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ABSTRACT

This study investigated the potential of calcined clays from Nigerian deposits in
the production of ternary blends of cement. Clay samples were obtained from three different
locations namely: Ikpeshi, Okpilla and Uzebba. The raw clay samples were then calcined at
700°C and 800°C. Chemical and mineralogical compositions were determined for the raw
and calcined clay samples using XRF and XRD respectively. The chemical composition
confirmed these clays as potential pozzolans with SiO2, Al203, and Fe203 collectively
exceeding 70%. XRD analysis identified kaolinite and quartz as major mineral phases in the
raw clays, which transformed into metakaolin upon calcination. Compressive strength tests
on mortar samples prepared with 50% substitution of Portland cement with the calcined
clay and limestone, showed that Ikpeshi clay at 800°C had the best strength performance,
with astrength activity index of 0.92 at 28 days, demonstrating superior pozzolanic
potential. Strength development was more significant between 7 and 28 days, indicating the
pozzolanic reaction's contribution to long-term strength. However, the initial strength at 3
days was lower than the reference cement due to a delayed pozzolanic reaction. XRD analysis
of blended pastes revealed typical hydration phases like portlandite, C-S-H, Stratlingite, and
ettringite, with the ternary blends showing reduced portlandite content, indicating
absorption by the pozzolan's alumina phase. Durability assessments revealed that the
ternary blends exhibited improved resistance to water and chloride ion ingress. These
findings highlight the effectiveness of Nigerian calcined clays in producing durable and
sustainable concrete, supporting their use as supplementary cementitious materials to
reduce the environmental impact of concrete production.
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1. INTRODUCTION

The increasing global demand for concrete in the 21st century is closely linked to the
expansion of the middle class. This trend presents a critical challenge for the concrete
industry: to develop and implement systems that enhance the availability of concrete while
concurrently mitigating its environmental impact. To effectuate a substantial global
transformation, proposed solutions must be scalable, economically viable, and specifically
tailored to the requirements of end-users, particularly in developing regions where the
majority of demand growth is projected (Scrivener, 2014).

Supplementary cementitious materials (Juenger et al.,, 2019) are soluble siliceous,
aluminosiliceous, or calcium aluminosiliceous powders that are used to partially replace
clinker in cements or to partially replace Portland cement in concrete mixtures. The primary
sources of SCMs are byproducts of industrial processes. These include granulated blast
furnace slag, pulverized fly ash, natural pozzolans (such as silica fume and agricultural
ashes), artificial pozzolans, and limestone (Diaz et al., 2017). The term "natural pozzolan"
refers to a wide variety of materials. While some of these materials are inherently pozzolanic,
the majority require processing to develop their pozzolanic properties. They include
calcined clay, calcined shale, diatomaceous earth, opaline shales, metakaolin and volcanic
materials (ACI 232.1R, 2012). Abundant deposits of such clays are prevalent in equatorial
to subtropical regions, which coincidentally align with the geographical locations of many
rapidly emerging countries. Given this context, it is highly probable that the demand for
cement will continue to escalate in these areas.

The ideal calcination temperature for clay depends on its mineralogical composition and
chemical makeup. If the temperature is too low, incomplete dehydroxylation occurs, leaving
the structure partially unaltered. Conversely, excessively high temperatures (> 900°C) lead
to recrystallization of high-temperature phases and additional sintering, reducing the
material's pozzolanic reactivity. Also, The fineness of calcined clay significantly influences
its pozzolanic reactivity and performance in cementitious systems. According to studies, a
Blaine fineness range of 400-700 m?/kg is ideal for optimizing the reactivity of calcined clays
in concrete applications. However, in this research, the materials were subjected to the same
grinding conditions and the effect of fineness on the pozzolanicity was not carried out.

