
within the illite and smectite region with medium 
plasticity, can be attributed to the abundance of fine 
and silt fractions. Generally, large clay and silt frac-
tions usually give rise to relatively high plasticity. The 
large clay and silt fractions recorded (Table  3) and 
the smectite contents in the ISQW samples studied 
(Table  1) may be responsible for the relatively high 
plasticity, an indication of material with significant 
potential for swelling (Oyebanjo et  al., 2020). Raw 
materials with PI values of between 7 and 10 have 
low plasticity and are not considered appropriate for 
use in building-related ceramics production as they 
would require addition of polymer in order to obtain 
adequate plastic behavior to avoid cracking during 
extrusion (Bain, 1971; Dondi et al., 2002; Oyebanjo 
et  al., 2020). This is probably not the case with the 
quarry wastes studied as the PI values obtained were 
generally ≥20%. The minimum percentage of mois-
ture required to obtain the necessary plasticity is 
defined by the PL parameter which is very impor-
tant for the technological process in terms of drying 
(Monterio & Vieira, 2004). For any raw material it 
is important to note that PL ranging from 26 to 32%, 
according to Teixera et  al. (2001), usually allows 
ceramics processing and/or conforming via the extru-
sion process.

According to Skempton (1953), the degree of col-
loidal activity is expressed by the ratio of PI to the 
percentage of the soil fraction which is <2 μm. That 
author suggested three classes of clays based on their 
activity, namely the inactive clays with activity val-
ues of <0.75, normal clays with activity values rang-
ing between 0.75 and 1.25, and the active clays with 
activity values >1.25. In the current study, the clay 
activity (CA) obtained from the ISQW samples rang-
ing from 0.80 to 1.27 were generally >0.75; a value 
which Skempton and Northey (1952) and Skempton 
(1953) considered normal to active; confirming the 
predominance of illitic clay minerals. Illite, accord-
ing to Tsozue et  al. (2017), is considered a special 
mineral that improves the plasticity of raw materi-
als, favoring the occurrence of vitreous phases during 

Fig. 5  Grain-size distribution classification based on: a Win-
kler diagram for the technological classification of clay prod-
ucts (Winkler, 1954) and Diko-Makia & Ligege (2020). Fields 
are defined as: (1) common bricks, (2) vertically perforated/
corrugated bricks, (3) roofing tiles and masonry bricks, and 
(4) perforated/hollow products, and b McNally diagram for 
raw material used in the production of bricks and tiles (adapted 
from McNally, 1998)
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firing, thereby improving densification and strength 
of the ceramic bodies. The proportions of illite which 
are considered large in the ISQW samples tested (see 
Table 1) would probably impact on the drying behav-
ior and fired strength of the finished product. The 
Casagrande clay workability chart (Fig. 6b) revealed 
that the ISQW samples are generally of medium plas-
ticity and suitable for ceramics production with sig-
nificant linear shrinkage.

Ceramics Properties of Indurated Shale-Quarry 
Waste

After drying for 24 h the ISQW samples were heated 
and various technological properties determined; 
the results are summarized in Table 4. According to 
ASTM C1167-11 (2017), heat treatment at elevated 
temperature is expected to assist development of a 
fired bond between material particles that can provide 
the required strength and durability. The results gen-
erated from the linear shrinkage (LS) tests (Table 4) 
indicated that the LS for each of the fired samples 
increased as the firing temperature increased. From 
the results, at an elevated temperature of 800°C, the 
linear shrinkage varied from 9.23 to 12.2% while 
at 1000°C, the LS varied from 14.8 to 18.3%, an 

