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Abstract

This study investigates a comprehensive study on the mechanical and microstructural
behavior of cementitious mortars modified with a combination of internal carbonation
(via solid COy), calcined clay as a ceramic pozzolanic additive, and bio-based sheep wool
fibers. The investigation aimed to explore sustainable routes for enhancing mortar per-
formance while reducing the environmental impact of cement production. A series of
mortars incorporating various combinations of dry ice, calcined clay, and wool fibers was
prepared and tested to evaluate compressive and flexural strength, porosity, pore size dis-
tribution, phase composition, and microstructural morphology. Results demonstrated that
internal carbonation significantly promoted matrix densification and compressive strength,
increasing fc by approximately 8% compared to the reference. The addition of calcined clay
further improved microstructural compactness, reducing total pore volume by 12%, while
the incorporation of wool fibers enhanced post-cracking toughness by over 40% despite a
15-30% decrease in compressive strength. SEM and TGA confirmed the formation of calcite
and reduced portlandite content, consistent with carbonation and pozzolanic reactions.
The findings underscore the potential and limitations of multicomponent eco-modified
cement mortars. Optimizing the balance between internal carbonation, pozzolanic reaction,
and fiber stability is a key to developing next-generation low-carbon composites suitable
for durable and resilient construction applications.

Keywords: internal carbonation; calcined clay; sheep wool fiber reinforcement; CO, uptake
in cementitious systems; microstructural densification

1. Introduction

Portland cement still remains the cornerstone of modern construction materials, even
if its production accounts for approximately 7-8% of global CO; emissions [1]. In the
context of increasingly stringent climate targets, research activities have been continuously
proposing sustainable strategies for modifying cement-based composites in order to re-
duce environmental impact while maintaining, or enhancing, mechanical performance
and durability. Several strategies have been developed to reduce the carbon footprint of
cementitious materials, including carbon dioxide utilization through carbonation curing or
internal carbonation [2,3], clinker substitution with supplementary cementitious materials
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such as calcined clay or fly ash [4-7], incorporation of recycled or bio-based fibers for im-
proved toughness [8-10], and optimization of mix design and curing conditions to reduce
binder and energy demand [11-13]. Among all these approaches, internal carbonation via
solid CO; (dry ice), the incorporation of supplementary cementitious materials such as
calcined clays, and the use of natural fibers, such as sheep wool, as reinforcement, are the
most promising. Each strategy targets a different sustainability challenge: CO, utilization
through carbonation, clinker reduction via pozzolanic substitution, and circular economy
implementation through biogenic fiber recycling.

Internal carbonation using dry ice has recently gained attention as an innovative in
situ CO, curing method, which accelerates the formation of calcium carbonate within the
cementitious matrix [3,14]. Unlike external CO; curing, which is diffusion-limited and
surface-dependent, the introduction of solid CO, during mixing ensures more uniform
CO, distribution and reactivity throughout the fresh mortar [2,15]. Recent studies have
demonstrated that the reaction of CO, with portlandite (Ca(OH);) leads to the precipitation
of calcite, densification of the microstructure, and the increase in compressive strength at all
concrete ages [16,17]. Although dry ice has a sublimation temperature of —78.5 °C, which
may temporarily cool the mixture and locally freeze free water, previous studies [3,14,18]
have shown that, at low dosages (<1 wt% of binder) and short mixing times, this effect
is transient and does not inhibit hydration. Internal carbonation also reduces the pH of
the pore solution and promotes ettringite formation in the early hydration phase [19].
Moreover, it refines porosity by increasing the number of small, closed pores, which can
enhance durability and reduce crack propagation [20]. In life-cycle terms, incorporating
dry ice into fresh mortar has been reported to reduce CO, emissions per unit strength by
up to 30% [21], making it a viable technique for climate-adaptive cementitious systems.

Calcined clays, especially metakaolin-rich kaolinitic clays, are increasingly being
adopted as low-carbon pozzolanic additives capable of partially replacing Portland ce-
ment [4,6]. Their reactivity allows them to consume calcium hydroxide and form additional
calcium silicate hydrate (C-S-H) and calcium-alumino-silicate hydrate (C-A-S-H) gels,
thereby improving matrix densification and reducing permeability [5,22]. In cements,
clinker replacement (up to 50%) with limestone-calcined clay (LC3) is feasible without
sacrificing mechanical performance [23]. The environmental benefits are substantial, as
the potential CO, reduction is of about 30% with respect to conventional Portland cement
systems [24]. Microstructurally, calcined clays reduce total porosity and increase gel pore
content, which in turn enhances resistance to chloride and sulfate ingress [25]. Furthermore,
they contribute to long-term carbonation resistance by limiting CO, diffusion through
refined pore networks, despite the initial reduction in portlandite content [26].