The reaction between the constituent compounds of cement and water is commonly referred
to as hydration. During this process, various hydration products form. These include alite,
belite, ettringite, calcium monosulfoaluminate, alumina-ferric oxide, monosulfate (AFm),
and alumina-ferric oxide trisulfate (AFt). Among these, the primary hydration product is
calcium-silicate-hydrate (C-S-H), which typically constitutes 50% to 60% of the hardened
cement paste. Lime (calcium hydroxide) makes up approximately 20% to 25%, while
ettringite accounts for 15% to 20%. The remaining 5% to 6% consists of capillary voids and
entrapped air. Calcium hydroxide, although beneficial for concrete by acting as a buffer with
a high pH that protects steel against corrosion, can also be a source of weakness. It is highly
soluble and susceptible to attack by acids. Additionally, calcium hydroxide is the most
unstable phase in terms of carbonation (Stark and Wicht, 2000). The occurrence of the
unreacted lime acts as an activator for the pozzolanic reaction.

Research conducted at the Ecole Polytechnique Fédérale de Lausanne (EPFL) (Alujas et al.,
2015; Avet et al., 2016) has demonstrated that including approximately 40% kaolinite in
an LC3-50 mixture (comprising 50% ground clinker, 30% calcined clay, 15% limestone, and
5% gypsum) yields mechanical properties comparable to those of plain Portland cement
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within approximately 7 days. The specific test conditions involved mortar bars with a water-
to-cement ratio (w/c) of 0.5 and a sand-to-cement ratio of 3 (BS EN 196-1, 1995).

When evaluating a novel cement formulation, the aspect of durability assumes paramount
significance. Hydration of Portland cement produces CH; the CH (Portlandite) reacts with
the additional pozzolan to produce calcium silicate hydrates. According to (Sabir et al.,
2001), the CH released during the hydration of PC could be harmful to durability and
contributes less to strength, thus, the reduction of the released CH by way of reaction with
the pozzolan helps to enhance durability and strength. (Odriozola and Gutiérrez, 2008)
conducted a comparative analysis of various test methods for assessing the chloride
permeation resistance of concrete. They found out that, porosity, water absorption, and
oxygen permeability tests did not adequately reflect the impact of supplementary
cementitious materials or exposure conditions. However, water permeability, capillary
water absorption, and depth of water penetration exhibited meaningful correlations with
the apparent chloride ion diffusion coefficients of concrete. In contrast, (Hedayat and
Baniasadizade, 2015) reported that the water absorption test accurately predicts concrete
durability against chloride ion ingress. Clay is a complex material and there are no two kaolin
exhibiting equal properties. Research into the optimum calcination temperature of the
Nigerian kaolinite clay for LC3 applications is lacking. According to (Rautureau etal.,2017)
kaolin properties are influenced by environmental formation and deposition conditions.
Hence, this research aims to investigate the potential use of clays obtained from Nigeria clay
deposits in the production of ternary blends of cement, via assessment of its mechanical and
transport properties.

2. MATERIALS AND METHODS
2.1 Materials
2.1.1 Clay

Clay samples were collected from three locations in Edo state, Nigeria: Uzebba (in Owan
West Local Government Area), Okpella (in Etsako East Local Government Area), and Ikpeshi
(in Akoko-Edo Local Government Area). These areas experience a warm-humid tropical
climate characterized by distinct dry and wet seasons. The vegetation in these regions is
typical of the Guinea Savannah, featuring shrubs, dispersed trees, and grass savannah. The
Uzebba area is situated within the Eastern Dahomey Basin in southwestern Nigeria, where
the underlying Upper Cretaceous sedimentary rocks belong to the Araromi Formation. This
formation comprises fine to medium-grained fluvial sandstone and gritstone at the base and
is covered by shales and siltstones with interbedded marl, limestone and lignite (Adewumi
et al,, 2016). The region of Okpella and Ikpeshi lies within the Pre-Cambrian Basement
Complex of Southwestern Nigeria. Most parts of this region are underlain by the
metasediments, referred to as the Igarra Schist Belt (Ademila et al., 2019). The raw clay
samples were calcined at temperatures of 700°C and 800°C in a fixed-bed furnace with a
heating rate of 10°C/minute and a retention time of 2 hours, to produce calcined clay.
Samples of the raw and calcined clay are shown in Fig. 1.
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OKPILLA RAW CLAY UZEBBA RAW CLAY

OKPILLA CALCINED CLAY @ 800 DEG CELC. UZEBBA CALCINED CLAY @ 800 DEG CELC. IKPESHI CALCINED CLAY @ 800 DEG CELC.

(b)

Figure 1. (a) Raw clay samples (b) Calcined clay samples.

