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Abstract

Corrugated cardboard fly ash (CCFA) is an industrial by-product typically sent to landfill. Unlike conventional coal fly
ash, CCFA has limited pozzolanic activity but contains a high amount of calcium oxide (CaO). When hydrated, CaO forms
calcium hydroxide (Ca(OH),), which can react with metakaolin (MK)—a highly reactive aluminosilicate—to promote poz-
zolanic activation. This makes CCFA a promising material for sustainable cementitious binders. The chemical, physical, and
microstructural characteristics of raw and hydrated materials were assessed using mechanical testing, XRF, XRD and BET.
Compressive strength development was analysed via response surface methodology across varying water-to-cement ratios.
While CCFA alone reduced strength, binary systems replacing 40% of cement with 20% CCFA and 20% MK achieved com-
pressive strengths comparable to mixes with 20% MK alone. These results highlight the potential of CCFA as a sustainable
calcium source in low-carbon binder systems, contributing to waste valorisation and cement reduction.
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Introduction

The global corrugated packaging market has experienced
substantial growth in recent years, driven by the expansion
of e-commerce, the rising demand for sustainable packaging
solutions, and advancements in digital printing technolo-
gies. In 2023, the global corrugated cardboard market was
valued at $4.4 billion and is projected to reach $5.5 billion
by 2030 [1]. Although the vast majority of cardboard is recy-
cled, a proportion is non-recyclable due to contamination,
composite packaging or physical degradation. As the card-
board industry grows, so does the volume of non-recyclable
cardboard. In such cases where recycling is not available,
energy recovery of the cardboard sludge through combus-
tion is considered a more feasible alternative to landfilling
[2]. However, incineration generates ash, posing ongoing
challenges for sustainable waste management.

The incineration of non—-recyclable cardboard sludge pro-
duces a calcium oxide-rich fly ash known as corrugated card-
board fly ash (CCFA). Unlike traditional fly ashes, CCFA
lacks established reuse pathways and is often landfilled,
placing additional strain on waste management systems.
Despite the United Kingdom achieving a 70.6% recycling
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rate for its 5.4 million tonnes of annual paper and cardboard
production [3], the handling of fly ash from sludge incinera-
tion remains an unresolved issue. While combustion enables
energy recovery, it yields fly ash requiring specialised treat-
ment, with limited opportunities for beneficial reuse [4, 5].

Traditionally, fly ash from coal combustion has been
widely used as a supplementary cementitious material
(SCM) in concrete, valued for its pozzolanic properties that
improve strength and durability while reducing Portland
cement consumption—a major source of carbon emissions
[6-9]. Similar work has been completed using waste paper
sludge ash (WPSA) to investigate the role as a potential poz-
zolan [10]. However, not all fly ashes possess these benefi-
cial characteristics.

The CCFA examined in this study is chemically distinct
from conventional coal-derived fly ashes and WPSA. Rich
in calcium oxide and exhibiting limited pozzolanic activity,
CCFA more closely resembles quicklime than Class F fly
ash, Class C fly ash and WPSA, which typically contain
significant amounts of silicon dioxide (SiO,) and aluminium
oxide (Al,05) [11]. Upon hydration, the CaO in CCFA forms
calcium hydroxide (Ca(OH),), which—if left unreacted—
does not contribute to compressive strength and may even
be detrimental. However, in the presence of reactive silicon
dioxide and aluminium oxide, this calcium hydroxide can
form calcium silicate hydrate and calcium alumino silicate
hydrate gels (C—S-H and C-A-S-H) which improve com-
pressive strength by hardening and reducing pore connectiv-
ity. This fundamental difference necessitates a reevaluation
of CCFA’s role in cementitious systems.

Rather than acting as a pozzolan, CCFA may serve as a
calcium source, analogous to lime in traditional lime—poz-
zolan mortars and concretes [12—14]. Traditional pozzolans
such as metakaolin [15-17], coal fly ash [18, 19], and ground
granulated blast-furnace slag (GGBFS) [18] have been exten-
sively studied for this purpose due to their high SiO,+Al,05
content. More recently, attention has shifted to industrial and
agricultural wastes such as wood fly ash [20], recycled brick
dust [21, 22], and glass powder [23, 24]. These studies con-
firm that materials rich in reactive aluminosilicates can suc-
cessfully react with lime to improve strength and durability.
However, in nearly all cases, waste materials have been used
as the pozzolanic component, not as a calcium source. The
present work is distinct in that it evaluates a calcium oxide-
rich waste material, CCFA, as the primary calcium donor,
analogous to lime, in a binary system with metakaolin.

Given these properties, CCFA represents an underex-
plored opportunity. Although unsuitable as a standalone
cement substitute, its high calcium oxide content suggests it
could be synergistically combined with a reactive pozzolan.
This study investigates the potential of blending CCFA with
metakaolin—a highly reactive aluminosilicate—to comple-
ment CCFA’s calcium oxide-rich composition. By pairing
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these materials, this research explores the performance of
mortar formulations incorporating CCFA as a partial cement
replacement, with the aim of developing more sustainable
construction materials and contributing to the decarbonisa-
tion of the built environment.

Materials

Ordinary Portland Cement (OPC) used in this study was
CEM 1 52.5R, supplied by Blue Circle Industries, UK. The
cement conforms to BS EN 197-1:2011 [25] standards and
exhibits consistent chemical composition and mechanical
performance.

CCFA was obtained as a by-product of waste corrugated
cardboard incineration carried out at approximately 950°C.
The ash was collected a commercial paper recycling facility
located in Greater Manchester, UK. To ensure experimental
consistency for all the samples tested, CCFA was sourced
from a single incineration batch and stored in sealed con-
tainers within a desiccator to minimise moisture uptake and
carbonation. Prior to testing, the ash was homogenised to
reduce intra-batch variability by using a mechanical shaker.
X-ray fluorescence (XRF) analysis confirmed a high calcium
oxide content, with minor variation (+2% CaO) observed
across replicate samples. While this study utilised a single,
well-characterised batch, the potential for compositional
variability in CCFA due to feedstock heterogeneity and
combustion efficiency is acknowledged, and future studies
should address this in greater depth.

Metakaolin (MK) (Metakaolin Brut, Argical-M 1000,
MK-36) was sourced from Imerys Refractory Minerals,
Clérac, France. It was used as received and stored in an air-
tight container under dry conditions to prevent premature
hydration. This MK is supplied as a fine, amorphous powder
with negligible water solubility and consistent particle size,
suitable for use as a high-reactivity pozzolan.

The chemical and physical properties of these materials
were characterised using a combination of XRF, X-ray dif-
fraction (XRD), particle size distribution and BET surface
area analysis.