Natural fibers, particularly sheep wool, represent an ecological and functional alterna-
tive to synthetic or steel reinforcements [8,9,27]. These fibers are biodegradable, renewable,
and often derived from waste streams of the textile and agricultural sectors. Mechanically,
wool fibers improve tensile strength, post-cracking behavior, and fracture energy due to
their inherent flexibility and ability to bridge microcracks [28,29]. Nonetheless, their appli-
cation in cementitious environments is limited by alkaline degradation. High pH values
in ordinary Portland cement matrices tend to degrade the keratin proteins in wool via
disulfide bond cleavage, leading to fiber embrittlement and loss of toughness over time [30].
Strategies to improve fiber durability include surface modification (e.g., alkali treatment,
plasma treatment), matrix modification via pozzolanic additives, or early carbonation to
reduce alkalinity [29,31]. Pozzolanic reaction from calcined clays consumes portlandite,
lowering pH and simultaneously densifying the microstructure, thus shielding fibers from
aggressive pore solution exposure [4,22]. Similarly, carbonation reduces alkalinity through
Ca(OH); consumption, potentially extending fiber longevity [16,17,32].
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While previous studies have independently addressed internal carbonation, calcined
clay substitution, and natural fiber reinforcement in cementitious mortars [4,33-36], there
remains a lack of systematic investigation into their combined interactions, particularly
with respect to microstructure—chemistry compatibilities and fiber durability under altered
alkalinity conditions. This study therefore hypothesizes that the synergy between internal
carbonation and calcined clay will enhance densification, but that fiber reinforcement may
become compromised by concurrent changes in pore solution chemistry. For example,
carbonation-induced pH reduction may enhance fiber stability, but this effect could simul-
taneously interfere with pozzolanic reactions or lead to undesirable porosity. Similarly,
fibers may disrupt CO, diffusion or alter hydration kinetics.

Accordingly, the present study aims to fill this knowledge gap by comprehensively
evaluating the mechanical and microstructural performance of cement mortars when
they are modified by a simultaneous presence of dry ice (as a source of internal carbon-
ation), calcined clay (as a pozzolanic additive), and sheep wool fibers (as natural rein-
forcement). Through tests on mechanical performance, pore structure, phase composition,
and microstructural morphology, this study investigates how all the components interact
and whether their combination can deliver multifunctional, low-carbon composites for
structural applications. The findings are expected to advance the development of next-
generation eco-efficient mortars that align with the principles of durability, performance,
and environmental responsibility in modern constructions.

2. Materials and Methods
2.1. Materials

The mortar components were selected to balance sustainability, reactivity, and struc-
tural performance. The reference binder was Ordinary Portland Cement CEM I 42.5R,

which exhibited a specific surface area of 4.10 m? /g and a typical chemical composition,
including 63.1% CaO, 19.5% SiO,, and 4.8% Al,O3 (see Figure 1).
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Figure 1. Chemical composition of cement and calcined clay determined by XRF analysis; major
components and trace components expressed as wt%, including loss on ignition (LOI).

Calcined clay was employed as a supplementary cementitious material and constituted
15% or 30% of the total binder in selected mixtures. It was produced by thermal activation
of kaolinitic clay, yielding a highly reactive material with a BET surface area of 17.48 m?/g.

Natural sheep wool fibers, collected and cleaned to remove surface oils, were cut
into 16 mm lengths with an average diameter of 20 um. These biodegradable fibers are
known for their ability to bridge cracks and delay crack propagation. However, they are
also susceptible to alkaline degradation, which was a focus of this investigation [9,28].
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Solid carbon dioxide (dry ice) was used in pellet form (& 3 mm, length ~16 mm) to
induce internal carbonation during mixing. The pellets sublimated rapidly, releasing CO,
uniformly within the matrix and reacting with portlandite to form calcite.

Fine standard siliceous sand (0-2 mm) and tap water were used as aggregate and mixing
fluid, respectively. All materials were used in accordance with EN 196-1 [37] specifications.