2.1.2 Limestone

The limestone used in the study was obtained as a commercial product from Okpilla.

2.1.3 Portland Cement (PC)

For this study, normal CEM II cement of grade 42.5N was utilized as the reference cement.

The physico-chemical properties of the CEM Il cement are presented in Table 1 alongside the
clinker phases present in the cement.

2.1.4 Fine Aggregate

The fine aggregate employed for fabricating test specimens was natural silica sand, which
complies with the specifications for graded standard sand (ASTM C 778, 2002). This is a
standard sand, predominantly graded to pass a 850-um (No. 20) sieve and be retained on a
600-pm (No. 30) sieve.
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2.1.5 Water

Potable water obtained from the Institute’s main supply was employed for the preparation
of samples, adhering to standards (ASTM-C1602/C1602M, 2012).

Table 1. Chemical Composition of CEM Il cement 42.5N (Nwokocha and Munachiso, 2022)

Component Composition (wt.%) | BS Limits
SiOs 20.26 17.46-21.59%
Al 03 4.96 3.29-6.14%
Fe;03 3.08 1.21-3.76%
Ca0 53.69 58.67-63.90%
MgO 1.06 0.61-3.30%
SO3 1.53 <3.5

K20 0.52

Naz0 0.27

K20+Na,0 0.79 <2.0

CsS 23.3 50-70%

C2S 40.67 15-30%

CsA 7.94 5-10%

C4AF 9.36 5-15%

2.2  Preparation of Mortar and Paste Samples

Mortar samples were prepared using 1 part of cementitious material and 2.75 parts of sand,
with a water/binder ratio of 0.5. The PC-limestone-calcined-clay blends were prepared using
50% of Portland cement, 30% of calcined clay, 15% of limestone and 5% of gypsum (see
Table 2). The mortar specimens were carefully covered with thin polyethylene sheets and
allowed to cure in ambient air conditions for 24 hours. Thereafter, they were demoulded and
placed in saturated limewater to cure till the day of testing.

Table 2. Mixture proportioning for LC3 systems.

Calcination Clinker Calcined Limestone | Gypsum w/b

Sample | Source Temp. (°C) (% wt. | clay (% wt. (% wt. (% wt. ratio
) binder) binder) binder) binder)

OPC - - 100.0 0 0 0 0.5
LC3i7 Ikpeshi 700 50.0 30.0 15.0 5.0 0.5
LC3i8 800 50.0 30.0 15.0 5.0 0.5
LC307 Okpilla 700 50.0 30.0 15.0 5.0 0.5
LC308 800 50.0 30.0 15.0 5.0 0.5
LC3u7 Uzebba 700 50.0 30.0 15.0 5.0 0.5
LC3u8 800 50.0 30.0 15.0 5.0 0.5

Paste samples were prepared using calcined clay and slaked lime in a 40:60 proportion. The
calcined clay and slaked lime were placed in a bowl, and dry mixed. Thereafter, water was
added to the mixture in a 1:1 water-to-solid ratio. The resulting mixture was stirred
thoroughly for one minute with a spoon. Thereafter, the paste was placed into four plastic
bottles (each holding about 10ml), and sealed. To avoid carbonation, it is crucial to move fast
and effectively during this procedure. Also, the sample tubes were pressed as they were
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being filled up so as to help prevent the inclusion of air bubbles, which contain CO2. In order
to promote the hydration reaction over the carbonation reaction, the pastes were then kept
in a fog room to cure

2.3 Methods
2.3.1 Chemical Analysis by XRF

The chemical composition of the clays sourced from the three different locations was
analysed to assess their suitability as natural pozzolans. The Xenemetrix Genius-IF EDXRF
spectrometer was utilized for this analysis. Approximately 5g of pulverized clay sample was
filled into each cup, and the analysis was conducted to determine the chemical composition.

2.3.2 Mineralogical Analysis of Raw and Calcined Clay by X-ray Diffraction

X-ray diffraction (XRD) was employed to study the mineralogical composition of the raw and
calcined clay samples. Samples were prepared using a compression technique and analyzed
on a Rigaku MiniFlex 600 XRD Diffractometer. The settings included a two-theta range from
4° to 75°, using Cu-Ka radiation, with specific parameters for intensity recording and peak
identification.

