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Abstract

This study investigates the effect of metakaolin (MK) as a partial replacement of cement
(CEM I) in high-workability mortars, with emphasis on fresh-state behaviour, mechani-
cal properties, microstructural development, and carbon footprint implications. Mortars
were produced with MK replacement levels ranging from 0 to 50% by mass of binder,
under a constant water-to-binder ratio and fixed superplasticiser amount. Fresh-state
results showed that increasing MK content reduced flowability due to its high fineness;
however, high workability was maintained for replacement levels up to 20%. At 28 days,
MK replacement up to 10% retains approximately 90–95% of the control compressive
and flexural strength, whereas higher replacement levels lead to gradual strength reduc-
tions (to ~55–60% at 50% MK), despite comparable early-age strength gains across all
mixes. Durability-related indicators demonstrated reduced water absorption and capil-
lary uptake at moderate MK contents (approximately 20–30%), indicating refined pore
structure and reduced pore connectivity. Microstructural analyses using SEM, TGA, and
XRD confirmed effective portlandite consumption and the formation of dense C–A–S–
H-type hydration products at moderate MK replacement levels, whereas excessive MK
contents resulted in unreacted MK. A comparative carbon footprint assessment showed that
MK incorporation leads to proportional reductions in embodied CO2 emissions, with re-
placement levels of 10–20% providing the most favourable balance between mechanical
performance, durability, and environmental benefit. Therefore, the results demonstrate
that MK can be used as a supplementary cementitious material for producing low-carbon,
high-workability mortars.

Keywords: metakaolin; high-workability mortar; supplementary cementitious materials;
durability-related transport properties; carbon footprint

1. Introduction
The cement and concrete industry are under increasing pressure to decarbonise in

response to global climate targets. Cement production accounts for approximately 7–8%
of global anthropogenic CO2 emissions, primarily due to the calcination of limestone and
the high thermal energy demand of clinker manufacture [1,2]. Achieving meaningful
emissions reductions requires targeting substantial reductions in clinker content [3]. Partial
replacement of cement with supplementary cementitious materials (SCMs) is an effective
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and readily implementable approach [4,5]. Metakaolin (MK) is a promising SCM for low-
carbon cementitious systems. MK is produced by the controlled calcination of kaolinitic
clays at 650–800 ◦C, resulting in an amorphous aluminosilicate material rich in reactive
silica and alumina [6]. When incorporated into cement-based systems, MK modifies the
hydration of cement primarily through a coupled filler and pozzolanic effect [7].

Compared with plain cement systems, at early concrete age, MK accelerates hydration
by promoting the reactions of silicate and aluminate phases, shifting the silicate peak to earlier
times, increasing sulphate depletion, and enhancing ettringite formation [8,9]. MK reacts with
portlandite to form secondary calcium silicate hydrate (C-S-H) and calcium aluminosilicate hy-
drate (C-A-S-H), lowers the intensity or amount of residual CH, increases chemically combined
water, and shifts the hydrate assemblage towards alumina phases [10–12]. This is accompanied
by compositional modification of the main binding gel, including lower Ca/Si and higher Al
incorporation in C-A-S-H [10,12]. MK also promotes the formation of additional hydrate phases,
which contribute to matrix densification and capillary void filling [13–15]. These hydration
changes are consistently associated with pore refinement and increased tortuosity, although total
porosity does not always decrease monotonically with increasing replacement level [16,17]. In
blended systems MK reduces total porosity and produces a more homogeneous and contiguous
solid matrix with lower water mobility [18].

MK replacement levels of cement by around 5–20% generally increase compressive,
tensile and flexural strengths relative to control mixes [19–22]. A 20% replacement increased
28-day compressive strength from 62.3 MPa to 74.9 MPa in one study on self-compacting
concrete [23], whilst a 10 wt.% replacement led compressive strengths of 48.4, 71.2 and
76.1 MPa at 7, 28 and 56 days in another self-compacting concrete [10]. Compressive
strength gains of about 10–15% over the control have also been reported [13], and even
low-grade MK at high replacement can maintain comparable 28-day strength, with up
to 40 wt.% replacement reported in one study [12]. In aged Portland cement, MK also
improved physical and mechanical performance by restoring hydration reactivity, with
5–10% replacement significantly improving 7- and 28-day strength [9]. High MK replace-
ment levels (>30–40%) can lead to reductions in early-age strength and increases in porosity
due to dilution effects and incomplete hydration under standard curing [24,25].

MK generally reduces the flowability of cementitious mixes and increases fresh-
state water and admixture demand because of its high specific surface area, angular
or flaky particle morphology, and consequent increase in internal friction and wa-
ter adsorption [9,10,13,26]. For large replacement levels, these effects become more
critical, particularly when rheological stability is essential to ensure uniform place-
ment without segregation [27–29]. In terms of concrete fresh properties, these effects
are usually expressed as lower slump flow, longer flow times and higher superplas-
ticiser demand. For example, in self-compacting concrete, increasing MK slightly
reduced slump flow from 690 to 675 mm, increased T50 from 2.3 to 3.3 s, and increased
V-funnel time from 4.8 to 5.9 s [10]. Similarly, MK increased the water demand or in-
creased the superplasticiser content required to achieve a given slump in conventional
concrete [13,22]. MK also tends to increase cohesion and viscosity, which can be ben-
eficial for stability [30]. In fresh mortar systems, below 15% replacement, MK had
little effect on yield stress, whereas above this level, it substantially increased the
yield stress; plastic viscosity increased steadily with MK content, indicating a clear
tackifying effect [31].

Within the broader group of low-clinker cements, MK represents the high-reactivity
component in the calcined clays cements and supports the potential for large-scale decarbon-
isation [7,32]. In these systems, MK contributes to early porosity refinement and strength
gain through carboaluminate formation, while later-age strength becomes less sensitive to

https://doi.org/10.3390/ma19081558

https://doi.org/10.3390/ma19081558


Materials 2026, 19, 1558 3 of 27

MK content [33]. In MK–limestone systems, MK stimulates early alite hydration, sustains
heat release, promotes ettringite formation, and strongly enhances hemicarboaluminate
and monocarboaluminate formation through reaction with the limestone [34].

Developments in low-carbon concrete research emphasise the need for integrated
performance-based evaluation frameworks combining structural performance, durability,
and environmental impact [35,36]. Life-cycle assessment studies demonstrate that clinker
substitution can lead to substantial embodied carbon reductions but also show that these
benefits are highly sensitive to binder composition, material variability, and assumptions
regarding service life [37]. Probabilistic approaches have highlighted the importance of
accounting for uncertainty in embodied carbon assessments in comparative studies [38].

