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Abstract

The rise in demand for sustainable cementitious materials has driven
interest in supplementary binders that use less Ordinary Portland Cement
(OPC) without sacrificing performance. This study used a Central
Composite Design-based Response Surface Methodology (RSM) to model
and optimise the properties of hardened mortar containing calcined
Ifonyintedo clay (CIC) and calcium carbide waste (CCW) as patrtial
replacements for Portland Limestone Cement (CEM II), capturing the
multivariable and interactive effects of hydration and pozzolanic reactions
that are not addressed by conventional single-factor experimental methods.
The influence of CEM II, CIC, and CCW contents, water—binder ratio, and
curing age on compressive strength, density, and water absorption was
systematically analysed, while thermogravimetric analysis (TGA), X-ray
diffraction (XRD), and scanning electron microscopy (SEM) were used to
characterise hydration products, phase assemblage, and microstructural
evolution. Predictive models were developed and experimentally validated,
with prediction errors below 5 %. Microstructural and phase analyses
confirmed enhanced C-S-H formation and matrix densification at the
optimum mix composition of 75.69 weight per cent (wt %) of CEM 11, 19.13
wt % of CIC, and 5.20 wt % of CCW, at a water—binder ratio of 0.325. This
optimum mix achieved a compressive strength of 39.1 MPa, a density of
2070 kg/ms3, and a water absorption of 0.030 at 90 days. The results
indicated that the partial replacement of CEMII with CIC-CCW can
significantly reduce cement use while maintaining adequate mechanical
and durability performance, thereby validating their viability as sustainable
cementitious alternatives.

1.0 INTRODUCTION

Increasing environmental concerns about energy use
and emissions of greenhouse gases from cement
manufacturing have increased demand for
sustainable construction materials, a challenge
exacerbated by rapid global urbanisation, with the
urban population anticipated to increase from 55 %
in 2018 to approximately 68 % by 2050 [1, 2]. By
2050, emerging nations such as Nigeria may require
up to 18 billion tons of concrete to build
infrastructure [2, 3]. However, the manufacture of
OPC produces about 0.8-0.9 t of CO: per ton of
cement or around 8 % of the world’s emissions. To

Oladimeji, A. S., Usman, M. A., Ikponmwosa, E. E. and Owolabi, R. U.
“Optimization Modeling Modelling and Optimisation of Properties of
Hardened Calcined Clay-Calcium Carbide Waste-Based Mortar using
Response Surface Methodology”, Nigerian Journal of Technology, 2026.
45(2), pp. 307 - 319. https://doi.org/10.67358/njt.2026.6319

© 2026 by the author(s). This article is open access under the CC BY-
NC-ND license

meet growing worldwide construction demand, OPC
production reached over 4.1 billion tons in 2020,
allowing for the manufacture of roughly 25-30
billion tons of concrete [2, 4]. Interest in partially
replacing OPC with supplementary cementitious
materials (SCMs) such as calcined clay and natural
pozzolans has increased due to the Ilimited
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availability of fly ash, ground granulated blast
furnace slag (GGBFS), as well as their economic and
environmental benefits [3-5]. Calcined clay is a
promising SCM due to its abundance, low calcination
temperature, and capacity to improve mechanical and
durability qualities, while alkali-rich calcium carbide
waste (CCW) provides extra alkali for pozzolanic
reaction, strengthening blended mortars even more.

However, careful optimisation of the mixing
percentage is necessary to achieve the desired
hardened properties, such as strength, density, and
durability, to use both materials effectively [6-10].
Traditional trial-and-error mix design is laborious
and inefficient, whereas Response  Surface
Methodology (RSM) allows effective analysis of
variable interactions, predictive modelling, and mix
proportions optimisation to enhance performance and
sustainability [11, 12]. Kaolinite clays (>34 weight
per cent kaolinite) calcined at 600-850 °C exhibit
high pozzolanic reactivity, making calcined clay a
good alternative to typical SCMs, which are scarce
[13]. While kaolinitic clays and clay-based blended
systems have been the subject of several studies [14—
16], the optimisation of calcined clay—OPC binders
has mostly relied on trial-and-error methods, with
statistical optimisation techniques being applied
sparingly in cement and concrete research [11, 12,
17]. This study develops a pozzolanic binder by
partially replacing OPC with CCW and calcined clay,
using Central Composite Design-based RSM to
optimise mix proportions, create predictive models,
and encourage sustainable utilisation of CCW. RSM
modelling shows that water—binder ratio, CIC and
CCW contents, and curing duration all influence
hardened mortar properties, with CIC supporting
pozzolanic reactivity and C-S—H production, while
CCW provides extra Ca(OH)., for pozzolanic
reaction. Mineralogical and microstructural features
are assessed using TGA, XRD, and SEM to measure
hydration and pozzolanic activity. Statistical
modelling, combined with experimental data, were
employed to evaluate SCM synergistic effects and