Material Characterisation
X-Ray Fluorescence (XRF) Analysis

X-ray fluorescence (XRF) analysis was conducted to assess
the chemical composition of the CCFA, OPC, and MK loose
powder samples, using a Rigaku NEX-CG energy disper-
sive X-ray fluorescence spectrometer; results are shown
in Table 1. CCFA does not meet the criteria for BS 8615-
1:2019 [26] classification as a pozzolanic material due to
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Table 1 Chemical compositions by weight percentage of Corrugated Cardboard Fly Ash (CCFA), Ordinary Portland Cement (OPC) and

Metakaolin (MK)

Raw Materials CaO Sio, AlO4 Fe,04 MgO TiO, K,O Na,O SO, LOI (%)
CCFA 59.10 6.95 6.18 0.82 1.42 1.19 1.19 7.52 6.79 18.52
OPC 64.10 22.80 2.36 0.27 0.74 0.05 0.08 <0.01 2.82 3.28
MK 0.33 55.83 44.03 1.86 0.29 <0.01 0.42 0.51 0.35 0.54
LOl is loss of ignition at 1000 °C
CH Cs  CH (S CCFA Table 2 Description of raw materials: Dy is the particle size distribu-
CC CA s — OPC tion median (um), SSA = Specific surface area (m*g), SD = density
g : — MK (g/em?), MW = water content (%). Ds, was taken from the particle
C.S size distribution, SSA from the BET analysis and SD and MW from
C,S laboratory testing
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Fig. 1 XRD results of corrugated cardboard fly ash (CCFA), ordinary
Portland cement (OPC) and metakaolin (MK). CC = calcite, CH =
portlandite, C,S = dicalcium silicates, C;S = tricalcium silicates, CA
= calcium aluminates

excess SO; content, loss on ignition over 7%, as well as
being below the minimum compositional content of SiO,,
Al,O3, and Fe,0;.

X-Ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was conducted to exam-
ine the crystalline phases present in the CCFA using a
PANalytical X’pert Powder X-ray diffractometer with Cu
K, radiation (4 = 1.51054 A) with generator settings of 45
kV, 40 mA. Data were collected in the range of 10-140°
20, with a step size of 0.013° 26 and a measuring time of
89 s/step. The samples were rotated at 60 rpm during the
data collection. The phases present were identified using
the search-match function in HighScore Plus against the
Crystallography Open Database.

Figure 1 shows that the OPC sample exhibits sharp
peaks corresponding to crystalline phases such as trical-
cium silicate (C;S) and dicalcium silicate (C,S), indicating
a high degree of crystallinity. The CCFA sample displays
a similar but less intense pattern, suggesting lower over-
all crystallinity. Notably, while calcium silicates (C;S and

Raw Materials Dy, SSA SD MW
CCFA 16.65 4.4 +0.01 0.86 1.67
OPC 12.17 2.3 +£0.02 1.40 0.38
MK 5.13 15.7 + 0.08 0.44 0.50

C,S) are detectable in OPC, there is little to no indica-
tion of these in CCFA at approximately 33°, 42°, and 52°.
Instead the dominant crystalline phase is calcium oxide
(Ca0).

This reduction in calcium silicate phases, coupled with
an excess of free CaO, is expected to lead to the formation
of excess calcium hydroxide (Ca(OH),) upon hydration.
In the absence of reactive pozzolanic materials, this may
negatively impact compressive strength. However, when
sufficient pozzolans are present, the surplus Ca(OH), can
participate in secondary pozzolanic reactions, forming
additional calcium silicate hydrate (C—S—H) and calcium
aluminate silicate hydrate (C—A—S—H) gels that enhance
mechanical performance.

The MK sample displays a broad hump, characteristic
of an amorphous powder, indicating a predominantly non-
crystalline structure.

Physical Properties and Particle Size Distributions

The physical properties of CCFA, OPC, and MK are
presented in Table 2. Their particle size distributions,
measured using a Malvern Mastersizer 3000, are shown
in Fig. 2. CCFA had the largest median particle size
(Dsy = 16.65 ym) and exhibited the broadest particle size
distribution. Interestingly, despite its larger particle size,
CCFA demonstrated a higher specific surface area (4.4 m?
/g) compared to OPC (2.3 m?/g), likely due to its inherent
porosity, which could positively influence its reactivity.
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Fig.2 Particle size distributions of corrugated cardboard fly ash
(CCFA), ordinary Portland cement (OPC) and metakaolin (MK)

In contrast, MK had the smallest median particle size
(Dsy = 5.13 ym), the narrowest distribution, and notably
the highest specific surface area (15.7 m%g), factors known
to significantly enhance its reactivity.

BET Analysis

Nitrogen adsorption—desorption isotherms at —196°C were
collected with a Micromeritics ASAP2020 surface area
analyser. Samples were degassed under vacuum at 300°C
overnight prior to analysis. Surface areas were determined
by the Brunauer-Emmett-Teller (BET) method, and Barrett-
Joyner-Halenda (BJH) analysis was performed to determine
pore-size distributions using the adsorption branch of the
isotherms. Micropore surface areas were determined using
t-plot analysis, while total pore volumes were calculated
from the volume adsorbed at p/p, of 0.995.

The adsorption isotherms of OPC, MK, and CCFA were
similar in shape and consistent with type IIb isotherms,
typical of non-porous solids (Fig. 3a) [27]. The isotherms
were not reversible, and a type H3 hysteresis loop with no

plateau at high relative pressures was observed in all three
samples [28]. The area of the hysteresis loop increased in
the order OPC < CCFA < MK, in agreement with the BJH
pore-size distributions (Fig. 3b) and the specific surface
areas (Table 1). The total pore volume of the three samples
changed from 0.01 cm’ g’1 (OPC) and 0.02 cm?® g'1 (CCFA)
t0 0.10 cm? g'! (MK).

These results indicate that CCFA, with a greater pore vol-
ume than OPC, may contribute to increased early porosity
and water uptake in mortars, which could reduce compres-
sive strength due to calcium hydroxide formation, unless
reactive additives are present [29, 30]. In contrast, MK’s
high surface area and porosity promote the development of
C-S-H and C—A-S-H phases, improving densification and
which could compensate for CCFA’s limitations when used
together.

Critique and Summary
Comparison Between CCFA and Lime

The chemical composition of CCFA is notably different from
that of traditional pozzolanic SCMs such as coal-derived fly
ash and MK. While some SCMs are added for the pozzolanic
activity due to being rich in silica (SiO,) and alumina (Al,O3),
instead CCFA 1is predominantly composed of calcium oxide
(Ca0), positioning it closer to lime as shown in the ternary
diagram (Fig. 4). As Lime has no pozzolanic activity due to
no silica and alumina content, the same will apply to CCFA
with no, or little, pozzolanic activity expected. This funda-
mental difference distinguishes CCFA from coal derived fly
ash or other SCMs traditionally used in concrete.

Why Metakaolin?