This paper aims to define a practical threshold map for optimum MK replacement,
rather than a single optimum, particularly since the optimum amount depends on the
requirements of the intended application, in line with performance-based approaches. To
achieve this, a wide MK replacement range of 0–50% by binder mass was investigated,
capturing the transition from beneficial incorporation in cement blends to calcium-limited
or dilution-dominated responses of MK. Unlike most existing studies, which achieve
target fresh properties by increasing water or superplasticiser amount, this work adopts a
controlled-variable design with constant parameters across all mixes, thereby isolating the
intrinsic effect of MK substitution. The study integrates fresh-state response, compressive
strength at 7, 28 and 90 days, 28-day flexural strength, water absorption and capillary
sorptivity, SEM–TGA–XRD microstructural assessments, and environmental impact within
a single experimental programme, whereas previous studies have generally addressed only
subsets of these properties.

2. Materials and Methods
The present study adopts a controlled-variable experimental design, in which only the

cement replacement level by MK is varied, while all other parameters, aggregate content,
water content, admixture amount, curing conditions, and testing procedures, are held
constant [17,29]. The work therefore presents an integrated assessment of performance
and sustainability and establishes practical limits for MK incorporation in low-carbon,
high-workability mortars for overlay or self-levelling applications that require placement
in vibration-free environments.

2.1. Constituent Materials

A conventional cement conforming to BS EN 197-1 [39], strength class of CEM I 52.5R,
was used as the primary binder. According to the manufacturer’s technical datasheet,
the cement has a clinker content of at least 95%, a typical initial setting time of 135 min,
a typical final setting time of 220 min, and minimum compressive strengths exceeding
30 MPa at 2 days and 52.5 MPa at 28 days [40]. Based on literature data, Whitestar CEM I
52.5R has a specific gravity of 3.15 g/cm3 and a specific surface area of 0.42 cm2/g [41–43].
Published data for comparable CEM I 52.5R cements indicate a median particle size, D50,
of about 7.0 µm [44] and an average particle diameter of about 17 µm [45]. A representative
oxide composition of the cement includes 63.5% CaO, 19.9% SiO2, 5.2% Al2O3, 3.4% Fe2O3,
1.7% MgO, 0.8% Na2O, and 0.7% K2O and a loss of ignition of around 1.07 [46].

MK was used as an SCM to partially replace cement by mass of binder. The se-
lected product was Argical M-1000, a commercially available high-purity MK derived
from calcined kaolinitic clay, with manufacturer specifications provided in the product
datasheet [47]. This material is characterised by a high amorphous aluminosilicate content,
fine particle size, and plate-like morphology, which together contribute to high pozzolanic
reactivity but also increased water demand. The product has a reported chemical compo-
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sition of approximately 55% SiO2, 40% Al2O3, 0.8% K2O + Na2O, 1.4% Fe2O3, 1.5% TiO2

and 0.3% CaO + MgO, with a loss on ignition of 1% [47]. With respect to particle size, the
sieve analysis provided by the manufacturer indicates that 95% of the material is finer than
80 µm, with a specific gravity of 2.4 g/cm2 and a specific area of 17 m2/g. A natural
siliceous fine aggregate with a nominal maximum particle size of 5 mm was used in all
mixes. The aggregate complied with BS EN 12620 requirements for aggregates for con-
crete [48]. Aggregate properties were kept constant across all mixtures to isolate the effect
of binder composition on fresh and hardened properties. The particle size distribution of
the fine aggregate, determined in accordance with BS EN 933-1, is reported in Figure 1 [49].

Figure 1. (a) Sieve analysis results and view of the fine aggregate. (b) Binders.

Potable tap water conforming to BS EN 1008 was used for all mixes [50]. Water temper-
ature at the time of mixing was maintained at laboratory ambient conditions (20 ± 2 ◦C). A
polycarboxylate ether (PCE)-based high-range water-reducing admixture Flowaid SCC) suit-
able for high-workability mortars was used to achieve the target flowability at constant water
content [51]. The admixture conformed to BS EN 934-2 [52].

2.2. Mix Design and Mixing Procedure

The experimental matrix comprised six formulations based on binary CEM-MK binder
systems, in which MK was used as a partial replacement of CEM I cement by mass of total
binder. Replacement levels of 0, 10, 20, 30, 40, and 50% were selected, and the corresponding
mixtures were denoted as CEMxx_MKyy, where xx is the cement percentage and yy is
the MK percentage of the total binder mass. For example, CEM50_MK50 indicates a mix
with equal quantities of CEM and MK by mass (Table 1). The MK replacement range was
chosen to cover from conventional low-level MK incorporation to high replacement levels
approaching the practical upper bound for cement-based systems [17,23]. All other mix
parameters were held constant. The sand-to-binder ratio was fixed at 2.5, consistent with
proportions typically adopted for highly flowable mortars [29].

Table 1. Mix proportions for all CEM-MK mortars per cubic metre.

Mix CEM I 52.5
(kg) MK (kg) Fine Aggregates

(kg)
Superplasticiser

(kg) Water (kg) Water/Binder
(w/b)

Fine Aggre-
gates/Binder

CEM100_MK0 592 0 1496 8.8 360 0.6 2.5

CEM90_MK10 535 59 1496 8.8 360 0.6 2.5

CEM80_MK20 473 118 1496 8.8 360 0.6 2.5

CEM70_MK30 412 176 1496 8.8 360 0.6 2.5

CEM60_MK40 350 234 1496 8.8 360 0.6 2.5

CEM50_MK50 290 290 1496 8.8 360 0.6 2.5
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The CEM100_MK0 control mix targeted a 28-day compressive strength of 60 MPa,
proportioned using a powder-type self-compacting design approach with w/b = 0.60 and
fines/binder = 2.5 [53,54]. This approach is often adopted in SCM studies, as it prevents
confounding effects arising from simultaneous changes in water content, paste volume,
or admixture content and allows performance trends to be attributed directly to binder
substitution [4]. Maintaining a constant water-to-binder ratio is essential when assessing
strength development and transport-related durability indicators [55].

All mortar mixtures were prepared using a 5 L laboratory-scale rotary pan mixer
equipped with paddle action. The mixing protocol was strictly standardised across all
batches, as previous studies have demonstrated that variations in mixing order, duration,
and shear intensity affect material properties [7]. Prior to water addition, the fine aggregate,
cement, and MK were introduced into the mixer and dry-mixed for a duration of 2 min.
This initial dry blending stage was implemented to promote uniform distribution of the
binder components and to reduce the formation of MK agglomerates. Following dry
mixing, approximately 80% of the total mixing water, pre-dissolved with the full amount of
PCE-based superplasticiser, was added gradually over approximately 30 s while the mixer
operated at low speed. Pre-dissolving the admixture in the mixing water ensured uniform
distribution of the dispersing agent. The remaining 20% of the water was subsequently
introduced over approximately 60 s as the mixing speed was increased to a medium
setting, allowing progressive wetting of the dry constituents and controlled development
of paste. After completion of water addition, mixing was continued at medium speed
for a further 2.5 min. During this stage, the internal walls of the mixer were manually
scraped at regular intervals of 30 s to reincorporate adhered paste and ensure complete
material homogenisation [29]. A final high shear mixing stage of 1 min was then applied to
promote full dispersion of remaining particles. All mixtures were produced at laboratory
ambient temperature (20 ± 2 ◦C), and mixing commenced immediately prior to fresh-state
testing and specimen casting to minimise the influence of early hydration and thixotropic
rebuilding on workability measurements.