identify optimal mixture proportions for improved
performance. This strategy supports sustainable
construction by using industrial waste and abundant
natural resources, thereby reducing cement use and
its associated negative environmental impacts.

2.0 MATERIALS AND METHODS

2.1 Materials

CEM 1I/B-L 42.5 N Portland limestone cement from
Dangote Cement Plc, which conforms to [18], was
used for mortar production, with its chemical
composition previously described [13]. Using
Bogue’s equations and according to the oxides
composition in [13], the mineralogical phases were
61.7 weight per cent CsS, 13.6 weight per cent CaS,
7.3 weight per cent C;A, and 8.4 weight per cent
C4AF. River sand from Abeokuta South, Ogun State,
was used as fine aggregate; it complied with [19],
passing the 2.00 mm screen and being kept on the 63
um sieve, and was devoid of harmful materials.
Unprocessed clay from Ifonyintedo, Ogun State (N
6° 32.674', E 2° 51.305"), collected at 1 m depth, was
calcined at an optimum temperature of 600 °C, as
established in a prior study [13]. Calcium carbide
waste (CCW), a by-product of acetylene production
and environmental contaminant, was collected from
roadside panel beaters in Ado-Odo/Ota. Before use,
CCW and pulverised calcined clays were both sieved
through a 75 pum mesh. The polycarboxylic ether-
based superplasticiser, MasterGlenium Sky 504,
supplied by Baden Aniline and Soda Factory
(BASF), West Africa Limited, Lagos, Nigeria, and
potable water conforming to [19] from the Covenant
University Concrete Laboratory were used in the
mixing process. Tables 1 and 2 present the physical
properties of CEMII, CIC, and CCW, including
specific gravity, specific surface area (SSA), Brauner
Emmett and Teller (BET) surface area, and particle
size distribution (PSD), as reported previously [13],
consistent with [20].

Table 1: BET (SSA) and BJH mesoporous pore volume of the materials

. ) Pore diameter Pore Volume
Binder BET SSA (m?/g) Dgo Dso D1o mode-DA (nm) (cm?/g)
Singte MultiPoint
oint
CEMII  1.32x10%> 2.52x10? 300 498 4388 2.92 -
ccw 1.67x 10> 1.97 x 10? 320 50 7.24 3.00 0.34
C-IF 0.81x 102 1.37x 10? 743 353 3.6 3.00 0.14
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Table 2:Materials physical properties
Properties Sand CEM 11 CCW CIC
Dry Density (kg/m?) 1388.6 - 520.3 773.12
Bulk Density (kg/m?) 1394.7 12553 647.6 893.50
Specific Gravity 2.61 3.12 2.31 2.71
Coefficient of Uniformity (Cu) 2.29 - - -
Curvature (Cc) 1.07 - - -
Moisture Content (%) 0.21 - 15.4 18.7
Fineness (passing through 90pm) - 46.2 38 33.4