indication of increment with heat treatment (Fig. 7). 
Shrinkage by drying and firing, according to Zebal-
los et  al. (2016), is related directly to the amount 
and types of clay minerals as well as the physical 
water present in the plastic clay materials. The level 
of shrinkage observed in the fired materials can be 
argued to be consistent with the proportion of clay 
fraction present (Table 3). The increase in LS can be 
attributed to the breakdown of the clayey structure at 
high temperature (1000°C) which marked the begin-
ning of the vitreous phases and the possible occur-
rence of the thermal decomposition of carbonates 
(El Ouahabi et  al., 2014). The large quartz contents 
(Table  1) present in the extruded ISQW samples 
can also be responsible for the level of shrinkage of 
the samples. El Ouahabi et  al. (2014) attributed the 
behavior exhibited by the ISQW samples during fir-
ing to the transition of alpha to beta quartz at higher 
temperature. The relatively high linear shrinkage was 
in agreement with the amount of smectite which can 
limit its application to produce tiles. This is due to 
the minimal shrinkage during firing of the raw mate-
rial in ceramics processing, which is vital according 
to Garcia-Valles et  al. (2020) and Oyebanjo et  al. 
(2020). Linear shrinkage, according to Semiz and 
Çelik (2020), gives an indication of the efficiency of 

Fig. 6  Atterberg limits of the indurated-shale quarry waste: a according to the Holtz and Kovacs (1981) diagram, b according to the 
Casagrande (1947) clay workability chart
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firing, and the internationally acceptable LS values 
for aluminum silicates, kaolin, and fired clays rang-
ing from 7 to 10% (Diko-Makia & Ligege, 2020; 
Manukaji, 2013). The LS values obtained in the 
current study ranged from 14.8 to 18.3% and were 
not within the internationally acceptable range of 
7  (Manukaji, 2013; Semiz, 2017; Yongue-Fouateu 

et  al., 2016) for possible use as raw materials in 
ceramics production.

The water absorption (WA) tests as carried out on 
the ISQW specimens indicated that at 800°C the WA 
varied from 12.4 to 15.4% while at an elevated firing 
temperature of 1000°C, the WA varied from 8.33 to 
10.7%. The WA test usually reflects the water-retention 

Table 4  Results of technological tests conducted on Albian-indurated shale-quarry waste at various temperatures

Sample Code Fired Temperature Linear shrinkage 
(%)

Water absorp-
tion (%)

Bulk density (g/
cm3)

Weight loss 
(%)

Flexural 
strength 
(MPa)