After completion of the mixing, the fresh mortar was subjected to consistency assess-
ment using the flow table method stipulated in BS EN 1015-3 and then cast into moulds
for hardened-state testing [56]. For compressive strength testing, twelve 50 × 50 × 50 mm
cube specimens were cast per mix. For flexural strength testing, three 40 × 40 × 160 mm
prism specimens were cast per mix. Cube and prismatic geometry and testing procedures
are consistent with the principles of BS EN 1015-11 [57]. Mortar placement was performed
without the application of external vibration. This approach was adopted to ensure that
the measured fresh state behaviour, and the resulting hardened performance were repre-
sentative of highly flowable mortars. Each mould was filled in a continuous operation to
avoid cold joints with the mortar poured from a height of 50 mm from the mould’s upper
side. The mould surface was then levelled using a steel trowel, and all specimens were
immediately covered with impermeable plastic sheeting to prevent evaporation during
the first 24 h. All specimens were stored during the first 24 h under controlled laboratory
conditions (20 ± 2 ◦C). Then, specimens were demoulded and transferred to water curing
at 20 ± 2 ◦C until testing at 7, 28 or 90 days. At each age, at least three specimens were
tested per mix, with remaining samples used for additional verification tests if required.

2.3. Fresh-State, Hardened-State and Water Absorption Testing

Fresh properties were quantified through the flow table method, as it is a widely
adopted standardised procedure for mortars [56] (Figure 2a). The truncated conical mould
was positioned centrally on the flow table and filled in a single lift; the mortar was lightly
tamped with a trowel to remove entrapped air, and excess mortar was struck off flush
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with the mould rim. After approximately 15 s, the mould was lifted vertically to allow
free spreading. The table was then subjected to 25 jolts over 15 s, corresponding to the
prescribed standard jolt regimen. The spread diameter was measured along two orthogonal
directions, and the mean of the two readings was reported as the flow diameter. In the
experimental program, the flow test was completed within 5 min after mixing to reduce
the influence of early stiffening on the measured spread.

 

Figure 2. (a) Flow table apparatus for fresh mixes. (b) Compression testing setup for cubes.
(c) Three-point bending setup for prisms. (d) Capillary absorption procedure (notes: (1) flow table,
(2) cubic specimen, (3) support steel plate, (4) top steel plate, (5) load application and hinge,
(6) prismatic sample, (7) supports, (8) load application strip, (9) half prismatic specimens with
gradation, (10) water level for capillary absorption showed in dashed yellow line).

Compressive strength was determined at 7, 28 and 90 days using 50 mm mortar
cubes produced for each CEM-MK mix, with at least three replicate specimens tested
per age and mix, and four specimens tested where available (Figure 2b). Testing was
conducted in accordance with BS EN 1015-11, which defines the requirements for loading
arrangement, specimen alignment and reporting for hardened concrete specimens and is
widely adopted for cementitious composites where cube geometries are used [57]. The
compression apparatus comprised a calibrated testing machine with a 1 MN load cell,
operated under displacement control, and loading was applied at a constant rate equivalent
to 0.5 mm/min until failure under monotonic compression. The maximum load at failure,
denoted as Fmax, was recorded automatically, and the cube compressive strength (fc) was
calculated using the expression fc = Fmax/A, where A is the loaded cube area. For each mix
and age, the mean compressive strength and standard deviation were reported.

Flexural strength was measured on 40 × 40 × 160 mm prisms under three-point
bending [57]. The support span was 100 mm, with supporting and load applica-
tion rollers diameters of 10 mm and 2 mm, respectively, and the load was applied
under deflection control at 0.2 mm/min until failure (Figure 2c). Flexural strength
was calculated using the codified expression for three-point bending of prismatic
specimens, ff = (1.5 × Fmax × L)/(b × d2), where (L) is the span length and (b) and
(d) are the specimen width and depth. Immediately after flexural testing, the broken prism
halves were retained for subsequent water absorption testing to ensure that durability-
related metrics were obtained from specimens cured and stored identically to those used
for mechanical performance.

Water absorption by capillary uptake was carried out the next day after the 28-day
strength assessments using the guidance given in BS EN 13057 [58]. Capillary water absorp-
tion was measured to characterise early-age absorption-driven ingress, which is frequently
described by sorptivity (S), derived from the linear relationship between cumulative ab-
sorption and the square root of time for capillary-dominated uptake [59,60]. The tests were
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conducted on broken prism halves with approximate dimensions of 40 × 40 × 80 mm.
Specimens were oven-dried at 105 ◦C for 24 h and then cooled prior to testing, maintaining
a consistent initial moisture state. Measurements were taken at 12 min, 30 min, 1 h, 2 h, 4 h
and 24 h to capture the rapid early uptake and the subsequent evolution. The samples were
submerged 3 mm in the water; thus, water uptake was through the sample bottom and
around 3 mm of their height (Figure 2d). Cumulative absorption was assessed from the
normalised mass increase, and sorptivity was obtained as the slope of the capillary uptake
versus square root of time, for two stages: stage one included the initial time considered up
to 1 h, and the second stage for a time period of 1–24 h [61]. At least two specimens per
mix were tested to verify repeatability of sorptivity trends.

2.4. Microstructural Analysis Methods

The present methodology integrates: (i) X-ray Diffraction (XRD) for crystalline
phase identification and quantification via whole-pattern fitting/Rietveld principles [62],
(ii) Thermogravimetric Analysis (TGA) and Derivative TG (DTG) to independently quan-
tify chemically bound water and key decomposition events (e.g., portlandite and carbon-
ates) [63], and (iii) Scanning Electron Microscope with Energy-Dispersive Spectroscopy
(SEM/EDS) to resolve microstructural heterogeneity and verify the morphology/chemistry
of phases at the microscale [64]. All analyses were performed on hardened binder/mortar
specimens after mechanical testing or at predefined ages [65]. For the microstructural
characterisation, the specimens were approximately 164 days old. For XRD and TGA/DTG
analyses, samples were ground to a maximum particle size of 45 µm, whereas SEM/EDS
observations were conducted on fragments with a maximum size of 5 mm. To prevent
further hydration and preserve the microstructural state, the samples were immersed in
ethanol and dried in desiccators for 48 h [66]. After completing the procedure, the samples
were stored in a moisture-free chamber to avoid alterations. The duration of the three tests
(XRD, TGA/DTG, and SEM/EDS) was approximately 2 h per sample. During this period,
the remaining specimens were kept inside the controlled chamber to prevent any changes
induced by external environmental conditions.