2.2  Methodology

2.2.1 Hardened mortar strength tests

Quantities of CEM Il 42.5N Portland cement, fine
aggregates, portable water, calcined clay, and
calcium carbide waste were measured and used to
prepare five 40x40x40 mm cubes of mortar per mix
batch. Replicate reference sand [19], superplasticiser,
and potable water were also applied as reported in
our previous study [20]. Mixtures of mortars were
produced as detailed in Table 3, with a mix ratio of
1:3 and a water/cement (w/c) ratio of 0.3, 0.35, and
0.4; selected by trial-and-error approach as water-
cement ratios (w/c) in a binary mix of CEMII with
CIC, as well as CEMII with CCW. The CEM Il in
the mix was partially replaced with calcined
Ifonyintedo clay (CIC) at increments of 5 wt %
ranging from 5 wt % to 30 wt % and CCW was also
used to replace CEM II in a different mix at the same
increment. The control mortar had a replacement of 0
% CCW and CIC. The mortar was mixed for about 4
minutes using a Hobart Corporation NSOLE 7-L pan
mixer, tamped, and vibrated for 2 minutes with an
Impart CN155 (1-ph, 60 Hz) vibrating table after it
was put in moulds, to remove air voids. The moulds
were covered to maintain controlled curing
conditions, ensuring that variations in strength and
hydration behaviour were attributable to the material
composition and central composite Design (CCD)
experimental factors rather than environmental
fluctuations. Water bath curing was adopted, with

specimens mixed and castat 27 +2°Cand 75+ 2 %
RH, demoulded 24 h later, and cured at 22 + 1 °C in
water. Mortar cubes with a volume of 40 mm3 were
prepared using a 1:3 mix ratio at water—binder ratios
of 0.30, 0.35, and 0.40. The binder composition was
varied at 0, 5, 10, 15, 20, 25, and 30 wt %, resulting
in 21 mix compositions (3 x 7). For each mix, five
replicate cubes were tested at six curing ages: 3, 7,
21, 28, 90, and 120 days, yielding 30 cubes per mix
(5 x 6) and a total of 630 cubes (21 x 30).

Figure 1: Mould utilised in this research

The prepared mortars cured for 3, 7, 21, 28, 90, and
120 days were subjected to tests on mortar strength
and density. A 2000 kN LABTECH test machine was
used for the compressive strength test as specified in
[19].

Table 3: Mix ratio for mortar compressive strength

CEMII:CIC, Water (g) CEMII CIC/CCW Fine aggregate Superplasticiser
CEMII: CCW @ (9 (9) (%)
Control 360, 420, 480 1200 - 3600 1
(5%) 360, 420, 480 1140 60 3600 1
(10%) 360, 420, 480 1080 120 3600 1
(15%) 360, 420, 480 1020 180 3600 1
(20%) 360, 420, 480 960 240 3600 1
(25%) 360, 420, 480 900 300 3600 1
(30%) 360, 420, 480 840 360 3600 1

s © 2026 by the author(s). Licensee NIJOTECH.
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2.2.2 Water absorption and density test on the
hardened samples

The properties of the hardened mortar were assessed
through water absorption and dry density
measurements. in accordance with [21], water
absorption was determined using 40 mm mortar
cubes. The cubes were weighed after they were
demolded to obtain the initial mass (m:), submerged
in water for the specified curing times, and
reweighed to determine the wet mass (mz). Equation
(1) was used to compute water absorption.

wa =21 1)

my
2.2.3 Charcterisation of raw materials and
hydration products

SEM (Phenom ProX) was used to examine binder
morphology, XRD (Rigaku MiniFlex-600) to identify
mineralogical phases, and TGA/DTA (PerkinElmer)
to determine the degree of hydration, following
procedures in [13]; all analyses were conducted at the
Department of Chemical Engineering, Ahmadu Bello
University, Zaria.

2.2.4  Design of the experiment

RSM-based optimisation was conducted using a
CCD Design created using Design-Expert 10.0.3.0.
Five process variables, CEM II, CIC, CCW contents,
curing time, and water—binder ratio in Table 3, were
investigated at 5 levels based on previous studies [8,
9]. These factors were varied to evaluate compressive
strength, water absorption, and density as presented
in Table 4.

The 46 experimental runs comprise 32 factorial point
s, 10 axial points, and 4 centre points; 3-

5 centre points are sufficient for CCD involving five
factors [8, 9, 17], as shown in equation 2.

N =2"+2n+N, @)

where N is the total number of experimental runs, n
is the number of variables, 2" is the factorial runs,
and Nc is the number of centre-point replicates. A
second-order polynomial was fitted to capture the
main and interaction effects of the process variables
according to equation 3. ANOVA with an F-test was
used to evaluate factor significance and model
adequacy, with terms having p < 0.05 considered
significant and retained, while insignificant terms
were removed to improve model reliability.