The XRD analysis of CCFA (Fig. 1) indicates that, although
minor calcium silicates are present, the material is primarily
composed of quicklime (CaO). Quicklime rapidly hydrates
to form calcium hydroxide (Ca(OH),), supplying calcium

Fig.3 a Nitrogen adsorption— 60 @ 0.10 =
desorption isotherms of CCFA, CCFA d CCFA
MK and OPC samples (solid a5 4 Mk —a MK
symbols, adsorption; open @ —e—OPC — ——OPC
symbols, desorption) and b ,,:"0 r >
corresponding adsorption BJH 2 5
pore-size distributions 2¥r goosr
© 20 - 2
>
o d °
5
g 10 A .
o Bansressyr—g—o—n-—-r=0=0=0=C=tH oy 0.00 L__mme® X
0.0 0.2 04 0.6 0.8 1.0 10 100

Relative pressure p/p,
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Fig.4 Ca-Si-Al ternary
diagram showing the chemi-
cal composition of various
materials: FA(C)—Class C

fly ash (high calcium content),
FA(F)—Class F fly ash (low
calcium, high silica content),
RHA—Rice husk ash (high sil-
ica content), MK—Metakaolin,
GGBS—Ground Granulated
Blast Slag, Lime—Calcium
oxide (Ca0O), OPC—Ordinary
Portland cement, and CCFA—
Corrugated cardboard fly ash
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for potential strength development. However, CCFA lacks
sufficient silica (SiO,) and alumina (Al,0;), which are
essential to produce the cementitious phases—calcium-
silicate hydrate (C—S—H) and calcium-aluminosilicate
hydrate (C-(A-)S-H)—that provide strength and durability
in hydraulic cement systems.

Historically, quicklime has been used in lime-based mor-
tars, which primarily harden through carbonation, a slow
reaction in which Ca(OH), interacts with atmospheric CO,
to form calcium carbonate (CaCO;) [31, 32]. While this
process imparts long-term durability, it limits early strength
development, posing challenges for modern construction
applications.

To overcome these limitations, incorporating pozzolanic
materials can enhance hydraulic properties, enabling faster
strength development and improved durability [33-36].
Among pozzolans, metakaolin (MK) has garnered attention
for its high reactivity and sustainability [37, 38]. Derived
from the calcination of kaolin clay at temperatures of
600-900 °C, MK is composed primarily of aluminosilicates
(50-55% SiO, and 40-45% Al,05) [39, 40]. In the pres-
ence of calcium hydroxide, MK reacts to form C—S—H and
C—(A-)S-H gels, enhancing the mechanical performance
and durability of cementitious systems [31, 41-43].

Blending CCFA with MK capitalises on their comple-
mentary properties: CCFA’s high CaO content provides a
source of calcium, while MK supplies the aluminosilicates
necessary to form strength-enhancing cementitious phases.

Al203

This synergy not only addresses the limitations of CCFA but
also offers a novel pathway for sustainable concrete produc-
tion using industrial by-products.

From a chemical perspective, the high calcium oxide con-
tent in CCFA hydrates to form calcium hydroxide, which
subsequently reacts with the amorphous aluminosilicates
(SiO, and Al,0O;) present in MK. This pozzolanic reaction
leads to the formation of calcium silicate hydrate (C—S—H),
calcium aluminate hydrate (C—A—H), and calcium alumino-
silicate hydrate (C—A—S—H) phases. The key reactions are
summarised as follows [44, 45]:

Al O, - 2Si0, + xCa(OH), + H,0

— C-S-H + C-A-S-H + C,ASH; + C,AH,, M

The formation of these phases is crucial for improving
the compressive strength, microstructural refinement,
and durability of the hardened matrix. C—S—H acts as the
principal strength-giving phase. The secondary aluminate
hydrates—C,ASHg and C,AH,;—contribute to early strength
and may undergo phase transformations over time, depend-
ing on the MK/CH ratio and curing conditions. Notably,
the formation of C—A—S-H, particularly in systems with
adequate Ca and Al availability, has been shown to enhance
pore blocking and densify the matrix, leading to improved
durability and reduced permeability [46].

@ Springer
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Experimental Investigation of Compressive
Strength of Mortar

This section illustrates the mix design, sample preparation
and testing to study the effect of CCFA, MK and water-
cement ratio (W/C) on mortar samples.

Design of Control Mortar Mix

The control mix was designed to achieve a target compres-
sive strength of 30 MPa at 28 days, in accordance with BS
EN 196-1 [47]. The mix was prepared using a cement-to-
aggregate ratio of 1:3 by mass, with a water-to-cement
ratio (W/C) of 0.55 to ensure sufficient workability during
mixing and casting. The control mix serves as the baseline
for evaluating the effects of incorporating CCFA and MK
as partial cement replacements on compressive strength
performance.

Test Samples Mix Design and Statistical Validations

In this study, an I-optimal response surface methodology (RSM)
was employed to systematically explore the influence of key
factors on the performance of the mortar incorporating CCFA
as a cement substitute. RSM uses statistical techniques to model
and predict responses of interest to different input variables.
I-optimality attempts to minimise the prediction variance over
the design space to allow more accurate predictions with the
resulting model, which evaluates linear and quadratic terms.

This approach was selected specifically to support post-
experimental prediction of compressive strength across a
broad range of mix designs. I-optimality was favoured over
other design types (e.g., D-optimal or central composite)
because it improves model prediction accuracy across the
entire design space, rather than just enhancing parameter
estimation [48]. This makes it particularly suitable for use
cases where the fitted model will be used to formulate
mixes of a known compressive strength.

A total of 16 experimental data points were required for
this study, utilising an I-optimal experimental design that
replicates points in the design space (Fig. 5) to minimise
variance, and considering two independent variables. Each
mix was replicated three times, and the resulting average
compressive strength was used as the response variable.
The response was analysed using the second-order poly-
nomial equation:

y =f+aA + bB + cAB + dA* + eB? )

where y is the response (compressive strength in this
study), f is the intercept, A and B (see Tables 3 and 4 are
the independent variables, a and b are the associated linear
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Table3 Low and high ranges for independent variables (A:CCFA
and B:W/C ratio)

Independent Variables Unit Variable Range

Low High
A: CCFA % 0.0 40
B: W/C ratio 0.45 0.7

coefficients, c¢ is the coefficient for the interaction between
the variables, and d and e are the quadratic coefficients.

Statistical Analysis and Model Evaluation

The statistical analysis of the experimental data was con-
ducted using Design-Expert® software (Stat-Ease Inc.).
For each fitted model, several key indicators were used
to assess statistical significance and predictive accuracy:

e F-value: The F-statistic evaluates the ratio of model
variance to residual variance. A higher F-value indi-
cates that the model explains a significant portion of
the variability in the response compared to random
error.

e p-value: The p-value represents the probability that the
observed F-value could occur by chance. A p-value less
than 0.05 indicates statistical significance, meaning the
corresponding model term has a meaningful effect on the
response variable.

e R2: The coefficient of determination quantifies how well
the model fits the observed data. An R? value closer to
1.0 indicates a stronger fit.

o Adjusted R*: Adjusted R? accounts for the number of pre-
dictors in the model, providing a more accurate measure
of goodness-of-fit for models with multiple terms.

e Predicted R*: This metric estimates how well the model
is expected to predict responses for new observations.

e Lack-of-fit: This test evaluates the adequacy of the fit-
ted model by comparing the variation not explained by
the model to the pure error. A non-significant lack-of-
fit (p-value > 0.05) indicates that the model adequately
describes the data without significant missing terms.