2.3.3 Mortar Strength Test

Compressive strength test was performed on mortar samples at ages of 3, 7 and 28 days. At
the day of the test, the mortar samples were brought out from the curing tank and left to dry
under air before testing. The cubes were crushed using a Matest compression-testing
machine loaded at the rate of 2000N/s. The test was conducted in accordance to the
specifications in (ASTM-C109/109M, 2008).

2.3.4 XRD Analysis on Ternary Blend Paste

The hydration process and phase changes during hydration were monitored using the
Rigaku MiniFlex 600 XRD Diffractometer, with settings consistent with those mentioned
earlier.

2.3.5 Transport Properties
2.3.5.1 Sorptivity Test

The sorptivity test was carried out by adopting a similar method used by other researchers
(Giineyisi and Gesoglu, 2008; Tasdemir, 2003). Standard 50 mm mortar cubes were cast
from each mixture. After 24 hours, the specimens were demolded and cured in water for 28
days in a water tank. Preconditioning involved oven-drying the specimens at approximately
105°C until a constant mass was achieved. Subsequently, the test specimens were exposed
to water on a 50x50 mm plane by placing them in a pan (refer to Fig. 2) . Throughout the
experiment, the water level in the pan was maintained approximately 5 mm above the base
of the specimens. To ensure unidirectional flow, the lower surfaces of the specimen sides
were coated with waterproof material. At predetermined time intervals (1, 4, 9, 16, 25, 36,
49, and 64 minutes), the specimen masses were measured using a scale. The absorbed water
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amount was then normalized with respect to the cross-sectional area of the specimens. The
sorptivity coefficient (k) was determined using the following expression;

_ o
k= AVt 1)
where,

Q = the amount of water absorbed in cm3, obtained by dividing the mass of the water
absorbed in g, by the density of water (1 g/cm?3)
A = the cross-section of the specimen in contact with water in cm?

t=timeins
k = sorptivity coefficient of the specimen in cm/s/2,

50 mm maortar cubes

/ \ Sides coated
. - with paraffin

& |

Suppors to

| | I — |_suspend samples
r [ l [ ]k‘l/, from bottom of

trough

Figure 2. Measurement of water capillary sorption.

Sorptivity coefficient is a measure of the ability of mortar or concrete to absorb water by
capillary action. It quantifies the rate at which water is absorbed into the concrete's pore
structure under the influence of capillary suction. In simpler terms, sorptivity coefficient
tells you how quickly water can penetrate into concrete, which is crucial for understanding
its durability, especially in environments where water exposure is a concern (Balakrishna
et al,, 2018; Ogirigbo and Black, 2017). To determine the sorptivity coefficient, the ratio
of water absorption (Q) to the exposed cross-sectional area (A) was plotted against the
square root of time (t) (ASTM C1585, 2009). The coefficient (k) was then obtained from the
slope of the linear relationship between Q/A and t ( Fig. 3)

0.25
0.20
Adj. R-Sq 0.999

0.15 4

0.10 4

Q/A (cm®cm?)

= CTL
0.05 Linear fit

0.00 T T T T
0 1 2 3 - 5 6 7 8 9

t1/2 (51/2)

Figure 3. Linear fit for the determination of sorptivity coefficient for a CTL mortar sample
cured for 28 days.
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2.3.5.2 Depth of Chloride Penetration by Silver Nitrate Calorimetric Technique

The corrosion of steel reinforcement bars in concrete, triggered by the chemical attack of
chloride ions (especially in contact with seawater), remains a significant durability challenge
for reinforced concrete structures. The diffusion of chloride ions through concrete primarily
occurs due to the material’s porosity properties (Loser et al., 2010) and the specific phase
assemblage of the binder material (Arya et al., 1990; Arya and Xu, 1995)