Y = B+ XF Bixi XF Bus x7 + X X Bijxix; + & (3)

where xi and xj are independent variables at different
levels, the predicted response is 'y, i and j span from 1
to the number of independent factors, the linear
coefficient value is Bi, the quadratic coefficient is Bii,
the interaction coefficient is Bij, and the unique cause
of variation or error is
presented by er. Calculated prediction error is given i
n equation 4; Yexp, Ypred are experimental

and predicted responses.

Yexp‘ypred
Ypred

Prediction error = x 100 @

Multi-response optimisation using the desirability
function method (DFM) maximised compressive
strength, targeted density within a specified
lightweight  range, and  minimised  water
absorption, with equally weighted responses combine
d through a geometric mean desirability index to iden
tify the optimum mix.

Table 4: Variations in density, water absorption, and compressive strength based on central

composite design

Variables Units Levels of coded
variables
-0 -1 0 1 a

CEM I g 393.50 490 560 630 726.51

CIC g 85.62 35 1225 210 330.62

CCW g 10.87 35 52.5 70 94.11

H.0 g 185.87 210 227.5 245 269.14

CT days 11.36 30 60 90 131.37
2.2.5 Quantification of degree of hydration cbw = 0.41(ldc) + ldh + ldx (5)
The TGA curve was interpreted following [22] to
determine the total degree of hydration at 3, 7, 28, o= cbW/0 24 (6)

and 120 days for the produced binder. Equations 5
and 6 were used to get the degree of hydration (o)
and the chemically bound water (cbw).

@© 2026 by the author(s). Licensee NIJOTECH.
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from C-S-H breakdown; Ldx is the
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dehydroxylationzone, showing mass loss from
Ca(OH).  decomposition; and Ldcis the
decarbonation zone, indicating mass loss from

calcium carbonate decomposition.
3.0 RESULTS AND DISCUSSIONS

3.1 Influence of substituting a portion of
CEMII with CIC at different water-binder
ratios

From Figure 2(a-c), all mortar compressive strength

decreased as the water/binder ratio (w/b) increased

from 0.30 to 0.40, reflecting higher porosity and a

less dense microstructure. At 0.30 w/b, both control

and CIC-blended mixes achieve the highest
strengths, with low to moderate CIC replacements

(510wt %) approaching control values due to filler

effects and early pozzolanic activity. At 0.35 w/b, the

control shows superior early-age strength, while CIC
replacements up to 10-15 % exhibit comparable
later-age strengths from secondary C—S—H formation.

At 0.40 w/b, overall strengths decline, and high CIC

contents (>20-30 %) further limit performance due

to increased water demand and slower pozzolanic
kinetics. Overall, partial replacement of CEM Il with

CIC is most effective at low to moderate replacement

levels and lower w/b ratios, where densification and

pozzolanic reactions offset cement dilution, with
mortars meeting EN 197-1, and Class 32.5R

standards [2, 5, 14, 23].
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Figure 1: Strength of CEMII and CIC binary mix
at water-binder ratios(a) 0.3 (b) 0.35 (c) 0.4

3.2 Mortar Strength of samples containing
Calcium Carbide Waste

As shown in Figure 3(a & b), 5 wt % partial
substitution of CEM |l resulted to an average
strength increase of about 0.6 MPa between 3 and 7
days of curing times at 0.3 and 0.35 water/binder
ratios, respectively, as against the control, while no
noticeable gain was observed at a 0.4 water/binder
ratio in Figure 2c. This early-age improvement is
attributed to the accelerating effect of CCW particles
in forming C-S-H in addition to the growth in
strength which resulted from the new hydration
products like carboaluminate phases [24, 25]. In
contrast, mortars with 10 wt % of CCW exhibited at
least a 9.7% reduction in strength in all water/binder
ratios, which [25] linked to CEM Il saturation by
CaO oxides from CCW. No appreciable increase in
strength was noted between 28 and 120 days,
confirming the non-pozzolanic nature of CCW,
except for masonry applications, cement replacement
levels above 10% CCW are unsuitable for structural
concrete due to inadequate strength development.
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3.3 Influence of Substitution of a Portion of
CEMII with CIC and CCW on Density at
Different Water/Binder Ratios