These statistical metrics are reported in the results and
ANOVA sections to demonstrate the reliability and predic-
tion accuracy of the fitted response surface models. The
interaction terms (between CCFA and MK or W/C ratio)
are also statistically evaluated based on their F-values and
associated p-values.

To systematically evaluate the influence of different vari-
ables, the study was structured into two distinct experimen-
tal phases. The first phase explored the effect of CCFA as
a percentage replacement of cement and variations in the
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Table4 Low and high ranges for independent variables (A:CCFA
and B:MK)

Independent Unit Variable Range
Variables -
Low High
A: CCFA % 0 20
B: MK % 0 20

water-to-cement (W/C) ratio. The second phase investigated
the combined effects of CCFA and MK as partial cement
replacements, enabling assessment of potential synergy
between a calcium-oxide rich waste product and a reactive
pozzolan.

CCFA as Cement Replacement with W/C Ratio

Previous studies have shown that incorporating fly ash can
reduce the water demand in mortar and concrete mixes
[49-51], whereas ash from circulating fluidised bed combus-
tion (CFBC) tends to increase water demand due to its high
specific surface area and CaO content [50, 52]. Similarly,
Dvorkin et al. [53] found that lime kiln dust, with a CaO
content of 69%, significantly increases the water required for
full hydration. Given that CCFA contains notable amounts
of free lime (Ca0), it is expected to similarly influence the
water demand in cementitious mixes.

The W/C ratio experiment was, therefore, necessary to
evaluate how CCFA influences both water requirements and
the subsequent performance of mortar. Preliminary testing
was conducted to identify an appropriate range of W/C ratios
that would ensure workability across all mixes while also cap-
turing performance trends, particularly compressive strength.
The selected range of 0.45 to 0.70 allows for the assessment
of CCFA’s impact on hydration and strength development

under varying water contents, providing insights into its suit-
ability for use in sustainable mortar systems.

This range was established based on initial mixing and
workability observations rather than formal slump testing.
Mixes with W/C ratios below 0.45 became too stiff and
unworkable, while those exceeding 0.70 were overly fluid
and unstable. The broad range was necessary due to the high
free lime content in CCFA, which increases water demand
during early hydration. Including this variable ensured that
the experimental design captured the full range of realistic
performance scenarios.

Table 3 summarises the independent variables: A, repre-
senting the CCFA percentage used to replace cement, and
B, representing the water-to-cement (W/C) ratio. The table
includes the low and high values for both variables. Fig-
ure Sa illustrates the test samples with varying percentages
of A: CCFA and different ratios of B: W/C. The detailed
mix designs for these samples are provided in Table 9 in
Appendix A.

CCFA and Metakaolin as a Cement Replacement

As CCFA consists of non-pozzolanic components, which
inherently lack hydration components [54]. Therefore, the
addition of MK to the CCFA mortar was investigated. MK is
well documented to allow air lime to exhibit hydration reac-
tions, leading to increased strength and durability [55], due
to the high CaO content of CCFA. Therefore, to assess the
pozzolanic action of CCFA in the presence of MK, a further
experiment was completed using the same I-optimal RSM.

The two input variables were defined as A: CCFA as a
cement replacement and B: MK as a cement replacement,
with the total binder content constant across all mixes. The
ranges for these variables, outlined in Table 4, were chosen

@ Springer
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to ensure that the maximum total cement replacement
remained consistent, enabling direct comparison between
mixes. The table includes the low and high values for both
variables. Figure 5b illustrates the test samples with vary-
ing percentages of A: CCFA and B: MK. The detailed mix
designs for these samples are provided in Table 10 in Appen-
dix A.

Mortar Mix Preparation and Testing

All mortar samples were prepared following a consistent
methodology. The binder materials (OPC, CCFA, and/or
MK) were dry-mixed with fine aggregate at a fixed binder-
to-aggregate ratio of 1:3 by mass. Water was then gradually
added to achieve the desired water-to-cement (W/C) ratio
as specified in each mix design. Mixing was performed
using an automatic laboratory mortar mixer (Matest E093)
to ensure homogeneity and workability. This procedure was
used for all mixes prior to subsequent testing.

The synthesis of the mortar involved a series of stand-
ardized procedures to ensure consistent and reliable results.
Firstly, cubic specimens with dimensions of 100 x 100 x
100 mm were prepared for compressive strength testing in
accordance with BS EN 196-1 [47]. All mortar samples were
prepared following a consistent methodology. The binder
materials (OPC, CCFA, and/or MK) were dry-mixed with
fine aggregate at a fixed binder-to-aggregate ratio of 1:3 by
mass. Water was then gradually added to achieve the desired
water-to-cement (W/C) ratio as specified in each mix design.
Mixing was performed using an automatic laboratory mortar
mixer (Matest E093) to ensure homogeneity and workabil-
ity. This procedure was used for all mixes prior to subse-
quent testing. Once the mixing was complete, the mortar
was allowed to set for 24 h under standard conditions of
20 + 0.5 °C, promoting the initial hydration process. After
the initial set, the specimens were carefully demoulded to
maintain their shape and surface integrity.

To facilitate curing, the demoulded mortar specimens
were submerged in water. This immersion in water provided
a controlled and moist environment essential for appropriate
hydration and development of strength. The curing process
was carried out under standard conditions, maintaining a
temperature of 20 + 0.5 °C for 7 days and 28 days.

The compressive strength tests were performed using a
universal testing machine in accordance with BS En 1015-
11. Each specimen was placed between the upper and lower
compression platens of the machine, ensuring proper align-
ment and even distribution of the load. A continuous com-
pressive load was applied to the specimen at a controlled
rate, until failure occurred. The loading rate was 50 N/s.

@ Springer

Hardened Paste Preparation and Testing

While mortar testing provides data on mechanical per-
formance such as compressive strength, it includes fine
aggregates that can obscure microstructural and chemical
analyses. To isolate the behaviour of the binder system and
better understand hydration mechanisms, phase develop-
ment, and porosity, paste samples, composed solely of the
binder components, were prepared. These paste specimens
enable more accurate characterisation techniques such as
XRD and BETRounded analysis.

Paste Casting and Curing Protocol

Paste mixes (binder only; no aggregates) were prepared
according to the proportions listed in Table 5. Fresh pastes
were cast into slabs and hydrated for 7 and 28 days under
the same controlled conditions as the mortar specimens
(Sect. 2). After curing, specimens were sectioned for sub-
sequent characterisation as specified below.

X-Ray Diffraction on Hydrated Pastes

For XRD, paste slices of 5 mm thickness were analysed
using a PANalytical X’pert Powder diffractometer with
Cu K, radiation (4 = 1.51054 A) operated at 45 kV and
40 mA. Data were collected from 10-65° in 20, step size
0.0167°, and 30 s/step. The in-situ hydrating samples were
rotated at 60 rpm during the data collection. Phase iden-
tification employed HighScore Plus (search-match) with
the Crystallography Open Database.