ISQW 1 800°C 9.23 14.4 2.01 5.2 2.45
900°C 12.7 12.7 2.09 6.2 2.61
1000°C 17.8 9.80 2.19 8.3 3.22

ISQW 2 800°C 12.2 16.0 1.89 5.0 2.99
900°C 14.7 12.7 1.98 6.2 3.09
1000°C 18.3 10.6 2.00 7.3 3.21

ISQW 3 800°C 9.28 14.9 2.13 4.9 2.40
900°C 12.1 12.9 2.13 6.2 2.89
1000°C 14.8 9.12 2.23 6.3 3.23

ISQW 4 800°C 10.2 12.4 2.00 5.0 2.59
900°C 14.7 10.3 2.02 6.2 2.99
1000°C 15.3 8.33 2.20 7.3 3.31

ISQW 5 800°C 9.75 15.4 1.91 5.0 2.56
900°C 12.7 12.3 2.14 6.4 2.89
1000°C 16.8 10.7 2.18 8.5 3.99

Fig. 7  Firing behavior (heat treatment) of some technological properties as the fired temperature increased
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capacity of each of the samples. From the results, the 
WA capacity of the ISQW samples decreased signifi-
cantly as the firing temperature increased (Fig. 7). The 
decrease in the WA for the fired ISQW could be trans-
lated to the dehydration reactions, decarbonation, and 
combustion of organic matter (Monterio & Vieira, 
2004; Ngun et  al., 2011) which influenced greatly the 
mechanical properties and durability of the raw materi-
als thereby transforming them into more resistant and 
more durable materials. The decrease in the WA has 
been attributed (Kagonbe et al., 2021; Lambercy, 1993) 
to the formation of a glassy phase that penetrated the 
pores, closing them and isolating them from the neigh-
boring pores. In ceramics specifications according to the 
ISO 13006–10545/95 standards, on the basis of WA, 
ceramic tiles can be categorized into low-WA (<3%), 
medium-WA (3–10%), and high-WA (>10%). Accord-
ing to Souza et al. (2002), the specified values for WA 
of Brazilian clay-based products are WA < 25% and 
WA < 20% for dense bricks and roofing tiles, respec-
tively. Yongue-Fouateu et al. (2016) recommended the 
WA ranging from 8.03 to 24.27% for quality and process 
control parameters in the development and manufactur-
ing stages to produce structural ceramics. However, the 
low WA values (≤ 10.7%) recorded from the fired ISQW 
samples suggest that the materials exhibited low poros-
ity and that the finished products would show no cracks, 
thereby rendering them suitable for use in the ceram-
ics industry. The WA of the materials studied with val-
ues ≤ 10.7% at 1000°C suggested that they are suitable 
for use in massive-brick (WA ≤ 25%), ceramic-block 
(WA ≤ 25%), and roofing-tile (WA ≤ 20%) production.

The values obtained for bulk density (BD) as the 
firing temperature increased are presented in Table 4. 
The BD at 800°C ranged from 1.89 to 2.13  g/cm3 
while at the increased firing temperature of ~1000°C, 
the BD ranged from 2.0 to 2.23 g/cm3. In the ceram-
ics industry, strength variation with increasing tem-
perature in the firing process is very important (Semiz 
& Çelik, 2020). From the results, strength variations 
that were observed in bulk-density values in all five 
ISQW samples tested were not significant as the tem-
perature increased. The observed strength-variation 
gain obtained at 1000°C confirmed that mineralogical 
transformations may well have occurred (Monterio & 
Vieira, 2004; Tsozue et al., 2017). The level of densifi-
cation exhibited by the indurated shale could be attrib-
uted to the proportions of the fluxing oxides  (Na2O 
and  K2O; 4.98–7.41%) which are generally >4.0% 

for each sample and this, according to Kamseu et  al. 
(2007), often favors the formation of a vitreous phase 
especially at ~1100°C. The non-clay minerals such 
as quartz and feldspar may have further enhanced the 
densification of the fired ISQW materials.

The weight loss (WL) is regarded as an important 
feature that reveals the amount of organic matter pre-
sent in the starting materials which further reflects the 
degree of vacuum and the percentage of water absorp-
tion. At 800°C, the WL ranged from 4.9 to 5.2% while 
at ~1000°C, the WL ranged from 6.3 to 8.5%. The 
variations observed in the WL values of all the tested 
ISQW samples with increased firing temperature 
could be attributed to the elimination of organic mat-
ter by combustion, loss of structural water, decompo-
sition of some minerals such as sulfate and carbonate 
during firing (Bauluz et al., 2004; Monterio & Vieira, 
2004; Tsozue et  al., 2017). Tsozue et  al. (2017) and 
Kagonbe et al. (2021) suggested that WL of < 5.0% in 
the weight of fired products is acceptable generally for 
raw materials because that serves as an added advan-
tage in making it a cost effective material in ceram-
ics industries but in the case of heat-treated ISQW 
samples, the average WL obtained was 7.0%; a value 
above the acceptable limit, and this suggests that the 
raw materials will require beneficiation.

The flexural strength (FS) of the ISQW materi-
als ranged from 2.40 to 2.56  MPa at 800°C, while 
at a firing temperature of 1000°C, the FS values 
increased to 3.21–3.99  MPa, an indication that the 
technological property showed great dependence on 
the firing temperature. The percentages of quartz 
and illite present in the ISQW may have influenced 
the geotechnical behavior (increased FS and shrink-
age) of the samples after firing. The large clay con-
tents in the ISQW may have favored densification 
which resulted in more mullite formation upon fir-
ing. Densifications brought about by the large quartz 
contents in all of the extruded ISQW samples were 
assumed to be responsible for the increased flexural 
strength. According to Teixera et  al. (2001), mini-
mum values of flexural strength indicated for ceram-
ics pieces at 1000°C are 2.0 MPa for massive bricks, 
5.5 MPa for ceramic blocks, and 6.5 MPa for roofing 
tiles. The FS values (3.21–3.99 MPa) obtained from 
the present study at 1000°C are significantly smaller 
than those FS values reported by Dondi et al. (2002) 
for Italian brick clays as well as by other authors 
such as Teixera et  al. (2001) and Kagonbe et  al. 
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(2021) for roofing tiles except for production of 
massive bricks.