Figure 4a shows CEMII mortars reach maximum

densities at the control level, with w/b=0.30 yielding

20902095 kg/m®. Adding CIC gradually reduces

density over period of 3-120 days, with minor losses

at 10 % replacement (2075-2080 kg/m?, w/b=0.30—

0.35) and greater reductions at 20-30 % CIC (2050—

2065 kg/m?), due to increased porosity and matrix

dilution [5, 26]. Lower w/b ratios reliably increased

density through improved particle packing [27, 28],

while curing slightly raised or stabilised density as

hydration and CIC pozzolanic activity densified the
microstructure [28, 29]. At higher CIC and wi/b
ratios, density remains low across all ages due to
slower reactions and increased porosity [28]. From

Figure 4(b), the 28-day density results show a clear

reduction with increasing CCW replacement of CEM

Il across all water—binder (w/b) ratios. Control mixes

had densities of ~2050 kg/m? (w/b =0.40) and 2075—

2080 kg/m* (w/b=0.30-0.35); 10 % CCW modestly

decreased density to 2040-2060 kg/m?, while 20—

30% CCW caused significant drops to 1980—

2030 kg/m?, lowest at w/b=0.40. Lower w/b ratios

(0.30-0.35) maintained higher densities across all

CCW levels, reflecting improved particle packing

and matrix compactness, as reported previously for

low-reactivity cement replacements [30, 31]. The
lack of density recovery at 28 days suggests limited
late-age densification, in line with [32], which notes
that calcium-rich industrial wastes with low

pozzolanic activity minimally modify the CEM I

matrix at early ages.

3.4 Water Absorption for CIC and CCW
Mortar
From Figure 5(a-b), the water absorption of CEM I
mortars increases with both CIC and CCW
replacement levels and with increasing water—binder
(w/b) ratio. At 28 days, the control mixes exhibited
the lowest absorption values (0.04-0.06 for w/b =
0.30-0.35 and about 0.08 for w/b = 0.40). Low
replacement levels (5-10 %) resulted in only
marginal increases in absorption, whereas higher
replacements (20-30 %) led to a pronounced rise
(0.07-0.12), reflecting increased porosity and pore
connectivity, as similarly reported by [3, 6, 33]. In
line with durability trends observed for blended
cement and SCM systems by [16], such changes may
negatively impact durability if not addressed through
lower w/b ratios. Water absorption remained high
(>20%) at higher replacement levels, showing
limited late-age densification, but declined slightly
after 28 days at low replacement levels due to partial
pore refinement. Lower water/binder ratios
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consistently reduced absorption, reflecting improved
matrix compactness and pore structure.
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Figure 5: Water absorption in a binary

combination of CEMII with CIC and CCW at
water/binder ratios (a) 0.3-0.4 (b) 0.3-0.4

35 Regression Model Equations  for
HardenedMortar

Table 5 shows that models for water absorption,
density, and compressive strength are highly reliable,
with R*>97%, adjusted R?=96%, predicted
R?>>91%, and insignificant lack-of-fit, in line with
recent blended cement optimisation studies [11, 12,
17]. Compressive strength is positively influenced by
CEM 1l and curing time, as indicated by linear
coefficients of +1.11 and +0.96 respectively, while
excessive cement (—1.82A?), calcined clay (—3.60B
and —6.91B?), and higher water—binder ratio
(—2.06D) significantly reduce strength due to
dilution, slower pozzolanic kinetics, and increased
porosity, in agreement with findings reported
between [8, 11, 12, 17]. High calcined clay
replacement decreased strength, whereas moderate
CCW content (+2.07 C?) contributed positively,
boosting strength via Ca(OH): supply and improved
pozzolanic reactivity, consistent with recent waste-
derived binder studies [6, 13, 34]. Density decreases
with calcined clay (—22.88 B), CCW (—12.97 C), and
water (—28.65 D), but rises with cement (+16.87 A)
and extended curing (+29.08 E?), underscoring the
significance of water control and optimal filler
effects for densification. Water absorption rises with
calcined clay, CCW, and water—binder ratio, but falls
with higher cement content (—3.52x103A) and
extended curing (—0.010E?), supporting recent
findings [34] that long-term curing, low water
demand, and balanced binder composition are
essential for durable, low-permeability mortars.