Nitrogen Adsorption (BET) on Hydrated Pastes

For BET analysis, cured paste of 2 cm thickness were pre-
pared and hydrated for 28 days. Nitrogen adsorption—des-
orption isotherms were collected and analysed consistently
with the procedure described in Sect. 2 (BET on raw mate-
rials), including determination of Sggr, BJH pore-size dis-
tributions from the adsorption branch, and t-plot micropore

Table 5 Mortar paste mix proportions for XRD and BET

Sample OPC (%) CCFA (%) MK (%)
0100 100 0 0
080-C20 80 20 0
080-M20 80 0 20
080-C10-M10 80 10 10
060-C20-M20 60 20 20
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areas where applicable. Total pore volume was calculated
from the amount adsorbed at p/p, = 0.995.

Mechanical Characterisation of Hardened
Mortars

Effect of CCFA % of Cement Replacement and W/C
Ratio on Compressive Strength of Mortar

This section presents the results of an experimental inves-
tigation using MK and CCFA, as discussed in Sect. 3.2.2.
As shown in Table 6, variable A is CCFA as a percentage of
cement replacement, and variable B is W/C ratio. The fit-
ted quadratic model for compressive strength at 7 days was
statistically significant, with an R? of 96.56%, an adjusted
R? of 94.39%, a predicted R? of 89.65%, and a lack of fit of
0.5695, described by Equation (3). Similarly, the fitted quad-
ratic model for 28-day compressive strength was statistically
significant, with an R? of 98.68%, an adjusted R? of 98.02%,
a predicted R? of 97.11%, and a lack of fit of 0.1892, as
shown in Equation (4).

fower =48.6 — 0.68A — 67.1B + 0.50AB

3
+0.0026A2 + 26.4B> )

Sewers =74.0 —12.9A4 — 96.1B + 1.02AB

4
+ 0.0085A2 + 21.6B> @)

Where f, is the maximum predicted compressive strength,
A = %CCFA, and B = W/C ratio.

Figure 6 shows contour plots and 3D response surface
plots for the compressive strength of mortars at 7 days and
28 days. As the developed models are significant, this allows
a direct comparison between the two models. For all mixes,
the compressive strength was lower for the 7-day samples,

Table 6 Analysis of variance (ANOVA) for compressive strength at 7
and 28 days for the mortar test samples varied with the percentage of
CCFA and W/C ratio

Source Compressive Strength Compressive Strength

7 Days 28 Days

F-Value p-value F-Value p-value
Model 51.5 <0.0001 149 <0.0001
A-(%CCFA) 182 <0.0001 374 <0.0001
B-(W/C) 49.4 <0.0001 233 <0.0001
AB 4.08 0.0711 22.7 0.0008
A? 1.95 0.1923 27.1 0.0004
B? 0.30 0.5978 0.26 0.6219
Lack of Fit 0.088 0.5558 2.31 0.1892

indicating that some hardening reactions during hydration
occur after the initial 7-day period. The highest compressive
strengths of the model occur at the lowest W/C ratio and the
lowest CCFA percentage replacement. Conversely, the low-
est compressive strength occurs at higher CCFA replacement
and W/C ratio. As discussed previously, the inverse relation-
ship between W/C and compressive strength is well docu-
mented [56, 57]. The inverse relationship between CCFA
and compressive strength shows that the CCFA provided less
compressive strength than OPC cement at all W/C ratios.
The percentage gain in compressive strength between day 7
and day 28 was higher for mixes with greater CCFA replace-
ments. Specifically, a mix containing 40% CCFA at a W/C
ratio of 0.4875 exhibited a 58.3% increase in compressive
strength from 7 to 28 days. In contrast, a mix with only
0.8% CCFA at a W/C ratio of 0.45 showed a 10.6% strength
gain over the same period. At a fixed W/C ratio of 0.45,
the response surface model predicted a 28-day compressive
strength of 35.2 MPa for a mix with no CCFA, compared
to 15.4 MPa for a mix with 40% CCFA replacement—cor-
responding to a 54.9% reduction in strength. This effect is
likely due to a reduction in pozzolanic materials available
in the paste with cement replacement, slowing down the
hardening process of the mortar—this effect will be less
notable at higher W/C due to the reduction of cementitious
material per unit volume.

One contributing factor is the increased porosity intro-
duced by CCFA-rich mixes. The high calcium oxide content
in CCFA, coupled with limited pozzolanic reactivity, can
result in an abundance of unreacted lime and a less dense
hydration matrix (at higher W/C ratios). This increased
porosity can negatively affect compressive strength, par-
ticularly at early ages. This is explored further through BET
analysis of hardened pastes in Sect.5.2

Effect of Percentages of MK and CCFA
on Compressive Strength of Mortar

This section presents the results of an experimental inves-
tigation using MK and CCFA, as discussed in Sect.3.2.3.
As shown in Table 7, variable A is CCFA as a percentage
cement replacement and variable B is MK as a percentage
cement replacement. The fitted quadratic model for com-
pressive strength at 7 days was statistically significant, with
an R? of 96.57%, an adjusted R? of 94.67%, a predicted R?
of 88.61%, and a lack of fit of 0.0171. This is described by
Equation (5). Similarly, the fitted quadratic model of com-
pressive strength at 28 days of curing age was statistically
significant with an R? of 90.60%, an adjusted R? of 85.91%,
a predicted R?0f 72.71%, and a lack of fit of 0.4245. This is
described by Equation (6).
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Fig.6 The compressive strength is shown for both 7-day and 28-day samples using 2D contour plots (a, ¢) and 3D response surface plots (b, d),

illustrating its variation with the W/C ratio and percentage CCFA

Semk7 =28.5 +0.23A — 1.30B + 0.040AB

5
+ 0.0068A2 + 0.029B8> )

Jemkog =35.1 +0.036A — 1.10B + 0.034AB

6
+0.009242% + 0.0186B> ©)

where f. is the maximum predicted compressive strength,
A = %MK, and B = %CCFA.

In this study, contour and surface plots of compressive
strengths of mortar samples at 7 and 28 days to visualise
the relationships between the key variables MK and CCFA
(Fig. 7). These graphical representations offer valuable
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insights into the effects of these variables on the response.
However, it is important to note that while these visuali-
sations provide a framework for understanding the trends
and interactions, the lower adjusted and predicted R? val-
ues for the model suggest that there may be additional
factors or intricacies influencing the compressive strength
that are not fully accounted for in our model. While the
response surface and contour plots offer valuable insights
into the trends and interactions between variables, their
interpretation must be viewed within the context of the
model’s assumptions and inherent limitations. The quad-
ratic models used provide a strong statistical fit but may
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Table 7 Analysis of variance (ANOVA) for varying percentages of
MK and CCFA compressive strength at 7 and 28 days

Source Compressive Strength Compressive Strength

7 Days 28 Days

F-Value p-value F-Value p-value
Model 50.7 <0.0001 19.3 <0.0001
B-(%MK) 116 <0.0001 47.3 <0.0001
A-(%CCFA) 58.9 <0.0001 25.6 0.0005
AB 45.5 <0.0001 10.4 0.0092
B? 0.815 0.3902 0.499 0.4960
A? 14.9 0.0038 2.05 0.1827
Lack of Fit 11.6 0.0171 1.20 0.4245

not fully capture complex non-linear behaviors or long-
term effects beyond the experimental range. Therefore,
further experimental validation is recommended to con-
firm these findings and extend their applicability.