X-ray Diffraction (XRD) was performed using a PANalytical X’Pert PRO diffractome-
ter (Malvern Panalytical Ltd., Malvern, Worcestershire, UK) (Cu/Co tube configuration;
instrument label PW 3040/60), operated with Co radiation and an X-ray tube setting of
40 kV and 20 mA (Figure 3a). Patterns were acquired from 5.0251◦ to 79.9751◦ (2θ) with
a 0.050◦ step size and 20 s counting time per step. Diffractograms were processed and
quantified using X’Pert HighScore Plus (PANalytical; software v2.2d/2.2.4, as recorded
during analysis), which supports phase identification and whole-pattern fitting approaches
consistent with Rietveld-type refinement logic [62]. Quantitative outputs were reported
for crystalline phases (e.g., residual clinker minerals, portlandite, carbonates, and other
crystalline hydrates where detectable) [64].

Thermogravimetric Analysis (TGA) was conducted using a TA Instruments SDT Q600
simultaneous thermal analyser (TGA/DSC capability) (Figure 3b), enabling measurement
of mass loss and its derivative (DTG) over controlled heating. The thermal program
used a Nitrogen (N2) atmosphere with a heating ramp of 10 ◦C/min, from 20 ◦C to
900 ◦C, recorded in the instrument method file used during testing, ensuring coverage of
dehydration/dehydroxylation and decarbonation events relevant to hydrated cementitious
binders [63]. Each sample introduced into the SDT apparatus had an approximate mass
of 10.5 mg. Mass-loss regions were interpreted using established cementitious binder
conventions: dehydration of C-A-S-H/AFt/AFm at low to mid temperatures, portlandite
dehydroxylation, and carbonate decarbonation at higher temperatures [66]. For SCM-
containing systems, portlandite consumption trends are directly relevant to estimating the
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extent of pozzolanic reaction and validating XRD-observed CH reduction. The TGA results
were used to validate the phase evolution inferred from XRD.

  
(a) (b) (c) 

Figure 3. (a) XRD equipment. (b) TGA equipment. (c) SEM equipment.

Scanning Electron Microscopy (SEM) was performed using a Thermo Fisher Scientific
Axia ChemiSEM (Hillsboro, OR, USA) (Axia HV/LoVac platform) (Figure 3c), enabling
high-resolution imaging and Energy-Dispersive Spectroscopy (EDS) for elemental micro-
analysis. SEM-EDS is essential in cementitious materials because it resolves the spatial
distribution of hydrates, residual anhydrous particles, and reaction rims that cannot be
inferred reliably from bulk methods alone [67]. For imaging and EDS, the instrument
was operated at an accelerating voltage of 20 kV (spot size 3.0), with acquisition under
high-vacuum conditions, as specified for the measurement campaign. Polished cross-
sections were used to enable backscattered electron contrast and quantitative composi-
tional assessment of phases; imaging was complemented with EDS point analyses and/or
maps to confirm phase chemistry. SEM observations were explicitly used to (i) verify
whether phases identified by XRD were present in the expected morphology and location
and (ii) interpret reaction progress and heterogeneity that can bias bulk quantification
if not recognised.

2.5. Carbon Footprint Assessment

The present study addresses this gap by embedding the embodied CO2 assessment
directly within the experimental program, using the same mix designs and performance
data discussed in preceding sections. This integrated approach enables an evaluation
of how clinker replacement translates into emissions savings. Embodied CO2 emissions
were quantified using a cradle-to-gate approach (stages A1–A3), consistent with current
best practice for comparative binder assessments [68]. The system boundary includes
raw material extraction, processing, and manufacturing of all binder constituents, while
excluding transport, placement, and use-phase emissions, which are assumed identical for
all mixes and therefore do not affect relative comparisons. For each mix, the total embodied
CO2 per cubic metre of mortar (Table 2), CO2,|mix, was calculated with Equation (1), where
mi is the mass of constituent i (kg m−3) and EFi is its corresponding embodied-carbon
emission factor (kg CO2 /kg).

CO2,|mix = ∑ imi · EFi (1)
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Table 2. CO2 emission factors for all constituent materials used in the CEM-MK mix designs.

Material Emission Factor (kg CO2/kg) [38]

CEM I 52.5 0.86

MK (MK—Argical 1000) 0.24

Fine aggregate (river sand) 0.008

Superplasticiser (PCE) 2.25

Water 0.0003

Emission factors were taken from peer-reviewed literature and widely used databases [36].
CEM was assigned an emission factor of approximately 0.90 kg CO2 kg−1, MK values ranged
between 0.25 and 0.35 kg CO2 kg−1, depending on calcination assumptions, following allocation
approaches commonly adopted in cement and concrete LCAs [3]. All non-binder constituents
(fine aggregate, water, and superplasticiser) were included using literature-based emission
factors; however, their contribution to total embodied CO2 remained constant across mixtures.

3. Experimental Results and Discussion
3.1. Fresh Properties

The fresh state properties were quantified to confirm that the CEM-MK mortars
remained highly workable under the fixed water/binder ratio and constant superplasticiser
amount adopted in the experimental program. Flowability was measured using the flow
table spread test [56], and the resulting spread diameters for the CEM-MK series are
reported in Table 3 and selectively in Figure 4.

Table 3. Flow table results for all CEM-MK mixes.

Mix ID Flow Diameter (mm)

CEM100_MK0 275

CEM90_MK10 268

CEM80_MK20 260

CEM70_MK30 255

CEM60_MK40 250

CEM50_MK50 245

  
(a) (b) 

Figure 4. Flow diameter for selected CEM-MK mixes: (a) CEM100_MK0, (b) CEM50_MK 50.
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The measured flow diameter decreased monotonically from 280 mm for the CEM
control to 240 mm at 50% MK, with intermediate values of 270 mm (10% MK), 260 mm
(20% MK), 255 mm (30% MK), and 250 mm (40% MK). The gradual loss of spread with
increasing MK replacement is consistent with the physical characteristics of MK. MK
typically exhibits a high specific surface area and angular particle morphology relative to
cement, which increases water demand and intensifies interparticle friction, thereby raising
yield stress and reducing the free flow [69]. Despite the observed reduction in spread, the
CEM-MK mortars remained within a relatively high level of workability window defined
by the experimental criterion considered here, i.e., a reference spread in the 250–300 mm
range and stable placement without external vibration. The progressive reduction in spread
shown in Figure 4 indicates that MK increased mixture cohesiveness rather than inducing
instability; this behaviour is consistent with the literature [28].