2.2. Mix Design

To comprehensively assess the effects of combining calcined clay, internal carbonation,
and natural fiber reinforcement, eight distinct mortar formulations were systematically
developed, as outlined in Table 1. The design strategy was based on an approach to isolate
the contribution of each component to understand how their coexistence influences both
mechanical and microstructural outcomes.

Table 1. Composition of the mortars (g/L).

Mortar CEM1 Calcined Clay Sand Water Dry Ice Wool Fibers
M1 450 - 1350 225 - -
M2 450 - 1350 225 6.75 -
M3 450 - 1350 225 - 10
M4 450 - 1350 225 6.75 10
M5 315 135 1350 225 - -
Meé 315 135 1350 225 6.75 -
M7 315 135 1350 225 - 10
M8 315 135 1350 225 6.75 10

To ensure consistency across the mixture, all the mortars were prepared with a constant
sand-to-binder ratio of 3:1 and a fixed water-to-binder ratio of 0.5. Components were mixed
in a high-shear laboratory mixer, in which dry ice, dosed at 1.5% of the total binder mass,
was introduced in the final step and mixed for an additional 60 s to prevent premature
sublimation. This approach is consistent with the procedures reported by Xuan et al. [3],
who also emphasized short mixing times and immediate casting to minimize CO; loss and
thermal effects.

Fresh mortar was poured into standardized prismatic molds (40 x 40 x 160 mm?3) in
two layers. A mechanical compaction was applied to minimize entrapped air. The molds
were finally covered with plastic sheets to prevent early moisture loss. After 24 h of curing
at ambient temperature, the specimens were demolded and immersed in a pool with water
at 20 & 1 °C, where they remained for 28 days to ensure complete hydration and phase
development prior to testing.

3. Methods

Mechanical performances were evaluated through flexural and compressive tests, per-
formed in accordance with EN 196-1 [37]. More precisely, flexural strength was measured
in prismatic mortar specimens (40 x 40 x 160 mm?) tested in three-point bending by using
a displacement-controlled universal testing machine (maximum load capacity of 500 kN).
A constant crosshead displacement rate of 0.06 mm/min was applied until the failure. The
test setup allowed real-time recording of both load and mid-span deflection to determine
flexural strength (f;) and post-cracking flexural toughness. Toughness was quantified by
integrating the area under the load-deflection curve up to a relative displacement (the net
displacement after the peak) of 0.03 mm.
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After the flexural strength test, the two halves of each prism were used for compressive
strength determination in accordance with EN 196-1 [37]. The compressive load was applied to
the intact surfaces, away from the flexural crack, ensuring that the prior fracture did not affect the
measured strength values. Each half was subjected to a uniaxial compression test by means of a
500 kN capacity hydraulic press. Load was applied at a rate of 2.4 kIN/s until failure, at which
compressive strength (f.) is measured. Five specimens per mix were tested in compression and
three in flexure, to ensure statistical validity, following standard recommendations.

The remaining halves of the prisms were used to perform other tests, such as the
thermogravimetric analysis (TGA) using a PerkinElmer TGA 8000 instrument (PerkinElmer
Inc., Waltham, MA, USA). Approximately 40 mg of powdered mortar (sieved < 45 um)
was heated from room temperature to 1000 °C, at a rate of 10 °C/min, under a nitrogen
atmosphere to prevent external carbonation. The measurements were performed using
ceramic crucible under the N, atmosphere at a gas flow rate of 40 mL/min. Key mass
loss intervals were used to determine quantities of ettringite (50-120 °C), monosulfate
(120-200 °C), portlandite (400-550 °C), and calcium carbonate (550-750 °C).

Specific surface area and pore structure were analyzed using the Brunauer-Emmett—
Teller (BET) method. A Quantachrome Autosorb IQ analyzer (Quantachrome Instruments,
Boynton Beach, FL, USA) was used, with N, as adsorber. Powdered specimens were
degassed at 105 °C for 16 h under vacuum. The analysis consisted of 25 adsorption and
20 desorption points over a relative pressure range from 0.05 to 1.0 (p/pg). The BET surface
area and BJH pore distribution were derived using multipoint analysis.