The depth of chloride ion penetration was determined by the silver nitrate (AgNO3) spray
technique. This technique was used in this study as demonstrated by several researchers
(Giineyisi and Mermerdas, 2007; Giineyisi et al., 2007; Kim et al., 2007; Luping and
Nilsson, 1993; Ogirigbo, 2016). After curing for a period of 28 days, the 50 mm cubes were
fully immersed in a 3% NaCl solution (Fig. 4). The specimens were periodically withdrawn
at 14, 28, 56, 90 and 180 days to determine the depths of chloride ion penetration.
Afterwards, the withdrawn specimens were split into half and the surfaces were sprayed
with a 0.1M silver nitrate (AgNOs3) solution. The appearance of a white precipitate (silver
chloride, AgCl) indicates the presence of free chloride ions (as described by Equation 2).
Conversely, in the absence of free chloride ions, the reaction between portlandite and silver
nitrate leads to a brown coloration, signifying the formation of silver hydroxide (AgOH). To
assess the depth of free chloride penetration, linear measurements were taken from the
specimen’s edge to the boundary where the color change occurred.

Agtaq) + Claq) > AgClis) (white precipitate) (2)

Ag*aq) + OHaq) > AgOHgs) (brown precipitate) (3)

Figure 4. Mortar samples immersed in 3% NaCl solution

3. RESULTS AND DISCUSSION
3.1 Mineralogical and Chemical Compositions of the Raw and Calcined Clays

The result of the bulk chemical analysis of the raw clay and limestone is presented in Table
3. Summation of the components SiO2 + Al203 + Fez03 is equal to or greater than seventy
percent (70%), indicating that the three clays can be classified as potentially good pozzolans
(ASTM-C-618, 2005). The clays from the three sources have high alumina (Al203) contents
varying between 28.89 and 38.24 % and silica (SiO2) content ranging from 39.35 to 60.87 %.
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The Fe203 content of the samples are between 1.18 and 1.95 % and that of TiO2 varies
between 2.74 and 5.28 %. There was a high CaO content of 24.60 % in the Ikpeshi raw clay.
According to the French norm for metakaolin (NF P 18-513, 2012), the LOI value should not
be more than 4 %. Determination of the LOI for the clay materials from the three locations
revealed low values of 1.03, 2.05 and 2.29 % for the Ikpeshi, Okpilla and Uzebba clays,
respectively. A correlation between the alumina content and the LOI was observed. As the
LOI value increased, there was a corresponding increase in the alumina content, which
agrees with the findings of (Zhang et al., 2018). To qualify as a suitable pozzolan for cement
replacement, the sulfur trioxide (SO3) content in raw clay should not exceed 4% (ASTM-C-
618, 2005), while the SO; content in calcined clay should remain below 1%. Remarkably, all
the samples exhibit values well below 0.01%, meeting the specified criteria.

The X-ray diffraction pattern of the raw and calcined clays from Ikpeshi, Okpilla and Uzebba
are presented in Figs. 5 to 7 respectively. The mineralogical composition of Ikpeshi clay is
mainly kaolinite, associated with Calcite, Dollomite, Quartz and Anatase. Okpilla and Uzebba
clay diffraction pattern showed the presence of two major clay minerals, that is, kaolinite
and quartz. The XRD patterns of the raw clays from Ikpeshi and Uzebba showed two very
high-intensity reflection peaks around 12.5 ° 26 indicating the presence of kaolinite in the
materials. The three clay samples displayed strong reflection peaks at around 27 ° 26
indicating the presence of quartz. This is a reflection of the silica content from the XRF result
(Table 3). The presence of Anatase, Calcite and Dollomite are indicated by high peak
reflections at around 259, 300 and 31 ° 20 respectively.

Table 3. Bulk chemical composition of the raw clays.

Material Ikpeshi raw clay | Okpilla raw clay | Uzebba raw clay | Limestone
Si0z (%) 39.35 60.87 46.3 2.27
Alz03 (%) 28.89 3291 38.24 3.5
MgO (%) 0 0 0 5.9
TiOz (%) 4.3 2.74 5.28 1.02
Fe203 (%) 1.7 1.18 1.95 0.92
V205 (%) 0.2 0.11 0.26 0.03
Ca0 (%) 24.6 0.56 6.06 84.64
Zr02 (%) 0.15 0.41 0.53 0.03
BaO (%) 0 0.13 0.25 0