The percentage gain in compressive strength between
day 7 and day 28 was generally higher for mixes with
higher CCFA replacement and lower MK replacement. For
instance, mixes with 13% CCFA and 0% MK exhibited a
49% strength gain. However, mixes containing both CCFA
and MK showed relatively lower strength gains between
days 7 and 28, particularly when the replacement percent-
ages were similar. For example, Run 13 and Run 14, both
with 8.3% CCFA and 11.3% MK, demonstrated compressive
strength gains of 24% and 26%, respectively.

The results of CCFA-MK blended mortar showed sta-
tistical significance for the variables MK and the inter-
active relationship between CCFA and MK. The lowest
compressive strength results were observed with the high-
est CCFA replacement and no MK replacement, aligning
with the results reported in Sect. 4.1. This trend reaffirms
that CCFA does not inherently contribute to the hydraulic
hardening of mortar. When MK was introduced without
the presence of CCFA, the resulting compressive strength
increased, which agrees with previous research [58],
underlining the beneficial impact of MK on enhancing
mortar strength. When MK was introduced with CCFA
at higher percentages, the compressive strength equalled
or exceeded the compressive strength of cement and MK
alone. This suggests a potential synergy between MK and
CCFA, confirmed by the statistically significant interac-
tion in Table 7.

This shows that the CaO in CCFA forms Ca(OH), during
hydration, though the hardening is hindered due to the lack
of pozzolanic material in the paste. The addition of MK
then increases the formation of C—S—H and C-A-S-H gels
from the available Ca(OH),, as shown in previous work with
lime-metakaolin mortars [31, 41, 59, 60], though post-cur-
ing XRD analysis is required to confirm this. Together, they

form a mortar that hardens faster than lime alone, which has
promising implications for sustainable construction practices
and the utilisation of industrial waste products in cementi-
tious systems. As CCFA is currently disposed of in landfills,
this could allow for partial replacement of cement, resulting
in mortar with a lower associated carbon emission.

Although metakaolin was used as the pozzolan in this
study, similar synergistic behaviour may be achievable with
other reactive aluminosilicate materials, such as coal fly ash,
ground granulated blast-furnace slag, silica fume, or natu-
ral pozzolans. Exploring CCFA—pozzolan blends beyond
metakaolin could broaden the applicability of this approach,
particularly in contexts where MK is less available or more
costly. Furthermore, while CCFA is not a stand-alone
hydraulic binder under ambient curing, hydrothermal treat-
ment to form calcium silicate phases may offer a pathway to
increase its independent utilisation [61, 62]. However, such
processing is typically energy-intensive and falls outside the
scope of this low-temperature, low-carbon study.

The potential of CCFA as a cement replacement should
be tested at higher replacement percentages to assess its suit-
ability for cement replacement further. Additional research
is essential to assess the durability aspects of CCFA-MK
mortar in contrast to conventional OPC. This entails exami-
nations encompassing freeze-thaw resistance, susceptibility
to sulfate attack, chloride penetration, and carbonation, as
well as conducting supplementary evaluations pertaining
to permeability, sorptivity, water absorption, and shrinkage
properties.

The potential of CCFA to participate in carbonation-
based hardening, particularly under semi-dry or dry curing
conditions, presents a promising avenue for further research.
While traditional lime mortars rely on carbonation reac-
tions—where Ca(OH), slowly reacts with atmospheric CO,
to form CaCO;—such reactions can be significantly enhanced
under elevated CO, environments [63]. Studies have high-
lighted the mineralogical and textural changes induced by
both natural and forced carbonation in lime-based mortars
[64], and a comprehensive overview of carbonation mecha-
nisms and kinetics in these systems has been provided by
Rodriguez-Navarro et al. [65]. These insights suggest that
CCFA, owing to its high CaO content, may similarly ben-
efit from carbonation curing methods to enhance long-term
performance.

The predictive equations derived in this study (Equa-
tions 3, 4, 5, and 6) are specific to the experimental ranges
used for CCFA, MK, and W/C ratio. These models are
intended to guide formulation within these bounds and may
not reliably extrapolate to inputs outside the tested ranges.
Future studies involving alternative materials, curing condi-
tions, or mix designs may require recalibration or redevelop-
ment of the response surface models.
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Fig.7 The compressive strength is shown for both 7-day and 28-day samples using 2D contour plots (a, ¢) and 3D response surface plots (b, d),

illustrating its variation with the percentages CCFA and MK replacement

Characteristics of Hardened Binder Pastes

To complement the mechanical performance of the mor-
tar mixes, the binder pastes (OPC, CCFA, MK in various
proportions without aggregates) were examined using
XRD at 7 and 28 days, and BET analysis at 28 days.
These characterisation techniques reveal the evolution of
hydration products and porous structure across the differ-
ent binder systems, offering insight into the mechanisms
responsible for strength development. Experimental pro-
cedures are detailed in Sect. 3.4.
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X-Ray Diffraction

In the XRD analysis, calcium hydroxide peaks are observed
in samples O100 and O80-C20. This peak is absent for the
remaining samples, all of which contain MK, indicating that
the MK is reacting with the excess calcium hydroxide (CH)
in both CCFA and OPC which is consistent with the poz-
zolanic activity associated with MK-containing mixes. 0100
and O80-C20 show limited change of calcium hydroxide
between 7 and 28 days possibly due to limited access to
pozzolanic materials. Ettringite formation is shown for all
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Fig.8 XRD patterns for mortar paste hydrated for 7 days (7D) and
28 days (28D), where O = OPC, C = CCFA, and M = MK. Ettring-
ite (Ettr.) formation is observed in all samples, while hemicarboalu-
minate (Hc) formation is present only in samples containing MK. A
reduction in calcium hydroxide (CH) is evident in samples with MK

samples, and there seems to be little change between the
7-day and the 28-day samples.

The three samples containing MK show an increase in
hemicarboaluminate (Hc) between 7 and 28 days. The sam-
ples containing only OPC and/or CCFA show no noticeable
hemicarboaluminate formation, which is expected due to lim-
ited reactive alumina in these mixes (Fig. 8). This hemicar-
boaluminate phase, which previous studies on lime-blended
cement have shown to reduce porosity, has been linked to
improved compressive strength in resulting concrete [66—69].

BET Analysis

Upon 28-days hydration, the nitrogen adsorption isotherms
for all 5 samples (Table 5) yielded type IIb isotherms with
more pronounced type H3 hysteresis loops (Fig. 9a and c)
compared to the raw materials (Fig. 3). The type H3 loop
is typically observed with aggregates of plate-like particles
giving rise to slit-shaped pores [28].