Alkalinity of the pore solution was evaluated by suspending 20 g of finely ground
mortar (sieved < 45 pm) in 20 mL of deionized water. The slurry was magnetically stirred
for 5 min and then allowed to settle. Measurements were taken using a calibrated digital
pH meter equipped with a microelectrode. Calibration was performed with pH buffers at
7.00,9.21, and 11.00, and three measurements per each specimen were taken.

The microstructure of fractured mortar specimens was examined using a scanning
electron microscopy (SEM) in secondary electron mode, coupled with energy-dispersive
X-ray spectroscopy (EDS) for elemental mapping. A JEOL JSM-6380 microscope (JEOL Ltd.,
Akishima, Tokyo, Japan) operated at 15 kV with an 8 mm working distance. Specimens were
mounted on carbon tape and carbon-coated to improve surface conductivity. Particular
attention was given to the morphology of hydration products, carbonation by-products,
and fiber integrity within the matrix.

4. Results
4.1. Characterization of Raw Materials

The chemical and microstructural characteristics of the raw materials are presented
in Figures 1-3. According to the XRF analysis (Figure 1), the calcined clay consisted pre-
dominantly of silica (5iO, = 77.1 wt%) and alumina (Al,O3 = 20.2 wt%), confirming its
pozzolanic nature and potential reactivity with portlandite during hydration and carbona-
tion processes.

The SEM observations (Figure 2) revealed that the calcined clay particles exhibited
a porous and lamellar morphology, which favors mechanical interlocking and enhances
the surface area available for chemical reactions. The wool fibers displayed a scaly surface
texture typical of keratin-based materials, promoting good adhesion to the cementitious
matrix. For reference, the morphology of the dry ice pellets used for internal carbonation
is also shown, highlighting their compact granular structure that facilitates uniform CO,
release within the mix.
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Figure 3. XRD patterns of CEM I and calcined clay.

The mineralogical composition of the cement and calcined clay was analyzed using
XRD (Figure 3). The diffraction pattern of the Portland cement CEM I 42.5R displayed
sharp reflections corresponding to alite (C3S), belite (C;S), tricalcium aluminate (C3A), and
tetracalcium aluminoferrite (C4AF), confirming a high degree of crystallinity typical of
hydraulic clinker phases responsible for early strength development. In contrast, the XRD
profile of the calcined clay was characterized by a broad diffuse hump between 20° and 30°
20, indicative of an amorphous aluminosilicate structure formed during dehydroxylation of
kaolinite. Residual crystalline peaks of quartz and mullite were also identified, suggesting
that the thermal activation led to partial, rather than complete, transformation of the
kaolinitic precursors.

4.2. Mechanical Properties

The average values of the compressive and flexural strength of cement mortars are
presented in Figure 4, whereas those of the flexural toughness Ap are shown in Figure 5.
The mechanical performance varied significantly across the different mortar formulations
(Table 1, Figure 4). The reference mix (M1) reached a compressive strength of 44 MPa and
a flexural strength of 4.05 MPa. Internal carbonation produced by the addition of dry ice
(M2) increased the compressive strength up to 47.5 MPa. Flexural strength in M2 (4.15 MPa)
also improved slightly with respect to M1. The inclusion of only wool fibers (M3) further
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enhanced flexural strength to 4.9 MPa, though compressive strength dropped to 38 MPa.
When both dry ice and fibers were added (M4), the performance in bending remained
high (flexural strength equal to 4.75 MPa), while compressive strength remained almost the
same (39 MPa). In the mixtures incorporating calcined clay, compressive strength ranged
from 43 MPa to 47 MPa. However, the addition of wool fibers to these mortar systems (M?7)
led to low compressive strength (37 MPa) but sustained high flexural strength (4.80 MPa).
The full combination (M8) showed the poorest mechanical results, with both compressive
and flexural strength decreasing to 30 MPa and 4.0 MPa, respectively.

Il Compressive strength fc [ | Flexural strength ft
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g4 40
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g 35 o
i L35 S
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Figure 4. Average values of compressive and flexural strength.
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Figure 5. Average values of flexural toughness.