S0s3 (%) 0 0 0 0

LOI (%) 1.03 2.05 2.29 1.96
Si02+Al;03+Fe;03 (%) | 70.0 95.0 86.0 7.0

The Ikpeshi and Okpilla raw clay samples showed a lower Al203 concentration (28.89 wt. %
and 32.91 wt. % respectively) than the Al203 content of pure kaolinite (39.49 wt. %), while
the Al203 content (38.24 wt. %) of Uzebba clay compared well with that of pure kaolinite.
Also, the SiO2 content (39.35 wt. %) of the Ikpeshi clay was lower than the SiO2 content (46.3
wt. %) of pure kaolinite, while that of Okpilla (60.87 wt. %) is very much higher than for pure
kaolinite and that of Uzebba (46.30 wt. %) is the same as that of pure kaolinite. The presence
of other minerals such as dolomite and Calcite confirms the high CaO content (24.60 wt. %)
in the Ikpeshi clay.
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Figure 5. XRD diffraction pattern of raw and calcined clay (700 °C and 800 °C) from
Ikpeshi.

Generally, it is observed from the three clay samples that at temperatures of 700 and 800 °C,
the kaolinite peaks disappeared, signifying the transformation of the crystalline mineral to
metakaolin, which is amorphous. However, other minerals present such as calcite and quartz
remain unaffected by the calcination processes, since their decomposition temperatures are
much higher than that adopted in the calcination process.

A Alunite

Q B Bavenite
K Kaolinite
Q Quartz

KiQ

K K Q Q KiQ Q

A
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Q
700°C

|
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Figure 6. XRD diffraction pattern of raw and calcined clay (700 °C and 800 °C) from
Okpilla.
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Figure 7. XRD diffraction pattern of raw and calcined clay (700 °C and 800 °C) from
Uzebba.

3.2  Strength Development of Mortar Samples

The compressive strength of the mortar samples prepared from the various limestone-
calcined clay blends was determined after 3, 7 and 28 days of curing. The average
compressive strength of each set of tests is presented in Fig. 8.

30 q

3 days
7 days
28 days

Al wh e

Compressive strength (MPa)

CTL LC3i7 LC307 LC3u7 LC3i8 LC308 LC3u8
Mixtures

Figure 8. Compressive strength of referenced OPC (CTL) and LC3 blends from various
sources (i- Ikpeshi, o- Okpilla and u- Uzebba) at clay calcination temperatures of 700 and
800 °C.
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Generally, the compressive strength of all cement blends at day 3 is inferior to that of the
reference sample, resulting in an activity index below unity. This discrepancy poses a
significant limitation when contemplating field applications. The underlying cause can be
attributed to two factors: first, the dilution effect arising from the substitution of calcined
clay for lime within the cement matrix; and second, the delayed onset of the pozzolanic
reaction (Alujas et al.,, 2015; Shah et al.,, 2018; Xu et al,, 2023). The initial reaction
involves the cement hydration resulting in the formation of portlandite. It is thereafter that
the calcined clay can react with the portlandite to initiate the pozzolanic reaction (Alujas et
al., 2015). In summary, the pozzolanic reaction of calcined kaolinites significantly
contributes to strength development, particularly during the period between 7 and 28 days.
Consequently, the strength values at 28 days hold greater significance for assessing the
actual strength of ternary cement blends.

The compressive strength of the mortar decreases with increasing calcination temperature
except for clay obtained from Ikpeshi, which displayed an increased strength upon
increment in calcination temperature. The maximum compressive strength at 28 days (21.8
N/mm?) was observed in the referenced OPC mix and the minimum value, 13.4 N/mm?2, was
displayed by Uzebba calcined clay blend at 800 °C calcination temperature. Also there was a
progressive strength development from 3 days to 28 days for all the mortar samples except
for Uzebba clay blend calcined at 800 °C, which shows no continuous strength gain after 7
days. The limestone-calcined clay blends from Okpilla and Uzebba (at calcination
temperature of 800 °C) displayed the lowest strength development, while the mortars blend
with calcined clay from Ikpeshi (at 700 and 800 °C), and Okpilla (at 700 °C), exhibited the
highest strength development relative to the referenced OPC samples. At a calcination
temperature of 700°C, all calcined clay samples from Ikpeshi and Okpilla—except Uzebba—
demonstrate their highest reactivity in mortars. These samples achieve a 28-day strength
comparable to the reference mortar. Notably, at this temperature, these clays exhibit
sufficient reactivity to function effectively as pozzolanic additives for cement and concrete.
Following the results of the compressive strength of the various cement blends, calcined clay
cement blend at a calcination temperature of 800 °C from Ikpeshi can be classified as Type
B (NF P 18-513, 2012) having a Strength Activity Index (SAI) of 0.92, while others have a
SAl ranging from 0.61 - 0.87 (Table 4).