The results indicate that at up to 20% MK, the spread decreased moderately (280 mm
to 260 mm), indicating that workable behaviour can be maintained with limited flow loss.
Beyond 30% MK, the spread approached the lower bound recorded for the CEM-MK series
(255 mm to 240 mm from 30% to 50% MK), implying that further MK addition increasingly
dominates the rheological response, and that mix redesign would be required if high MK
contents are targeted [19,69].

3.2. Mechanical and Transport Properties
3.2.1. Compressive Strength

The development of compressive strength of the CEM-MK mortars is shown in Figure 5
and Table 4, which present the results obtained at curing ages of 7, 28 and 90 days as a
function of the MK replacement level. In most binder systems, compressive strength
increases with curing age, while increasing replacement of cement by MK leads to a
gradual reduction in strength. The control mix (CEM100_MK0) increases from 56.7 MPa at
7 days to 64.3 MPa at 28 days and 72.0 MPa at 90 days. A 10% MK replacement leads to
strengths close to the control (CEM90_MK10, 51.4, 60.9 and 69.1 MPa at 7, 28 and 90 days,
respectively). Higher replacement levels result in progressively lower strengths at all ages.
CEM80_MK-20 reaches 39.6, 50.0 and 53.5 MPa, while CEM50_MK50 reaches 28.1, 37.3 and
41.1 MPa at 7, 28 and 90 days. Strengths gained between 7 and 28 days are broadly similar
across mixtures (approximately 8–11 MPa), whereas changes from 28 to 90 days are smaller
or, in some cases, negative on average. For CEM70_MK30 and CEM60_MK40, the trends
seem to be slightly negative, yet generally with a higher standard deviation that may offset
the perceived trends.

Table 4. Mechanical properties.

MIX ID Compressive Strength (MPa)
Flexural
Strength

(MPa)

- 7 Days 28 Days 90 Days 28 Days

CEM100_MK0 56.7 ± 3.8 64.3 ± 6.5 72.0 ± 5.4 6.87 ± 0.35

CEM90_MK10 51.4 ± 1.7 60.9 ± 7.9 69.1 ± 2.9 7.63 ± 0.22

CEM80_MK20 39.6 ± 2.7 50.0 ± 1.5 53.5 ± 5.3 5.52 ± 0.42

CEM70_MK30 39.3 ± 2.8 50.1 ± 2.4 44.9 ± 5.6 6.67 ± 0.67

CEM60_MK40 35.4 ± 1.9 44.7 ± 3.1 42.5 ± 2.3 7.45 ± 0.52

CEM50_MK50 28.1 ± 1.2 37.3 ± 1.7 41.3 ± 2.8 6.10 ± 0.45
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Figure 5. Compressive strength development of CEM-MK mortars at 7, 28 and 90 days.

The influence of MK on compressive strength reflects the interaction of physical and
chemical mechanisms. At early ages, the fine particle size of MK can enhance particle
packing and provide nucleation sites, thereby modifying hydration kinetics [7,70]. With
continued curing, MK reacts pozzolanically with portlandite to form additional binding
phases, including secondary C–S–H and Al-bearing hydrates, which refine pore structure
and densify the interfacial transition zone, potentially supporting later-age strength devel-
opment [71]. Conversely, MK may retard hydration in some systems, attributed to early
precipitation of Al-rich C–A–S–H and sulphate–aluminate interactions that alter C–S–H
nucleation and growth [72]. At high replacement levels, the relatively high specific surface
area of MK increases water demand, leading to strength reductions [27,71].

The literature generally identifies an optimal MK replacement in the range of 10–20%,
depending on mixture design, curing conditions, admixture use and MK quality [28].
Ref. [71] reported a peak 28-day strength at 15% MK with a slight reduction at 20%, while
Ref. [27] found 10% MK to be more favourable than 20%, noting the associated increase
in water demand. With appropriate workability control, 20% MK can lead to improved
later-age strength [22,73]. In contrast, the higher replacement levels examined in Table 4
(up to 50%) exhibit an almost monotonic reduction in strength with increasing MK content,
indicating that dilution effects and/or uncompensated water demand dominate.

3.2.2. Flexural Strength

The flexural strength results of the CEM-MK mortars at 28 days are presented in
Figure 6, which shows the variation in flexural strength as a function of MK replacement
level. Flexural strength was evaluated at a single curing age, as it is commonly considered
a complementary mechanical indicator reflecting tensile performance and crack-bridging
capacity rather than long-term hydration kinetics. The figure shows that partial replacement
of CEM with MK generally maintains or enhances 28-day flexural strength up to about 40%
MK, with the highest values observed for the 90CEM_10MK and 60CEM_40MK mixes. A
reduction in flexural strength occurs at higher replacement levels (≥50% MK), which may
indicate a threshold beyond which dilution of clinker and changes in binder packing and
hydration products outweigh the pozzolanic benefits of MK.
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Figure 6. Flexural strength of CEM-MK mortars at 28 days.

The flexural strength results shown in Figure 6 confirm that moderate MK replacement
levels (10–40%) can preserve or slightly enhance the tensile-related mechanical performance
of CEM-based mortars, while higher replacement levels lead to increased brittleness and
reduced bending resistance. The unclear trends for flexural strength are due to sample in-
homogeneity, such as random distribution of pores, and inherent brittleness of the material
in flexure and tension. Flexural strength was therefore retained at 28 days, consistent with
common mortar strength assessment practice under BS EN 1015-11 [57] and interpreted as
a complementary indicator of tensile-related behaviour rather than the primary metric of
hydration development, which is captured by compressive testing. This is supported by
previous studies showing that tensile-related properties in MK-modified systems gener-
ally follow the same trends as compressive strength, including portlandite consumption,
pore refinement, reduced microcracking and formation of additional C–S–H/C–A–S–H
products [10,22,30].

3.2.3. Capillary Absorption

Figure 7a shows the capillary uptake for the tested mixes with respect to time, based
on measurements at 12 min, 30 min, 1 h, 2 h, 4 h and 24 h. It is shown that the CEM100_MK0
mix, shown in a continuous black curve and black dot markers, acting as a baseline mix,
has the lowest uptake with respect to blended mixes. For the initial absorption, considered
here for a time interval of up to 1 h, the CEM50_MK50 mix has the highest capillary uptake.
This mix is shown in a grey dash–dot curve and cross markers. The intermediate mixes are
between the two extremes. Capillary uptake is known to be sensitive to total porosity, pore
continuity and effective pore radius.

The sorptivity coefficients shown in Figure 7b provide a clearer quantitative
interpretation of the capillary absorption results by distinguishing between the initial
uptake stage (0–1 h) and the subsequent transport stage (1–24 h). The initial sorptivity
coefficient increased from 0.76 kg/m2/h0.5 for the control mix to 0.89, 1.06, 1.01, 1.04
and 1.43 kg/m2/h0.5 for 10, 20, 30, 40 and 50% MK, respectively, indicating that MK
reduces early absorption gradually but not significantly. The secondary sorptivity
coefficient (1–24 h) varied within a narrower range, from 0.78 to 0.91 kg/m2/h0.5, with
values of 0.80, 0.91, 0.91, 0.76 and 0.80 kg/m2/h0.5 for 10, 20, 30, 40 and 50% MK,
compared with 0.78 kg/m2/h0.5 for the control. This indicates that the secondary-to-
initial sorptivity ratio decreased from about 1.03 in the control to 0.90, 0.86, 0.90, 0.75,
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and 0.56, respectively, showing that mixes with higher MK content absorbed water
rapidly initially, but the secondary and subsequent rates of capillary transport reduced.