Flexural toughness, assessed via average deflection after cracking, was significantly
influenced by fiber content (Figure 5). The highest toughness was observed in M3
(Af = 0.023 mm), validating the role of wool fibers in enhancing post-crack energy ab-
sorption., Despite the low strength, M8 demonstrated the highest Ag (0.030 mm), likely
due to matrix degradation and high porosity. Mortars without fibers exhibited the lowest
Ag values, in particular M5, in which Ap = 0.0087 mm.
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4.3. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) was conducted to quantify the relative amounts of
some hydration and carbonation products within the hardened mortar specimens. Figure 6
illustrates the calculated weight-based contents of portlandite, calcite, ettringite, and mono-
sulphate across all the mortar variants.
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Figure 6. TGA results—percentages of: (a) portlandite, (b) calcite, (c) ettringite and (d) monousulphate
in the mortars investigated herein.

The highest portlandite content (13.5%) was recorded in the reference mortar (M1),
indicating a typical degree of hydration of plain Portland cement paste. In contrast, a low
content of portlandite was observed in the mixtures modified with dry ice and/or calcined
clay. Notably, mix M8, incorporating dry ice, calcined clay, and wool fibers, exhibited the
lowest Ca(OH); content (1.7%), suggesting an extensive consumption via both carbonation
and pozzolanic reaction mechanisms. These results are consistent with the combined effect
of CO,, reacting with portlandite to form calcite, and the pozzolanic activity of calcined
clay, consuming available calcium hydroxide during secondary gel formation.

Calcite formation followed an inverse trend. The highest calcite content (12.1%) was
observed in mix M2 (dry ice only), confirming the effectiveness of internal carbonation
in situ. Moderate calcite levels were noted in partially modified systems, while mix
M8 demonstrated a reduced calcite content (3.0%) despite the presence of CO,. This
reduction may be attributed to competitive reactions, limited CO, availability due to pore
refinement, or fiber-induced diffusion barriers, and an overlapping pozzolanic consumption
of calcium hydroxide.

Ettringite formation varied considerably among the compositions. Mix M3 (wool
fibers only) showed the highest ettringite content (12.8%), likely due to unaltered early-age
sulfate reaction pathways. In contrast, mortar mixtures subjected to internal carbonation
(e.g., M2, M4, M8) displayed significantly lower ettringite contents, ranging from 4.8%
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to 7.6%. This is due to the fact that carbonation-induced pH reduction and portlandite
depletion limit the stability of AFt phases. Pozzolanic substitution also influenced ettringite
availability, likely due to alumina incorporation into other hydration products.

Monosulphate content exhibited a generally decreasing trend in the modified mortars,
with the lowest value again observed in mortar M8. These data imply that carbonation
and pozzolanic reaction not only reduce portlandite but also influence the equilibrium
among sulfate-bearing phases. The transformation of monosulphate into other products
under modified pH and Ca availability conditions may contribute to the overall reduction
in AFm phases.

4.4. Pore Structure and BET Surface Area Analysis

Figures 7-9 present the BET surface area, total pore volume, and gel pore distri-
bution for all the mortars. The highest surface area (13.0 m?2/ g) and total pore volume
(0.114 cm?3/ g) were observed in mix M7 (calcined clay + wool), reflecting increased porosity
due to the presence of fibers. In contrast, mortars containing dry ice (M2, M4, M6) and/or
calcined clay without fibers (M5, M6) exhibited lower surface areas and pore volumes,
indicating effective matrix densification via carbonation and pozzolanic reactions. Gel
pore content (<10 nm) was highest in M5 (54%), confirming the pore-refining effect of
calcined clay. The lowest gel pore content (38.96%) was observed in M8, consistent with
chemical incompatibilities and structural disruption caused by the combined presence of
carbonation, pozzolanic additives, and fibers.

14
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12
| I I
0 I I I I
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o ®
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Figure 7. BET surface area.
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Figure 8. Pore volume per mortar.
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Figure 9. Gel pores characteristics.

Figures 10 and 11 present pore volume distributions for all mortar compositions and
the cumulative values. The results confirm that internal carbonation (dry ice) and poz-
zolanic substitution (calcined clay) significantly refine the pore structure. In mortars with
calcined clay (Figure 11), a shift toward smaller pore diameters was evident, particularly
in mortar M5, where the cumulative pore volume increased more gradually with pore
size—indicating higher gel pore content. Conversely, mortars containing wool fibers, espe-
cially M7 and M8, displayed broader pore distributions, because meso- and macroporosity
increased due to fiber-induced voids. The combined presence of carbonation and clay (M6
and MS8) resulted in bimodal distributions, probably produced by an interaction between
densification and structural disruption. Overall, M5 had the most refined pore network,
while M8 demonstrated the least favorable porosity profile in terms of durability.
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Figure 10. Pore characteristics of mortars without calcinated clay in terms of dV(logd) and cumulative
pore volume.
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Figure 11. Pore characteristics of cement mortars with calcined clay in terms of dV(logd) and

cumulative pore volume.