Suitability of ISQW as Raw Materials in the 
Production of Roofing Tiles

The present study addressed the possibility of using 
ISQW from Abakaliki, southeastern Nigeria, as an 
alternative raw material for manufacturing roofing 
tiles. The analytical results are consistent with a min-
eralogical composition dominated by quartz, illite, and 
chlorite with lesser amounts of feldspar and carbon-
ate. Chemically, the major oxides present are  SiO2, 
 Al2O3,  K2O, and CaO, with small amounts of MgO, 
MnO,  Fe2O3, and  TiO2. The  SiO2 contents (gener-
ally ≥ 57.1%) in each of the tested ISQW samples are 
significant and, according to Zeballos et  al. (2016), 
this is desirable for roofing-tile ceramics materials. 
The concentrations of MgO (0.48–0.50%) and  K2O 
(4.98–7.41%) were due to the presence of chlorite and 
illite, respectively. The  Fe2O3 (1.94–3.39%) and MgO 
(0.48–0.50%) contents were considered to be small 
and unlikely to impact the color of the final ceram-
ics products. The presence of  Fe2O3 and MgO is very 
important when the materials are being considered for 
use in the production of whitish tiles. The LOI (gen-
erally ≥ 6.43%) is significant and can be explained by 
the presence of clay minerals, hydroxides, and organic 
matter. Specifications relating to the major-oxides data 
are considered to be very important for ceramics appli-
cations (Diko-Makia & Ligege, 2020; Kagonbe et al., 
2021). The amounts of fluxing oxides (CaO + MgO +  
Fe2O3 +  Na2O +  K2O; 12.3–16.4%) are considered to 
be large, indicating that sufficient sintering during fir-
ing guarantees the formation of vitreous phases. Based 
on the chemical properties, the concentrations of  SiO2, 
 Al2O3, and  Fe2O3 are within the allowable interna-
tional limits for ceramics formulations. The predomi-
nance of clayey-silt type materials in the ISQW sam-
ples studied means that they serve as good alternative 
raw materials in ceramics bodies (Semiz, 2017; Diko 
et  al., 2011; Dondi et  al., 1992). In cases where the 
silt contents are large, i.e. greater than the required 
proportions, pre-treatment such as crushing and siev-
ing can be adopted before using the raw materials 
in roofing tiles (Semiz and Çelik, 2020; El Ouahabi 
et al., 2014). The LL (44–50%) obtained in the present 
study are in agreement with the range defined by Bac-
cour et al. (2009) (30–60%) for the composition of raw 

materials used for ceramics production. The LL and 
PI values for the ISQW samples plotted on the Holtz 
and Kovacs (1981) diagram revealed that all the tested 
ISQW samples plotted within the medium- to high-
plasticity region. The slight differences noted in the 
plasticity of the tested ISQW samples are controlled 
mainly by the particle size distribution data. From the 
Winkler and McNally diagrams, the ISQW samples 
studied showed heterogeneous behaviors as they plot-
ted within vertical corrugated bricks and perforated 
products and bricks and tiles production, respectively.