The surface areas (Table 8) of all hydrated samples
increased compared to the surface areas of the raw materi-
als (Table 2), with the largest increase observed for the O80-
C20 sample. The higher surface area of the O80-C20 sample

Table 8 BET surface areas (Sggyr), micropore areas (S;.), and total
pore volumes (V) of the 28 days-hydrated materials and mixtures

Sample Sper (MY2)  Spyiero M¥2) Vi (cm’/g)
0100 28D 475 +0.19 n.d 0.13
080-C20 28D 77.5+040 nd 0.17
080-M20 28D 63.5 +£0.21 6.7 0.25
080-C10-M10 28D 64.9 +0.15 1.8 0.18
060-C20-M20 28D 57.9 £0.12 2.1 0.19

Note: n.d. = not detected

compared to the O80-M20 sample after hydration could be
associated with the presence of hemicarboaluminate in the
latter. The total pore volume followed O80-M20 > O80-
C20 > 0100, with microporosity observed specifically in the
hydrated samples with MK, as shown in Table 8. Although
total pore volumes and the mesopore-size distribution for
samples with H3 type hysteresis loop cannot be assessed
reliably [28], the total pore volumes in Table 8 and the pore-
size distribution provided in Fig. 9b and d can be used to
provide a qualitative assessment of the porous structures
of the hydrated samples. A peak between 1.5 and 5.5 nm
was observed for all samples except O80-M20; its intensity
decreased in the order O80-C20 > 0O80-C10-M10 > 060-
C20-M20 > 0100. The shape of this peak changed for the
080-C10-M10 and O60-C20-M20 samples, particularly for
the 0O60-C20-M20 sample, for which it resembled a shoulder
rather than a peak. The changes are consistent with the com-
position of the mixed samples containing MK of increasing
mass fraction from O80-C10-M10 to O60-C20-M20.

The broader peak between 6 and 200 nm for the mixed
samples was between the hydrated O80-M20 and O80-C20
and O100 peaks (Fig. 9b and d). The surface areas and total
pore volumes of the O80-C10-M10 and O60-C20-M20 sam-
ples also changed as expected based on the composition of
these samples and the surface areas and pore volumes of the
hydrated O100, O80-C20 and O80-M20, including the level
of microporosity detected.

The results from the adsorption isotherm measurements
and corresponding BJH pore-size distributions further con-
firm a combined chemical and physical synergy between
CCFA and MK, allowing for mortar formulations with
compressive strengths exceeding that of OPC alone. In
this system, the CaO-rich but non-pozzolanic CCFA sup-
plies calcium hydroxide, which reacts with the pozzolanic
metakaolin to produce additional C—S—-H and C—A-S-H
gels. These secondary hydration products fill and refine
existing pore spaces, leading to a denser microstructure and
improved mechanical performance. The subtle differences
in the pore structures of O80-C10-M10 and 060-C20-M20,
mainly in the volume of gas adsorbed in pores smaller than
5.5 nm, suggest that the level of microporosity associated
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with MK reactivity contributes to the compressive strength
of the blended mortars.

Although a pronounced mesopore peak near 30-50 nm
was observed for the MK-containing samples at 28 days, this
feature does not indicate weaker microstructures. For type
H3 hysteresis loops, BJH analysis provides only a qualitative
pore-size distribution. In pozzolanic systems such as those
containing MK, coarser capillaries (>100 nm) are progres-
sively refined into mesopores as secondary C—A—S-H gels
form, increasing the overall gel/space ratio and reducing pore
connectivity—both of which enhance strength. This interpre-
tation is consistent with the observations of Zeng et al. [70],
who reported that at 28 days fly-ash—blended pastes exhibited
a temporary increase in 50-100 nm pores that diminished
by 90 days as pozzolanic reactions continued. In our study,
the MK-containing samples already show evidence of this
refinement process at 28 days, explaining their higher com-
pressive strength compared with the O80-C20 blend, where
no pozzolan was added. The O80-C20 paste, dominated by
unreacted Ca(OH), and larger interconnected capillaries,
retained the coarsest pore network and therefore the low-
est strength. A distinct hump near 2 nm is also visible for
080-C20, corresponding to the characteristic pore feature of
unreacted calcium hydroxide [71]. In contrast, the MK blends
display reduced very-large-pore volume and a diminished ~2
nm gel-pore feature, reflecting a denser and more cohesive
microstructure consistent with continuing pozzolanic activity.
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Summary

The reduced compressive strength observed in CCFA-rich
mixes is primarily attributed to increased matrix porosity
and the limited pozzolanic reactivity of CCFA. XRD analy-
sis supports this interpretation, revealing the presence of
unreacted calcium hydroxide in the hardened samples.

The compressive strength results align closely with the
microstructural and surface area findings, providing insight
into the influence of CCFA and MK on mortar performance.
BET analysis revealed that hydrated samples containing
CCFA had a higher specific surface area compared to OPC
alone, indicating increased porosity and the potential pres-
ence of unreacted CCFA particles. The lower compressive
strength observed in CCFA-rich samples can be attributed
to this increased porosity, as well as the limited pozzo-
lanic reactivity of CCFA. XRD analysis further supports
this, revealing residual calcium hydroxide in the hardened
matrix. The increase in pore diameter volume between 1-5
nm observed in the O80-C20 sample corresponds with that
of unreacted calcium hydroxide [71].

XRD analysis identified crystalline calcium hydroxide and
ettringite as predominant phases in CCFA-rich samples, with
reduced C—S-H and C—(A)-S—H formation compared to MK-
containing samples. The incorporation of MK significantly
improved the matrix densification due to its high pozzolanic
reactivity, as evidenced by increased hydration product for-
mation and the reduction of CH peaks in XRD patterns.
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The trends in compressive strength mirror these observa-
tions. Samples with higher MK content exhibited greater com-
pressive strength, correlating with denser hydration products
and improved pore structure as indicated by BET and XRD
analyses. Conversely, the CCFA-rich samples showed lower
compressive strength due to the limited reactivity of CCFA
and associated increase in porosity.

Overall, the integration of compressive strength, BET,
and XRD analyses underscores the complementary roles
of CCFA and MK in hydrated mortars. MK enhances the
pozzolanic reaction, leading to improved phase develop-
ment and microstructural integrity, while CCFA, without
the added MK, contributes primarily as a filler material
with limited hydraulic activity. These findings highlight the
importance of balancing CCFA and MK content to optimise
mortar performance.

Conclusion

This study investigated the influence of CCFA as a partial
replacement for cement in mortar, focusing on its impact on
compressive strength. CCFA was characterised using XRD,
XRF, BET, and particle size analysis. Two distinct experi-
ments were conducted using a response surface methodology
to test compressive strength of mortar samples: the first with
CCFA as a cement replacement and W/C ratio; and the second
with CCFA as a cement replacement and MK as a cement
replacement. Hardened mortar pastes were characterised
using XRD and BET. The main conclusions are as follows:

1. CCFA replacement of cement alone had a negative cor-
relation with compressive strength when the mortar was
cured in a high-humidity environment. In addition, an
increase in the W/C ratio showed a reduction in com-
pressive strength at all CCFA replacements.