4.5. Alkalinity of Mortars

As shown in Table 2, in all the mortars, pH varied within the range 12.0-12.5, revealing
the typical high alkalinity of cementitious materials. The reference mixture (M1) and those
containing only wool reinforcement (M3) recorded the highest pH values (12.5), reflecting
the presence of free portlandite and unaltered hydration products. In contrast, mortars
with dry ice (i.e., M2, M4, M6, and M8) showed slightly reduced pH (12.4-12.0) due to the
consumption of Ca(OH), during carbonation. Similarly, in the presence of calcined clay
(i.e., M5, M6, M7, and MS8), pH is lower (12.3-12.0), which can be attributed to pozzolanic
reaction and the reduction in free hydroxides. The lowest pH (12.0) was measured in M8,
where carbonation and pozzolanic activity acted synergistically, resulting in a more neutral
environment compared to the reference mortar.

Table 2. The pH values measured in all the mortars.

M1 M2 M3 M4 M5 Me M7 M8
12.5 124 12.5 12.1 12.3 12.2 12.1 12.0

4.6. Microstructure

SEM analysis (shown in Figures 12 and 13) revealed significant differences in the
microstructural morphology and fiber integrity among the mortars containing sheep wool
fibers. In the reference fiber-reinforced mortar (M3), composed of CEM I and wool fibers,
intact portlandite crystals were observed alongside partially degraded fibers. Such a situa-
tion is due to the typical alkaline-induced deterioration of wool in a high-pH environment.
The addition of dry ice (M4) resulted in a distinct microstructure characterized by dispersed
calcite crystals and the absence of portlandite, confirming the occurrence of internal carbon-
ation. In this matrix, wool fibers showed high degradation, suggesting that carbonation
further compromised fiber stability. Mortars incorporating calcined clay (M7) displayed
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denser microstructures with visible fiber morphology largely preserved. It can be attributed
to the pozzolanic reaction, which lowers the pH and moderates the chemical aggressiveness
of the environment. However, in the most complex system (M8), where dry ice, calcined
clay, and wool fibers were combined, SEM images revealed severe fiber degradation, with
only residual outlines remaining.

(a)

Figure 12. The SEM microstructure of mortars with sheep wool fibers observed on split surfaces:
(a) M3—CEM I + wool and (b) M4—CEM I + wool + CO,.

Figure 13. The SEM microstructure of mortar with sheep wool fibers observed on split surfaces:
(a) M7—CEM I + calcined clay + wool and (b) M8—CEM I + calcined clay + wool + CO,.

Figure 14 shows the SEM microstructure of mortar M8 (CEM I + calcined clay + wool + CO5)
with EDS analysis, which confirms the presence of calcite crystals. The observed crystalline
phase is characterized by high calcium content, consistent with carbonation products
formed through the reaction of CO, with portlandite. Moreover, this confirms the internal
carbonation in the modified matrix.
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Figure 14. The SEM microstructure of mortar M8 (CEM I + calcined clay + wool + CO,) with EDS
analysis confirming the presence calcite crystals.

5. Discussion

The results shown in the previous sections demonstrated the complex interplay be-
tween internal carbonation via dry ice, pozzolanic activity from calcined clay, and fiber
reinforcement with sheep wool fiber, when Fiber-induced diffusion barriers and competing
pozzolanic reactions in multicomponent blends used in cementitious mortars. It is possible
to observe that while each modification individually improves specific aspects of perfor-
mance, their combination requires careful balance to avoid conflicting effects. This high-
lights the importance of understanding the coupled chemical-microstructural processes that
govern mechanical performance and durability in multi-component sustainable mortars.