Table 5: The quadratic models with respect to the variables' coded values

Response Regression Equation R? Pred. Adj Lack
(%) R%%) R?*%) of fit

(CS) 38.81+1.11A-3.60B-0.81C- 9 9228 96.19 1.60

Compressive  2.06D+0.96E+0.61AB-1.32AC-0.91AD- 7.

Strength 0.62AE+0.09BC-0.17BD+0.52BE- 8
0.22CD+0.51CE-0.47DE-1.82A%-6.91B%+2.07C%- 8
1.04D%*+3.43E

(D) Density ~ 2076.95+16.87A-22.88B-12.97C- 9 9283 96.09 0.71
28.65D+0.24E+5.97AB-17.86AC-1.86AD- 7.
11.12AE+6.67BC-4.48BD- 8
8.07BE+8.84CD+5.62CE-2.18DE-75.46A%- 3
98.97B2+37.07C?+29.56D?+29.08E?

(WA) Water 0.017--3.516E-003A+6.102E-003B+5.268E- 9 9168 96.00 6.72

Absorption 003C+6.963E-003D+2.715E-004E-9.973E- 7.

Capacity 003AB+6.162E-003AC+1.636E-003AD-6.465E- 7
004AE-6.922E-004BC+4.254E-004BD-1.232E- 8

003BE+5.193E-003CD-1.827E-003CE+4.152E-
003DE+0.013A%+1.573E-003B?+3.387E-
003C%+0.012D%-0.010E2

A=CEM II, B = CIC,

@0ce

C =CCW, D =H0, E = Curing time (CT)
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3.5.1 Analysis of response surface

Compressive strength depends on the interaction of
CCW and CIC contents, ranging from 28 to 45 MPa
based on mix proportions, curing time, and
water/binder ratio, as illustrated in the 3D response
surface in Figure 6a. Improved packing density and
increased hydration lead to higher strengths (38-45
MPa) at low water-binder ratios (<0.35) with
moderate CCW (100-150 g) and CIC (120-180 @)
[16, 33, 34]. Strength drops to roughly 30-34 MPa at
larger water—binder ratios (up to 0.4) and greater
replacement levels because of increased porosity and
cement dilution [6, 17, 34]. An ideal interaction zone
is identified by the surface curvature, where balanced
CCW-CIC proportions offer pozzolanic reactivity
and synergistic lime supply, densifying the matrix
and enhancing late-age performance [28, 29, 34]. The
findings thus verify that while excessive
incorporation at high w/b ratios degrades the
microstructure, optimised CCW-CIC dose combined
with low water—binder ratios increases compressive
strength with curing time.

Design-Expert® Software

Ize

X1=BCIC
X2=C: ccw

Actual Factors
A GEMIl = 560
D:-WB =2275

ECT=60

Compressive Strength (MPa)

DENSITY (Kg/cubic meter)

Figure 6:CCW and CIC interaction in (a)
compressive strength, (b) density

)
© 2026 by the author(s). Licensee NIJOTECH.

This article is open access under the CC BY-NC-ND license.
https://doi.org/10.67358/njt.2026.6319
http://creativecommons.org/licenses/by-nc-nd/4.0/

According to Figure 6b's 3D response surface, the
density of hardened mortar ranges from roughly 1849
to 2152 kg/ms3, and it increased dramatically as the
Calcined Ifonyintedo Clay (CIC) proportion
increased from 35 to 210 g, due to its potent
densifying and pozzolanic actions. Compared with
cement or CIC, increasing the calcium carbide waste
(CCW) proportion from 35 to 70 g typically
decreases density, suggesting either increased
porosity or weaker matrix compaction. High CIC and
low CCW contents result in maximum densities,
whereas low CIC and high CCW levels show
minimum values, indicating decreased compactness.

ert® So
t ing: Actual
ompressive Strength (MPa)
Design

Compressive Strength (MPa)

B: CIC (g)