Table 4. Strength activity index (SAI) of mortar samples

Sample Mix LC3i7 LC3i8 LC307 LC308 LC3u7 LC3u8

SAI 0.84 0.92 0.87 0.63 0.65 0.61

3.3 Limestone Calcined Clay Portland Cement System

In the hardened cement paste, an assemblage of various reaction products contributes to its
composition (Lavagna and Nistico, 2023). Fig. 9 illustrates the X-ray diffraction (XRD)
pattern of pastes cured for 28 days, comprising pure Portland cement (PC) and LC3 blends
with clays calcined at temperatures of 700°C and 800°C. The results reveal the presence of
typical hydration phases, including portlandite, calcium-silicate-hydrate (C-S-H), and
Stratlingite. Additionally, the blended pastes exhibit the formation of ettringite and alumina-
ferric oxide trisulfate (AFt) phases.

Notably, portlandite appears crystalline, characterized by relatively intense peaks at 18.12°
and 34.24° 26, while calcium silicate hydrate exhibits a microcrystalline structure and
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appears amorphous to X-rays (Richardson, 2008; Taylor, 1997). At 28 days, the amount
of portlandite in the various LC3 blends was clearly reduced compared to that in the OPC
paste, a similar result was obtained by (Shah et al., 2018). This signifies the absorption by
the alumina phase in the pozzolan to produce other hydrated phases.

- CBH/C
a

LC'ug

————————{ — AFtIE
i tm

~

2

-

Intensity, cps

Figure 9. XRD pattern of pastes cured for 28 days of the pure OPC and of LC3 (limestone,
clay calcined at 700°C and 800°C and blended with OPC). The phases that are present are
indicated; P: Portlandite, St: Stratlingite, AFt: Alumina-ferric oxide trisulfate, C: Calcite,
CSH: Calcium silicate hydrate, E: Ettringite, Q: Quartz.

More alumina will provoke the precipitation of stratlingite (Cuesta et al., 2015; Singh,
2023), with peaks developed at around 31.18 © 20 . Stratlingite formation is evident even at
7 days, although the reflected peaks exhibit relative weakness, suggesting a low stratlingite
content. However, by the 28-day mark, the peaks have significantly intensified, indicating a
more pronounced contribution from the pozzolanic reaction. Interestingly, in the OPC paste,
no signs of stratlingite formation were observed at 28 days. The aluminate phase reacts with
water and gypsum to produce ettringite. The aluminum in ettringite and monosulfate can be
partially substituted by iron (Fe) (Mdschner et al., 2009). The AFt phases (alumina-ferric
oxide trisulfate) derived from pure ettringite with partial substitution of Al by Fe, and SO42-
by other ions are observed in all the LC3 blends with weak reflected peaks around 9.18 © 20
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and 16.18 ° 20 Other observed minerals in the samples include quartz and calcite with 26.68
020 and 29.7 ° 20 respectively.

3.4 Sorptivity

Table 5 shows the sorptivity result of the 28 days of curing samples of plain mortar and LC3
blends at the two calcination temperatures (700 °C and 800 °C). Generally, it was observed
that the gradients of sorptivity tend to decrease with the replacement of the calcined clay.
The sorptivity values of the LC3 mortar samples were approximately 11% to 50% lower than
that of the plain mortar samples at 28 days under the same curing conditions. LC3 samples
made from Ikpeshi clay at a calcination temperature of 700 °C yielded the lowest sorptivity
value of 1.37 x10-2 cm3/cm? s1/2, while the closest value to the referenced mortar samples
(2.75 x10-2 cm3/cm? s1/2) was detected in Okpilla clay (2.45 x10-2 cm3/cm? s1/2) calcined at
800 OC. This is clearly reflected in the strength value developed at 28 days. The sorptivity
values decrease at increasing calcination temperature for the LC3 blends from Okpilla and it
decrease with a drop in calcination temperature for the Uzebba clays, these agree with their
strength performance. However, LC3 samples from Ikpeshi showed a slight increase in
sorptivity value from 700 to 800 °C, though there was an increase in strength moving from
the lower to the higher calcination temperature.