The incorporation of dry ice as a means of internal carbonation significantly increased
early-age compressive strength, according to previous findings that carbonation promotes
matrix densification through calcite precipitation [2,38,39]. TGA results and SEM-EDS
analysis (Figure 14) revealed the formation of calcite and the simultaneous reduction in
portlandite content, consistent with the reaction between CO, and Ca(OH),, as observed
in earlier studies [40,41]. Based on the TGA results, the carbonation efficiency was esti-
mated by comparing the experimentally measured CaCOj3 content with the theoretical
value expected from complete carbonation of portlandite. In the reference mix (M1), the
available 13.5 wt% of Ca(OH), would theoretically yield 18.3 wt% of CaCO3 upon full
conversion. The measured CaCOj3; content in the carbonated mixes indicated efficiencies of
approximately 66% for M2, 45% for M4 and M6, and only 16% for M8. These results confirm
that carbonation was most effective in the simpler systems and progressively hindered by
fiber-induced diffusion barriers and competing pozzolanic competition in multicomponent
blends. Moreover, internal carbonation contributed to pH reduction, which is advantageous
for mitigating fiber degradation, but it may affect hydration equilibrium and sulfate phase
stability [31,42].

The variations in AFt and AFm contents reflect the sensitivity of sulfate-bearing phases
to carbonation and pozzolanic reactions. The depletion of portlandite and pH reduction in
the carbonated systems likely promoted the conversion of ettringite to monosulfate and
amorphous alumina-silicate phases, consistent with the thermodynamic instability of AFt
under lower Ca?* availability [43]. This partial transformation may have contributed to ma-
trix densification through secondary gel formation, but also reduced the sulfate-buffering
capacity, potentially influencing long-term stability and strength development [44,45].
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This reaction serves as a secondary densification mechanism. It works synergistically
with the primary reaction—the precipitation of calcite from portlandite carbonation—to
refine the pore structure. The combined effect results in the observed microstructural
densification and enhanced mechanical performance. Specifically, mix M2 achieved a
compressive strength of 47.5 MPa, approximately 8% higher than the reference mix M1
(44 MPa), directly attributed to this dual-phase refinement. Thus, in this context, the
AFt/AFm destabilization acts as an accelerated microstructural refinement process that
ultimately enhances matrix compactness and compressive strength.

Calcined clay played a complementary role by contributing to long-term strength
development and pore structure refinement via pozzolanic reactions. The increase in gel
pore content and BET surface area, as observed especially in mixes without fibers (e.g., M5),
aligns with prior studies emphasizing the role of metakaolin-rich clays in reducing perme-
ability and enhancing C-A-S-H gel formation [32,46,47]. These findings also confirm that
the combined use of calcined clay and carbonation can accelerate portlandite consumption,
thereby modifying both chemical and physical aspects of the matrix [48,49].

The SEM micrographs (Figures 12 and 13) reveal pronounced degradation of wool
fibers in M4 (CO; + wool), whereas fibers in M7 (calcined clay + wool) appear largely
intact. Although both mortars exhibit similar bulk pH values at 28 days, the observed
difference cannot be attributed to alkalinity alone. The internal carbonation applied in M4
likely created short-lived, CO, rich microenvironments during mixing and early hydration,
resulting in localized acidification and keratin hydrolysis at the fiber surface [31,42,50]. This
transient effect is not captured by the later pH measurement but could explain the severe
deterioration visible in Figure 12. In addition, SEM-EDS and XRD analyses confirmed
extensive CaCOj3 formation in carbonated mixes. The precipitation of sharp, plate-like
calcite crystals at the fiber-matrix interface could mechanically damage the fibers or hinder
stress transfer, contributing to the fragmented morphology [31]. The densified carbonated
matrix in M4 may also have restricted the fibers and increased local shrinkage stresses,
further promoting degradation [51,52]. Conversely, M7, without CO; addition, exhibited
higher porosity and a more homogeneous C-A-S-H gel from calcined clay hydration, which
likely provided a less aggressive and more compliant environment for the fibers [4,48].
Thus, the fiber integrity in M7 arises from the absence of early carbonation and the more
compatible interfacial chemistry, despite having the same pH as M4.