(a) 

 
(b) 

Figure 7. Capillary water absorption results for CEM-MK mixes: (a) capillary absorption by weight
(%) versus time, (b) sorptivity coefficients.

This behaviour suggests rapid filling of accessible near-surface pores followed by
slower, longer-range transport through a more tortuous or partially disrupted pore net-
work. This is aligned with the microstructural assessments described in the subsequent
section, which, in short, indicate that moderate MK contents promoted portlandite con-
sumption and secondary C-A-S-H formation, which are expected to refine pore structure,
whereas higher MK contents showed unreacted MK and greater microcracking at 50% MK.
Similar mechanisms have been reported in the literature, where MK at moderate contents
reduced sorptivity, porosity and permeability through pore refinement and reduced pore
connectivity [17,22,23], while MK-containing systems have also been shown to reduce
larger capillary pores and increase tortuosity or lower critical pore size [16,34]. For high MK
mixes, however, the fixed-mixture design with respect to water-to-binder and admixture
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content appears to have preserved or amplified early absorption and stabilised beyond
one hour of absorption.

3.3. Microstructural Analysis Results
3.3.1. SEM/EDS

MK is mainly composed of two principal oxides, SiO2 and Al2O3, which represent
approximately 50% and 40%, respectively, of its overall chemical composition [47,74,75]. Its
primary effect within the concrete matrix is the reduction of Ca(OH)2 during the hydration
process, which promotes the formation of secondary hydration products such as the C-S-H
gel [76]. This crystalline phase is responsible for the bonding behaviour of the cement
paste and directly influences concrete durability, porosity, and chloride ion diffusivity [27].
Additionally, MK enhances the mechanical performance of cement-based pastes, mortars,
and concretes by reducing Ca(OH)2 content, refining pore size distribution, and improv-
ing paste–aggregate bonding [77]. C-A-S-H is formed through the interaction of cement
hydration products with the reactive SiO2 and Al2O3 phases supplied by MK [78]. The
incorporation of aluminium into the silicate structure modifies the chemistry of the binding
gel, leading to the development of C-A-S-H. In SEM micrographs, this phase typically
appears slightly darker than conventional C-S-H [79].

The SEM/EDS results are shown in Figures 8 and 9. The control sample
(CEM100_MK0), with no MK replacement, is characterised by a dominant forma-
tion of conventional C-S-H gel coating on the fine aggregates. However, microcracks
up to 1.6 µm in width were observed. In the 10% replacement mixture (CEM90_MK10),
the microstructure shows a denser formation of calcium carbonate (CaCO3), with
embedded voids measuring approximately 4.90 and 7.10 µm.

Some ferrite phases were also identified between the C-A-S-H and CaCO3 regions. The
20% replacement sample (CEM80_MK20) exhibited a high presence of C-A-S-H. Unreacted
MK particles were also observed, indicating incomplete participation in the pozzolanic
reaction. CaCO3 nucleation was present throughout the matrix, and microcrack openings
increased up to 3.80 µm. The sample with 30% MK replacement (CEM70_MK30) contained
both primary and secondary C-S-H gels, alongside impure C3S remnants. Primary C-S-
H is typically formed directly from cement hydration, whereas secondary C-S-H results
from subsequent pozzolanic reactions and is commonly located within pores and along
microcrack surfaces, as shown in Figure 8d. In this mixture, microcracks became more
pronounced, with widths of up to 8 µm. At 40% replacement (CEM60_MK40), a substantial
amount of unreacted MK was detected. Some crystalline structures showed secondary
C-S-H forming around the unreacted MK particles. Microcracks increased significantly,
reaching widths of up to 18 µm. Finally, the 50% replacement sample (CEM50_MK50)
displayed slight changes in microstructure, including the presence of Ca(OH)2, indicating
incomplete consumption of portlandite during hydration. Larger cracks up to 5.40 µm
were observed throughout the matrix, accompanied by voids measuring approximately
11.56 µm.

SEM/EDS analysis indicated that the formation of C-A-S-H is strongly dependent on
the incorporation of MK in the mixture. The addition of MK to CEM I modifies both the
structure and chemical composition of calcium silicate hydrate, particularly by increasing
the Al/Si ratio. In this context, the detection of Al can be considered an indicator of C-
A-S-H formation within the analysed samples. In the control mixture, the presence of Al
was negligible. As shown in Figure 9a, the corresponding EDS spectrum did not exhibit a
significant Al peak. In contrast, mixtures containing MK displayed a progressive increase
in Al content as the replacement level increased. This trend was especially evident at 50%
MK substitution, where the EDS spectrum showed a pronounced Al peak intensity. These
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findings are consistent with previous studies reporting that MK-blended systems exhibit
higher Al2O3 contents due to the incorporation of Al into the C-A-S-H structure and the
formation of alumina-rich hydration products [6,27].

 

Figure 8. SEM images for (a) control, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% replacement samples.
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Figure 9. EDS images for (a) control, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% replacement samples.
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3.3.2. TGA

The thermogravimetric curves presented in Figure 10 exhibit three distinctive mass-
loss regions that correspond to well-established decomposition events in cementitious
systems: (i) 50–150 ◦C, associated with the dehydration of C-S-H gel, ettringite, and
evaporation of free water; (ii) 400–500 ◦C, related to the dehydroxylation of portlandite
(CH); and (iii) 600–800 ◦C, linked to the decarbonation of calcium carbonate (CC) [79,80].
The control mixture shows the highest portlandite content, exhibiting a mass loss of 2.56%
in the 400–500 ◦C interval. Without MK pozzolanic activity, portlandite is not consumed by
secondary reactions, resulting in the most pronounced CH signal among all mixtures.

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 10. TGA for (a) control, (b) 10%, (c) 20%, (d) 30%, (e) 40%, and (f) 50% replacement samples.
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The MK-containing mixtures exhibit the classical signature of pozzolanic activity. At
low to moderate replacement levels (10–30%), the mass loss associated with portlandite
decreases markedly compared to the control mixture, confirming CH consumption and
the formation of secondary hydration products. This reduction reaches its lowest value at
30% MK replacement, where the CH-related mass loss drops to only 0.50%, approximately
five times lower than the control. At this same replacement level, CC reaches its maximum
value (14.91%), which is attributed to carbonation processes occurring in the sample. This
behaviour is consistent with SEM observations showing that mixtures containing 20–30%
MK develop highly compacted microstructures dominated by secondary C-S-H gels formed
through the pozzolanic reaction between MK and available portlandite.