2. Comparing 7-day and 28-day compressive strengths
showed that 90% of compressive strength was achieved
after 7 days for the highest W/C ratio and lowest CCFA
replacement; conversely, the lowest W/C ratio and high-
est CCFA replacement achieved 45% of the 28-day com-
pressive strength in 7 days.

3. Blended mortars, when replacing OPC with 20% CCFA
and 20% MK, resulted in compressive strengths equal to
those achieved by cement and 20% MK when cured in
a high-humidity environment. These significant results
showed a synergy between MK and CCFA, providing an
avenue for sustainable construction materials.

4. XRD analysis of hydrated mortar pastes revealed a
reduction in calcium hydroxide in samples containing
metakaolin, indicating enhanced pozzolanic activity.
BET data suggest that the excess calcium hydroxide

present in CCFA reacted to form strength-contributing
phases such as C—S—H and C—(A)-S—H gels, improving
the microstructural integrity of the mortar.

5. Comprehensive characterisation of CCFA revealed
its high calcium oxide content and limited pozzolanic
activity, distinguishing it from traditional fly ashes.
XRD confirmed the dominance of quicklime and minor
calcium silicate phases, while BET analysis indicated a
higher specific surface area and porosity compared to
OPC. These properties suggest that CCFA primarily acts
as a filler material in a hydraulic setting, but with the
potential to contribute to hydration through the reaction
of calcium hydroxide, particularly when combined with
areactive pozzolan like metakaolin.

Despite the promising performance of CCFA-MK blends at
the laboratory scale, several limitations and challenges must
be addressed before large-scale industrial implementation.
The variability in the chemical composition of CCFA, due to
differences in feedstock and incineration conditions, poses a
reproducibility risk that may affect mechanical performance.
Additionally, the high sulphur content may result in durabil-
ity concerns such as delayed ettringite formation or shrink-
age unless carefully controlled. Further challenges include
the logistics of sourcing consistent CCFA, adapting existing
mixing protocols, and ensuring compliance with construc-
tion standards and regulatory frameworks. Future research
should explore the long-term performance, life-cycle impact,
and potential pre-treatment of CCFA to ensure safe and scal-
able use in commercial cementitious products.

This research benefits both the cardboard paper and con-
crete industries. In the cardboard industry, a significant chal-
lenge is the disposal of waste cardboard in landfills, which
generates methane—a greenhouse gas far more potent than
carbon dioxide. While recycling waste cardboard is the ideal
solution, it is not always feasible. As an alternative, some
companies opt for waste combustion to recover energy, con-
verting the cardboard sludge into ash, which results in lower
emissions when landfilled. However, this method introduces
the challenge of managing fly ash disposal. Although fly
ash produces minimal harmful emissions, it can contaminate
soil and water with heavy metals. This study demonstrates
that CCFA can be used as a partial substitute for cement,
thereby reducing the concrete industry’s carbon footprint.
Simultaneously, it addresses the issue of fly ash disposal by
converting waste into a valuable resource, creating a poten-
tial business opportunity.

Appendix A

See Tables 9 and 10.
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Table 9 Mix proportions and corresponding compressive strengths at 7 and 28 days, showing the effect of CCFA replacement percentage and

W/C ratio
Mix CCFA (%) Ww/C CCFA (kg/m3) OPC (kg/m3) Water (kg/m3) Fine Aggregate 7-Day (MPa) 28-Day (MPa)
(kg/m3)

1 40.0 0.49 161.3 242.0 191.5 1209.8 8.53 13.26
2 22.6 0.59 89.7 307.1 235.6 1190.2 10.00 13.28
3 22.1 0.70 84.1 296.9 266.7 1143.1 7.17 9.13
4 40.0 0.49 160.5 240.7 195.6 1203.7 8.80 14.18
5 26.0 0.51 106.1 302.1 207.2 1224.7 11.96 18.43
6 40.0 0.60 153.9 230.8 228.9 1153.9 6.93 10.91
7 0.0 0.54 0.0 4232 227.5 1269.6 20.89 29.64
8 5.0 0.70 19.6 372.9 274.7 1177.5 14.12 15.98
9 0.0 0.54 0.0 4232 227.5 1269.6 17.56 28.72
10 8.5 0.61 343 369.6 247.4 1211.6 15.01 16.65
11 22.6 0.59 89.7 307.1 235.6 1190.2 11.72 13.18
12 40.0 0.70 147.9 221.8 258.8 1109.1 5.45 7.66
13 0.8 0.45 35 435.3 197.5 1316.4 24.83 34.12
14 5.0 0.70 19.6 372.9 274.7 1177.5 12.66 13.68
15 22.6 0.59 89.7 307.1 235.6 1190.2 11.48 12.77
16 15.0 0.45 64.0 362.8 192.1 1280.6 16.73 24.12

All values rounded to reflect the precision of the measurements and instrument limitations

Table 10 Mix proportions and corresponding compressive strengths at 7 and 28 days, showing the effect of MK and CCFA as partial cement

replacements
Mix MK (%) CCFA (%) MK (kg/m®) CCFA (kg/m®) OPC (kg/m®) Water (kg/m?) Fine Aggre- 7-Day (MPa) 28-Day (MPa)
ate (kg/m?)

1 20.0 0.0 74.4 0.0 297.7 204.7 1116.5 29.19 39.70
2 19.9 8.4 73.1 30.9 263.2 202.0 1101.6 30.37 40.14
3 20.0 16.9 72.4 61.2 228.4 199.1 1085.8 29.74 39.95
4 0.0 13.0 0.0 53.4 357.5 226.0 12327 16.11 23.99
5 2.5 0.0 10.4 0.0 403.8 227.8 1242.6 28.87 36.02
6 0.3 20.0 1.2 81.0 322.7 222.7 12147 14.34 18.99
7 7.4 20.0 28.7 71.5 281.3 213.1 1162.6 21.48 28.66
8 7.4 20.0 28.7 71.5 281.3 213.1 1162.6 22.63 27.65
9 2.5 0.0 10.4 0.0 403.8 227.8 1242.6 29.43 35.68
10 200 16.9 72.4 61.2 228.4 199.1 1085.8 29.71 33.53
11 4.0 7.0 16.2 28.4 360.4 222.7 1215.0 22.55 29.82
12 117 0.0 45.6 0.0 345.4 215.1 1173.1 30.49 34.85
13 113 8.3 43.7 32.1 310.6 212.5 1158.9 25.20 31.22
14 113 8.3 43.7 32.1 310.6 212.5 1158.9 25.10 31.69
15 130 15.2 493 57.5 271.0 207.8 1133.4 23.16 31.10
16 113 8.3 43.7 32.1 310.6 212.5 1158.9 24.99 31.64

Fine aggregate masses were recalculated using the absolute volume method to account for differing densities of OPC, CCFA and MK. All values

rounded to reflect measurement precision
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