A technological evaluation indicates the practical 
and technical uses of the final clay products when their 
properties are compared with the requirements of regu-
latory bodies such as the American Society for Testing 
Materials. Firing (heat treatment), which represents 
a crucial stage in the manufacture of ceramic roofing 
tiles, created good mechanical strength for the ISQW 
materials. A strong, positive correlation (r = 0.856, 
p < 0.001) is shown in Table  5 between sand fraction 
and flexural strength and between sand fraction and 
bulk density (r = 0.655, p < 0.001). Good positive cor-
relation also exists (r = 0.996, p < 0.001) between LL 
and WA. The PI correlated well with LS (r = 0.95, 
p < 0.001), WA (r = 0.856, p < 0.001), and FS (r = 0.894, 
p < 0.001). Negative relationships exist between the clay 
fraction and BD (r = –0.606, p < 0.001), silt fraction 
and PL (r = –0.892, p < 0.001), PI and BD (r = –0.860, 
p < 0.001), and LL and WL (r = –0.529, p < 0.001). 
Very poor correlations exist between the following 
parameter pairs: PI and WL (r = 0.455, p < 0.001) and 
sand fraction and FS (r = 0.114, p < 0.001). Therefore, 
the physical properties of the ISQW influenced greatly 
the technological properties. As the firing temperature 
increased, the WA and WL tended to decrease while 
the linear shrinkage, bulk density, and flexural strength 
increased gradually, though increases were not signifi-
cant as the firing temperature increased to 1000°C. The 
quartz content and illite present in the studied materials 
(Table 1) may have influenced the behaviors of some 
of the technological properties (increased FS and lin-
ear shrinkage) after firing. Illites, according to Ferrari 
and Gualtieri (2006), are used widely as fluxing materi-
als in traditional ceramics for the production of cook-
ing pots, tiles, bricks, and stoneware tiles. At the firing 
temperature of 1000°C, an increase in the bulk density 
and firing linear shrinkage were observed which agrees 
partially with decreased WA. After firing to ~1000°C, 
raw materials with FS ≥ 5.7  MPa (Souza et  al., 2002; 
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Monterio & Vieira, 2004; Onana et  al., 2019) and 
WA < 20% (Onana et  al., 2019) are considered to be 
valuable raw materials for roofing-tile manufacture 
(Table 5). The fired temperature of 1000°C served as a 
suitable condition for the beginning of liquid-phase sin-
tering, increased material densification, and mechanical 
strength development of the raw materials for the pro-
duction of roofing tiles. For the ISQW to serve well in 
a wide range of ceramics, convenient amendment for 
improved flexural strength and further reduction of the 
shrinkage are highly recommended. Evaluation of the 
technological properties suggests that ISQW materials 
can serve as raw materials for roofing tile manufactur-
ing only when beneficiated in order to achieve excellent 
properties and to reduce the sintering temperature. With 
better knowledge of the physicochemical properties and 
technological behaviors exhibited by fired ISQW, the 
ceramics industries now have useful information about 
the raw materials at the time of formulating the ceram-
ics pastes, thereby obtaining higher-quality products, 

a greater diversity of products, and a possible saving 
in terms of time and money in the development of the 
ceramics process. This research is expected to serve as 
a starting point and encouragement for future research 
and will further boost Nigeria’s economy in terms of its 
gross domestic product and foreign-exchange earnings.

Conclusions

Evaluation of the mineralogical, physiochemical, and 
ceramics properties of indurated shale-quarry wastes to 
determine their suitability for possible use as alterna-
tive raw materials in the ceramics (roofing tile) indus-
try enabled the following conclusions to be drawn:

 (1)  The mineralogical composition of the indurated 
shale revealed the predominance of illite, smec-
tite, kaolinite, and chlorite with large quantities 
of quartz as well as considerable percentages of 

Table 5  Correlations of physical properties of Albian indurated shale-quarry waste and the technological properties of fired speci-
mens

* Correlation is significant at the 0.05 level
÷ Data for technological properties obtained at the high firing temperature of 1000°C