The addition of calcined clay into the matrix improves the bond between the cement paste
and the aggregate particles, resulting in improved compressive strength of the mortar
samples (Bright Singh and Murugan, 2022; Giineyisi and Mermerdas, 2007). The result
of the test is consistent with the report from other studies (Boakye et al., 2024; Giineyisi
and Mermerdas, 2007), which confirms the superiority of limestone calcined clay cement
in resisting capillary water absorption over conventional OPC.

Table 5. Variation in sorptivity of OPC and LC3 blends at different calcination temperatures

Sample ID Temperature (°C) Sorptivity, Kk, (cm3/cm? s1/2) x10-2
CTL - 2.75
LC3i7 1.95
LC308 800 2.45
LC3u8 1.69
LC3i7 1.37
LC307 700 2.25
LC3u7 2.40

3.5 Resistance to Chloride Ion Penetration

Figure 10 demonstrates the chloride penetration depth measured periodically (14, 28, 56,
90 and 180 days) through the plain and LC3 mortar samples subjected to an initial curing
period of 28 days in water in a fog condition, followed by immersion in salt solution. From
the result, depths of chloride penetration for the referenced mortar were in the range of 7 -
19 mm depending on the immersion period in salt water. However, the LC3 mortar samples
had comparatively lower chloride penetration depths, which range from 4 - 16 mm. This
result agrees well with the findings by (Ding and Li, 2002). They demonstrated that
the integration of metakaolin-based pozollans in concrete reduced the chloride diffusion
rate significantly. The maximum and minimum penetration depths of 19 mm and 8 mm at
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180 days were exhibited by the referenced mortar samples and LC3 samples from Ikpeshi
origin (LC3i8, i.e., clay calcined at 800 °C) respectively. The lowest free chloride penetration
at age 28 days is reflected in blends from Ikpeshi (LC3i8, heated at 800 °C) and Uzebba
(LC3u8, heated at 800 °C), and the higher penetration samples are that of Okpilla (LC308,
heated at 800 °C) and Uzebba (LC3u7, heated at 700 °C). Generally, there seems to be a
reduction in the penetration depth as the calcination temperature increases from 700 to 800
0C for all blended samples. Also, the rate of penetration seems to reduce beyond 90 days of
immersion for all the samples.

—l— Referenced mix

—@— LC3i7 (Ikpeshi, 700 °C)
—A— C307 (Okpilla, 700 °C)
204 | —y—LC3u7 (Uzebba, 700 °C)
—4— LC3i8 (Ikpeshi, 800 °C)
—— LC308 (Okpilla, 800 °C)
—p— LC3u8 (Uzebba, 800 °C)

—
o
1

—_
o
1

Depth of chloride penetration (mm)

0 20 40 60 80 100 120 140 160 180 200

Duration of exposure (Days)

Figure 10. Variation of depth of chloride penetration with duration of exposure for plain
and LC3 mortar.

4. CONCLUSIONS

The research evaluated the use of calcined clays from Nigerian deposits as supplementary
materials in cement production. Key findings include:

e C(alcined clays meet the criteria for pozzolans, with SiOz, Al203, and Fe203 contents over
70%. Calcination transforms kaolinite into metakaolin, enhancing pozzolanic potential.

e The ternary cement blends showed improved strength over time, particularly between 7
and 28 days, due to pozzolanic reactions. However, initial strength at 3 days was lower
than pure Portland cement.
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e XRD analysis indicated typical hydration products and a reduction in portlandite, which
contributed to the formation of other beneficial phases.

e (alcined clay blends generally showed lower sorptivity and reduced chloride penetration
compared to standard cement, with performance varying based on calcination
temperature and clay source.

Overall, calcined clays from Nigeria, particularly from Ikpeshi, show promise for sustainable

cement production, helping to meet concrete demands while minimizing environmental

impact.
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