However, mixtures with higher MK replacement levels (40–50%) deviate from this
optimal performance. In these samples, the TGA curves show a less pronounced reduction
in CH-associated mass loss. This trend corresponds with SEM evidence revealing the
presence of unreacted MK at 40–50% replacement and the detection of Ca(OH)2 in the
50% MK mixture. These findings indicate that excessive MK leads to insufficient calcium
availability or incomplete activation, causing part of the MK to remain unreacted and
limiting the extent of the pozzolanic reaction.

One of the main properties affected by the incorporation of MK was compressive
strength. The development of compressive strength is closely associated with the proper
formation and nucleation of C-S-H resulting from C3S hydration, as well as with the
availability of CH to sustain the pozzolanic reaction [8,23]. However, high MK contents
significantly consume CH, which affects the balance between primary hydration and
secondary pozzolanic reactions [19,20]. As shown in Figure 10, increasing MK replacement
levels led to a considerable reduction in CH content. Furthermore, as observed in Figure 8d,
high MK incorporation appeared to hinder complete C3S hydration, as evidenced by the
presence of unreacted C3S particles within the matrix. These microstructural findings are
consistent with the compressive strength results, where increasing MK replacement levels
resulted in a progressive reduction in strength.

3.3.3. XRD

X-ray Diffraction (XRD) analysis was performed to complement the SEM and thermo-
gravimetric (TGA) results by identifying crystalline phases and assessing the amorphous
character of the raw materials used in this study. Since the main binding phases in hydrated
cementitious systems, particularly C-S-H and C-A-S-H, are poorly crystalline or largely
X-ray amorphous, XRD was primarily employed to evaluate phase assemblage, amor-
phous content and portlandite-related trends rather than to directly quantify hydration
products [80,81].

The diffraction pattern of the CEM I (CID-00250 Figure 11) indicated a predom-
inantly amorphous character (76.5%) together with crystalline quartz (11.2%), calcite
(9.4%), biotite (1.6%) and gypsum (1.3%). The presence of gypsum corresponds to the
sulphate source used to regulate setting, while calcite is likely associated with limestone
addition or minor carbonation during storage. The high amorphous fraction reflects
the reactive clinker phases and poorly crystalline constituents responsible for Ca(OH)2

generation during hydration.
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Figure 11. XRD of CEM I.

The sand (CID-00257, Figure 12) exhibited a predominantly siliceous composition,
with quartz representing 54.5% of the crystalline phases and an amorphous fraction of
39.9%. Minor phases such as gypsum, biotite, braunite and albite were also detected.
As expected, the aggregate does not participate chemically in hydration reactions but
contributes to the overall crystalline background of blended systems.

 

Figure 12. XRD of sand.

The MK (CID-00258, Figure 13) presented a significant amorphous fraction of 42.5%,
characterised by a broad diffuse halo between approximately 15◦ and 35◦ 2θ (Co radiation).
This diffuse hump is characteristic of calcined kaolinitic clays and reflects the formation
of a disordered aluminosilicate structure after dehydroxylation of kaolinite. Crystalline
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illite (24.2%), quartz (18.1%) and biotite (15.2%) were identified as residual mineral phases.
The predominance of the amorphous aluminosilicate phase confirms the high pozzolanic
potential of the MK, consistent with previous studies demonstrating that calcined clays
derive their reactivity from this disordered SiO2-Al2O3 system [7].

Figure 13. XRD of MK.

Although hydration products such as C-S-H and C-A-S-H are not directly detectable
by XRD due to their largely amorphous nature [80], the mineralogical composition of the
raw materials provides the chemical basis for the observed mechanical behaviour. During
cement hydration, Ca(OH)2 released from clinker reactions reacts with the reactive alumi-
nosilicate phases of MK, forming additional C-A-S-H-type gels. At moderate replacement
levels, this secondary pozzolanic reaction promotes matrix densification and pore refine-
ment, which explains the relatively limited reduction in compressive strength compared to
the control mixture [82].

At higher replacement levels, however, the availability of Ca(OH)2 may become
insufficient to fully react with the increased MK content, leading to a calcium-limited
system. In such cases, part of the MK remains unreacted, and the formation of strength-
contributing secondary hydrates is reduced. This limitation of MK reactivity at high
replacement ratios has been experimentally demonstrated and quantified by [7], who
showed that incomplete reaction of calcined clay is associated with insufficient Ca(OH)2

availability. The persistence of residual aluminosilicate phases therefore corroborates the
existence of an optimal replacement range beyond which mechanical performance declines
due to combined dilution and kinetic constraints.

The absence of clearly distinguishable calcite peaks in blended hydrated systems may
be attributed to limited carbonation under water-curing conditions, peak overlap with the
broad amorphous hump associated with C-A-S-H, or the formation of poorly crystalline
carbonates below the XRD detection threshold. Similarly, although ettringite formation
was inferred from characteristic dehydration regions in TGA, it was not clearly resolved in
XRD patterns. This discrepancy can be explained by its relatively low abundance, limited
crystallinity and possible partial transformation into AFm-type phases during hydration.
As discussed in the cement chemistry literature [65,81], TGA is more sensitive to chemically
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bound water and can detect hydration-related mass losses even when crystalline signatures
are weak or masked in diffraction patterns.

Therefore, the XRD results confirm the highly amorphous and reactive nature of
the MK and provide mineralogical support to the thermogravimetric and mechanical
findings. The evolution of the binder system is therefore chemically governed by the
balance between calcium availability from clinker hydration and the reactivity of the
amorphous aluminosilicate phase, which ultimately controls the formation of secondary
hydrates and the resulting mechanical performance.

3.4. Carbon Footprint Analysis

In the present study, the carbon footprint implications of MK incorporation were eval-
uated through a comparative, binder-based assessment, focusing on the reduction in CEM
content associated with increasing MK replacement levels. Based on the mix proportions
(Table 2) and the emission factors reported in Table 5, the calculated embodied carbon val-
ues per cubic metre were 541.0 kgCO2e/m3 for CEM100_MK0, decreasing progressively to
506.1 kgCO2e/m3 (CEM90_MK10), 467.0 kgCO2e/m3 (CEM80_MK20), 428.4 kgCO2e/m3

(CEM70_MK30), 389.0 kgCO2e/m3 (CEM60_MK40), and 350.9 kgCO2e/m3 (CEM50_MK50).
At low to moderate replacement levels (10–30%), the reduction in CEM content leads to a
proportional decrease in CO2 emissions associated with binder production, while maintaining
or enhancing mechanical and durability performance. Within this range, the carbon efficiency
of the mortar system is maximised, as reductions in embodied CO2 are achieved without
significantly compromising the compressive strength, flexural strength, or transport-related
durability indicators.