Clay Silt Sand LL PL PI LS÷ WA÷ BD÷ WL÷ FS÷

Clay 1
Silt 0.243 1

0.694
Sand –0.868 –0.677 1

0.056 0.209
LL 0.354 –0.514 –0.088 1

0.559 0.375 0.888
PL –0.405 –892* 0.790 0.184 1

0.498 0.042 0.112 0.767
PI 0.546 0.676 –0.819 0.223 –.917* 1

0.341 0.211 0.090 0.718 0.028
LS÷ 0.415 0.729 –0.740 0.000 –.958* .950* 1

0.487 0.162 0.153 1.000 0.010 0.013
WA÷ 0.466 0.846 –0.809 0.003 –0.871 0.865 0.763 1

0.429 0.071 0.098 0.996 0.054 0.058 0.133
BD÷ –0.606 –0.210 0.655 –0.673 0.591 –0.860 –0.736 –0.590 1

0.279 0.735 0.231 0.213 0.294 0.062 0.157 0.295
WL÷ –0.392 0.743 –0.110 –0.529 –0.677 0.456 0.598 0.524 –0.049 1

0.514 0.150 0.860 0.359 0.209 0.440 0.286 0.365 0.937
FS÷ –0.451 0.428 0.114 –0.236 –0.180 0.083 0.001 0.461 0.173 0.592 1

0.446 0.472 0.856 0.703 0.772 0.894 0.999 0.435 0.781 0.293
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carbonate and feldspar, all of which have great 
influence on developing ceramics materials. The 
chemical analyses allowed for rapid classification 
of the ISQW samples studied for their optimal 
applications. The relative abundances of  SiO2 
were explained by the large amount of quartz 
while  Al2O3 was correlated with clay minerals 
and feldspar. The proportions of  Fe2O3 and MgO 
present in the raw materials may affect the color 
of the final ceramics product. Based on chemical 
specifications, the concentrations of  SiO2,  Al2O3, 
and  Fe2O3 are within the allowable international 
parameters for ceramics formulations.

 (2)  The ISQW samples classified predominantly 
as clayey-silt texture qualifies them for ceram-
ics applications. Pre-treatment such as crushing 
and sieving can be used when the raw materi-
als contain large proportions of silt, greater than 
the required proportions, before using the raw 
materials in structural ceramics such as roofing 
tiles. The LL and PI values for the ISQW sam-
ples as plotted on the Holtz and Kovacs diagram 
revealed that all the ISQW samples plotted in 
the medium-plasticity region, suggesting moder-
ate potential for swelling. From the Winkler and 
McNally diagrams, the ISQW samples showed 
heterogeneous behaviors as they plotted within 
‘vertical corrugated bricks and perforated prod-
ucts’ and ‘brick and tile production,’ respectively.

 (3)  Heat treatment of the ISQW samples, which 
represented a crucial stage in the manufac-
ture of ceramics roofing tiles, created good 
mechanical strength for the studied raw materi-
als. The quartz content and illite present in the 
ISQW influenced the mechanical characteristics 
(increases FS and linear shrinkage) of the tested 
samples after firing. The relatively large linear 
shrinkage agreed with the amount of smectite 
which can limit its applications to produce tiles. 
The flexural strength increased with increased 
firing temperature due to the formation of a 
dense phase. In the present study, the high fir-
ing temperature (1000°C) tended to serve as 
the most suitable condition for the beginning 
of liquid-phase sintering, increased material 
densification, as well as mechanical-strength 
development of the raw materials. Based on the 
technological specifications, the ISQW materi-
als revealed acceptable weight loss, reduced 

shrinkage, and water absorption with unsatis-
factory performances for bulk density and flex-
ural strength (≤ 3.99 MPa) at the elevated tem-
perature of 1000°C in ceramics applications.

 (4)  The comprehensive evaluations suggest that 
ISQW materials can serve as raw materials for 
roofing-tile manufacture when beneficiated to 
achieve excellent properties and reduce sintering 
temperature. This will help to conserve existing 
resources, thereby enabling sustainable produc-
tion in the region and reduce the production costs, 
especially with regard to energy consumption. 
With better knowledge of the technological prop-
erties of the indurated shale-quarry wastes, their 
use as alternative raw materials for incorporation 
in industrial production of roofing tiles will boost 
the nation’s economy in terms of its gross domes-
tic product and foreign-exchange earnings.
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