35 35

Figure 6: CCW and CIC interaction in (c) water
absorption

The surface slope indicates that the positive impact
of CIC on density outweighs the negative impact of
CCW. Consistent with previous studies [6, 28, 29],
optimising CIC is essential to prevent density loss
from CCW when cement (560 g), water/binder ratio
(227.5 g), and 60-day curing are constant. Increasing
CIC from 35 to 210 g reduces water absorption to
0.01-0.02% at 105-140g, as shown in Figure 6c.
Absorption slightly climbs beyond the ideal CIC
range, suggesting excess may remain unreacted or act
as filler [29, 32], while increasing CCW from 35 to
70 g regularly increases water absorption by 0.01—
0.07% because of its lightweight, irregular, and less
reactive particles [34]. The most absorption is seen at
high CCW (70 g), and low CIC (35 g), indicating
inadequate  pore refinement and increased
permeability [4, 34]. The lowest absorption is found
at low CCW (35 g) with moderate CIC (105-140 g).
Optimising CIC dose is key to reducing CCW’s
negative effect on permeability and supporting
durable blended mortars, even with 560 g cement,
227.5g water/binder ratio, and 60-day curing
[16, 17].
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.3.5.2  Optimisation and validation

An ideal binder density of 2107 kg/m3, a compressive
strength of 41.10 MPa, and a water absorption of
0.029 after 90 days was optimised. Strong agreement
with model predictions was indicated by average
values of 39.1 MPa compressive strength
(maximised; 4.85 % error), 2070 kg/m3 density
(Targeted; 1.71% error), and 0.030 water absorption
(minimised; 3.44 % error) obtained from validation
testing (triplicate), with a desirability of 1.000.
According to results on calcined clay—-cement
systems, the blended cement showed densities
ranging from 1920 to 2070 kg/m3, with greater values
at ideal conditions due to post-28-day matrix
densification [16]. Water absorption increased up to
28 days, then decreased and stabilised by 90-120
days due to pozzolanic pore refinement.
Experimental and predicted results closely matched,
validating the optimisation model, while 28-day
compressive strengths of 86.5-99.5% of CEM Il met
the requirements in [35, 36], demonstrating the
technical viability and sustainability of the CIC—
CCW ternary blend.

3.6 Characterisation

3.6.1 SEM analysis

At 90 days, the hydrated CEM Il microstructure
(Figure 7a) is characterised by a dominant C-S-H
gel with visible CH and AFm phases, residual C-S
and C.S, and a relatively porous interfacial transition
zone (ITZ), indicating limited late-age densification
typical of plain Portland cement systems [16, 37, 38].
In contrast, the blended cement sample with added
20 wt % CIC (Figure 7b) shows a markedly denser
and more homogeneous matrix, with increased
secondary formation C-S-H caused by pozzolanic
reactions and a refined ITZ containing fewer large
CH crystals, consistent with recent findings on SCM-
modified binders [37, 38]. Regression results
indicated that longer curing improves strength and
less water absorption due to better particle packing
and lower porosity in the blended system. With a
well integrated 1TZ, expanded C-S-H, and
significant CH consumption, the ternary binder with
optimal parameters (Figure 7¢) has the most compact
microstructure, demonstrating that more calcium
speeds up and maintains pozzolanic processes [37].
Microstructural analysis of the three systems
supports literature trends

[37], showing improved late age hydration, ITZ quali
ty, and durability.
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Figure 7: Microstructure change after 90 days for
(@) hydrated CEM II, (b) a combined cement
sample containing 20 % CIC, and (c) ternary
blended cement.

3.6.2 X-ray diffraction

Given the XRD patterns shown in Figure 8, the
reference cement (CEM Il) exhibits early-age
Ettringite development and sustained Portlandite
formation across all curing ages, suggesting ordinary
hydration with few secondary reactions [38, 39].
Between 7 and 90 days, blended cement pastes
exhibit decreasing Portlandite intensity, indicative of
pozzolanic consumption of Ca(OH). and production
of extra C—S—H, which improves later-age strength
[38]. Stabilisation or partial transformation of
ettringite and the appearance of monocarboaluminate
phases indicate increased carbonate—aluminate
interactions, which enable better dimensional
stability and sulfate resistance [39]. Increased calcite
in blended systems encourages microstructural
densification through filler and nucleation effects,
reducing pore connectivity and enhancing durability,
including permeability [40]. Blended cements exhibit
better long-term strength and durability compared to
CEM Il due to reduced Portlandite and the
production of stable carbonate—aluminate phases
[39]. Figure 8 displays the XRD trace of the
reference and blended cement pastes that were cured
for seven, thirty, and ninety days.

s
Bic oa
Controlia0a - o

L._l A

blended comentao0d

Intensity (a.u)