Table 5. Embodied carbon results for all CEM-MK mixes.

Mix ID Embodied Carbon A1–A3 (kgCO2e/m3)

CEM100_MK0 541.0

CEM90_MK10 506.1

CEM80_MK20 467.0

CEM70_MK30 428.4

CEM60_MK40 389.0

CEM50_MK50 350.9

At higher MK replacement levels (40–50%), although the nominal clinker content
is further reduced, the environmental benefits are partially offset by the deterioration
in mechanical and durability performance observed experimentally. From a functional
perspective, such mixtures may require increased binder content, which can negate the
apparent carbon savings associated with higher cement substitution. This observation rein-
forces the concept that clinker replacement alone is not sufficient to guarantee meaningful
carbon reduction if material performance is compromised [35].

It is also acknowledged that the carbon footprint of MK itself depends on calcination
temperature, clay source, and processing efficiency. Nevertheless, comprehensive assess-
ments consistently show that, even when accounting for calcination-related emissions,
MK exhibits a substantially lower embodied CO2 intensity than clinker [3]. Consequently,
partial substitution of CEM with MK remains an effective decarbonisation strategy when
applied within a replacement range that ensures efficient utilisation of the material’s poz-
zolanic reactivity. Therefore, the combined mechanical, durability, microstructural, and
environmental results indicate that MK replacement levels in the range of approximately
10–30% provide the most favourable balance between performance and sustainability.
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3.5. Discussion

The results show that the response of high-workability CEM-MK mortars is governed
by a balance between the beneficial filler–pozzolanic action of MK at low-to-moderate
replacement and dilution- or calcium-limited behaviour at higher replacement levels. Fresh
property testing showed a gradual reduction in spread from 275 mm for CEM100_MK0 to
245 mm for CEM50_MK50, indicating that the inferred particle size and morphology of MK
are responsible for increased water demand and internal friction [10,13,29]. Importantly,
however, workability remained acceptable for all investigated mixes, with a reduction of
only 10% at 50% MK content.

Compressive strength tests indicated that 10% MK replacement gave similar values to
the control, with values showing less than 10% reduction in properties at all ages. Beyond
this level, strength decreased progressively, with reductions of up to 50% relative to the
control for the 50% MK mix. This behaviour is consistent with the wider MK literature,
where optimum compressive strength is commonly reported at around 5–20% replacement,
depending on the binder system and mixture design [10,21,22]. The flexural results broadly
support the same interpretation, although with greater scatter, which is expected for a brittle
property that is more sensitive to local defects and pore distribution. Flexural strength
was maintained or slightly improved up to 40% MK, while a reduction was observed at
50% MK. The divergence between compressive and flexural trends at some intermediate
replacement levels may therefore reflect local heterogeneity and crack sensitivity rather
than a fundamentally different hydration mechanism.

The capillary absorption results indicate that the control mix showed the lowest overall
uptake. The sorptivity coefficients show that the initial sorptivity increased with MK
content, whereas the secondary sorptivity varied over a narrower range, and the secondary-
to-initial sorptivity ratio decreased gradually. This suggests that mixes with high MK
contents absorbed water rapidly at early times through accessible near-surface pores, but
that subsequent transport became less efficient, consistent with increased tortuosity or
partial disruption of continuous capillary pathways [16,17,34].

The SEM/EDS, TGA and XRD results support further understanding of the mechanical
and transport behaviour observed. SEM showed that the 20–30% MK mixes contained
abundant C-A-S-H and secondary C-S-H, whereas 40–50% MK mixes contained substantial
unreacted MK, larger cracks and visible voids. TGA confirmed this trend, with CH-
related mass loss being highest in the control mix, decreasing visibly in the 10–30% MK
mixtures, and reaching a minimum at 30% MK. These trends demonstrate active pozzolanic
consumption of portlandite and formation of secondary hydrates. At 40–50% MK, the
CH reduction became less pronounced and residual Ca(OH)2 was visible in the SEM
micrographs, possibly indicating incomplete reaction and insufficient calcium availability.
XRD further confirmed that the MK used here was highly amorphous and reactive, but
also supported the interpretation that high replacement levels lead to a calcium-limited
system in which part of the aluminosilicate phase remains unreacted. This integrated
interpretation agrees with the existing literature, which shows that MK promotes secondary
hydrates, pore refinement and matrix densification at moderate contents, but that the
reaction becomes constrained when available calcium is insufficient [11,14,16,33].

4. Conclusions
This research study evaluated the effect of metakaolin (MK) as a partial replacement

of cement (CEM I) in high-workability mortars, considering fresh-state behaviour, mechan-
ical performance, durability-related transport properties, microstructural evolution, and
carbon footprint implications. Based on the experimental results, the following conclusions
are drawn:
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• All mixtures remained within the targeted high-workability range under a constant
water-to-binder ratio and fixed superplasticiser amount. Increasing MK content re-
duced flowability due to its high fineness; however, high workability was maintained
for replacement levels up to 20%, demonstrating the feasibility of incorporating mod-
erate MK contents without compromising workability.

• Compressive strength increases with curing age for all mixes, but increasing MK
content led to a gradual strength reduction, with 10% MK retaining ~90–95% of the
control strength at all ages. Higher MK replacements result in monotonic losses, with
20% and 50% MK achieving approximately 75–80% and 55–60% of the 28-day control
strength, respectively.

• At 28 days, partial replacement of cement with MK up to about 40% maintains or, in
some cases, improves flexural strength, with peak performance observed for the CEM
90_MK10 and CEM60_MK40 mixes, while higher replacement levels (≥50% MK) lead
to a clear reduction in strength, indicating a practical upper limit to beneficial MK
incorporation in these mortars.

• Capillary absorption developed differently in the two uptake stages. In the first stage
(up to 1 h), the sorptivity coefficient increased relative to the control by about 17% for
10% MK, 39% for 20% MK, 33% for 30% MK, 37% for 40% MK, and 88% for 50% MK.
In the second stage (1–24 h), the sorptivity coefficient remained much closer to the
control, with −3–17% for all replacement levels, showing that the influence of MK
was much more pronounced during the initial uptake period than during the later
transport stage.

• SEM, TGA, and XRD analyses confirmed that moderate MK replacement promotes
portlandite consumption and the formation of dense C-A-S-H-type hydration products,
leading to a more homogeneous microstructure for up to 20–30% replacements. Exces-
sive MK contents resulted in unreacted MK, increased microcracking, and incomplete
pozzolanic reaction, explaining the observed performance losses.

• Replacing CEM with MK led to proportional reductions in embodied CO2 emissions.
When functional performance was considered, MK replacement levels in the range
of 20% provided the most efficient balance between mechanical performance, dura-
bility, and carbon reduction, whereas higher replacement levels showed diminishing
practical benefits.
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