S 1
blended comentil30d
A A l A A A
[Blended comenta7d [ a
E Me "A lzwlcn;w PC P w P > c,
[ Controimaod
10 20 30 40 50 60 70

Figure 8: P: Portlandite V(Ca(OH)z), C: Calcite, W
Wollastonite, Q: Quartz, Mc:Monocarboaluminat
e, and E: Ettringite
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3.6.3 Degree of hydration of the ternary binder

Figure 9 shows three TGA mass-loss regions for
control, CIC, and CIC-CCW blended cements after
90 days, with the 100-300 °C range showing higher
mass loss in the blended systems than in the control,
indicating increased bound water and C-S-H
production [40]. According to studies by [41], the
blended systems, especially the 20 weight per cent
CIC mix, show lower CH, confirming enhanced
pozzolanic activity, while the control shows
increased mass loss in the 400-500 °C range due to a
higher portlandite (CH) concentration. There are only
slight variations between the mixes in the 600-800
°C range, with blended cements typically having
lower carbonate concentrations caused by material
and CCD factors. Therefore, the evolution from 90 to
120 days confirms the presence of continuous

pozzolanic reactions and enhanced microstructural
development in the blended systems, as evidenced by
increased  hydration and  maintained CH
consumption. Table 6 summarises the relevant
weight-loss statistics.

100

-—*\__\.

500 600 700 800 200 1000

o 100 200 300 400

Temperature (“C)

Figure 9: Loss of weight % vs temperature

Table 6: TGA loss in weight for cement-calcined clay and calcium carbide

. Weight Loss Degree of Hydration
Curing Age (Days) Ldh Ldx Ldc (%)
3 12.2 2.6 2.0 62
7 12.7 3.4 3.1 68.3
CEMII 28 12.8 3.8 3.3 74.2
120 14.0 4.5 35 76.6
3 114 1.7 3.2 55
7 11.8 2.4 3.1 60
CEMIIz0CIC 28 14.1 2.6 3.3 74.5
120 14.5 2.7 3.3 78.6
3 11.7 1.9 3.1 58.2
7 12.3 2.5 3.2 63
OPTIMUM 28 13.5 2.7 3.3 75
120 14.1 2.9 3.4 78.4
3.7 Influence of Calcined IfonyintedoClay and (784 % at 120 days), highlighting the

Calcium Carbide Waste on Hydration of

the Mortar
In line with earlier research on blended cement
systems [40], the TGA data in Table 6 show gradual
mass loss with curing age across all systems,
indicating ongoing hydration and increased
production of chemically bound water and hydrates.
For CEM I, the degree of hydration improves from
62 % to 76.6 %, indicating consistent continuous
hydration, but the overall mass loss increases from
roughly 12.2 % at 3 days to 14.0 % at 120 days.
Early-age hydration is reduced in the CEM 11-20%
CIC blend (55-60 % over 7 days). However, due to
delayed but accelerated pozzolanic reactions of
calcined clay, it surpasses CEM Il at later ages,
reaching 78.6 % at 120 days, as also observed by
[40]. The optimal ternary CEM II-CIC-CCW
combination exhibits moderate early-age hydration
(58-63 %) but attains equivalent late-age hydration
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complementary roles of CIC as a pozzolanic material
and CCW as a lime source. Increasing contributions
of Ldh, Ldx, and Ldc with curing age reflect
progressive production of C-S—H and other hydrates,
explained the improved strength and densification at
later ages.

40 CONCLUSION

This study successfully applied Response Surface
Methodology to model and optimise the hardened
properties of calcined clay—calcium carbide waste
(CIC-CCW) blended mortar, with validated second-
order models showing strong predictive accuracy for
water absorption, density, and compressive strength.
The optimised mix achieved a compressive strength
of 39.1 MPa, a density of 2070 kg/m3, and a water
absorption of 0.030 with a desirability of 1.000,
showing close agreement between predicted and
measured values. These findings demonstrate how
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CCW's lime-bearing properties and CIC pozzolanic

reactivity work

together to improve matrix

densification and durability. Microstructural and
thermal characterisation (SEM, XRD, and TGA)
further confirmed that the optimised blend developed
well-formed hydration products, reduced porosity,
which validates its suitability as a sustainable
cementitious binder.
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