In the most complex blend (i.e., M8), the combined use of dry ice, calcined clay, and
wool fibers resulted in the lowest compressive strength and increased porosity, indicating
chemical incompatibilities and structural disruption. The simultaneous action of carbona-
tion and pozzolanic reactions led to almost complete depletion of portlandite (~1.7 wt%),
as confirmed by TGA, while the relatively low calcite content suggested restricted CO,
transport through a heterogeneous pore network [53]. BET and MIP results also revealed
increased total porosity and poor matrix densification, which corresponded with SEM obser-
vations of degraded fibers and voided interfaces [50,51]. Although the measured pH values
remained within the typical alkaline range (12.0-12.5), the coexistence of carbonation and
pozzolanic reactions likely generated local pH gradients and transient micro-environments
detrimental to fiber stability [50,52]. The degradation observed under SEM was therefore
not attributed to uniformly high alkalinity but to chemical heterogeneity and interfacial
instability within the matrix, where the combined depletion of portlandite and altered ion
concentrations may have accelerated the hydrolysis of wool keratin [52,53]. These coupled
processes led to a discontinuous microstructure and pronounced strength loss, highlighting
the antagonistic interactions among carbonation, pozzolanic reaction, and fiber inclusion.
Similar mechanisms, pore blocking, limited CO, diffusion, and instability of hydration and
carbonation products, have been reported in hybrid fiber-cement systems [54].
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The correlations between portlandite content and pH (Figure 15) highlight the impor-
tance of alkalinity control in designing multicomponent mortars. The slight pH decreases
from M1 to M8 (12.5-12.0) falls within instrumental uncertainty, yet it indicates a general
trend of reduced alkalinity associated with concurrent carbonation and pozzolanic reac-
tions. As reported in previous studies [55], minor variations in pH measurements may
arise from specimen preparation and testing conditions. While moderate pH reduction may
improve fiber durability, excessive portlandite depletion can hinder hydration or ettringite
formation [46]. Moreover, the inverse correlation between BET surface area and compres-
sive strength suggests that excessive porosity, caused by fiber addition or incomplete matrix
densification, can offset the benefits of these chemical modifications [51].
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Figure 15. The relationship between portlandite content and pH value in the mortars investigated in
this project.

Overall, this study confirms the feasibility of combining internal carbonation and
pozzolanic additives to produce low-carbon cementitious systems, while also underscoring
the need to address compatibility challenges with natural fibers. A trade-off exists between
improved sustainability and mechanical performance, which must be managed through
targeted mix design and material selection.

6. Conclusions

This study explored the structural behavior and microstructural development of
cement mortars modified with dry ice, calcined clay, and sheep wool fibers, aiming to
enhance sustainability without compromising performance. The following conclusions
highlight all the findings relevant to structural engineering applications:

e Internal carbonation via dry ice increased compressive strength by approximately
8% compared to the reference mix and contributed to pore structure refinement,
confirming its viability for developing low-carbon cementitious systems.

e  Calcined clay, used as a 15-30% cement replacement, enhanced durability by stabiliz-
ing hydration products and refining the pore network, leading to a ~12% reduction in
total pore volume and a higher gel-pore fraction (<10 nm).

e  Sheep wool fibers improved flexural toughness and post-cracking performance by
more than 40%, validating their crack-bridging effect. However, SEM observations
revealed degradation in high-pH or carbonated environments, which reduced long-
term mechanical integrity. Additionally, fiber-induced porosity partially counteracted
matrix densification.
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e  Microstructural analysis confirmed the complex interactions between carbonation,
hydration, and fiber integrity, emphasizing the need to control chemical compatibility
when designing multicomponent eco-mortars.

e  To maximize strength and durability, fiber inclusion should be avoided when both dry
ice and calcined clay are used, as their simultaneous application (M8) led to the lowest
compressive strength (~30 MPa) and increased porosity.

e pH control and portlandite content were identified as key parameters influencing per-
formance. While moderate pH reduction supports fiber stability, excessive portlandite
depletion can hinder the formation of hydration products such as ettringite, whereas
overly high alkalinity accelerates fiber degradation.

e  The outcomes of this study indicate that internally carbonated and calcined clay-
modified mortars have strong potential for real-world applications in prefabricated
panels, eco-efficient repair mortars, and non-structural building components, where
early strength development, durability, and reduced carbon footprint are critical. When
combined with properly surface-treated natural fibers, such systems could contribute
to the advancement of biogenic and circular construction materials, aligning with the
goals of sustainable and low-emission building technologies.

Future research should focus on improving the alkaline resistance of natural fibers
through surface modification techniques such as silane or epoxy coatings, plasma or alkali
pre-treatments, and mineral-based coatings (e.g., silica or alumina layers), which have
shown potential to enhance durability and interfacial adhesion in cementitious matrices.
Further investigations should also explore alternative supplementary cementitious mate-
rials, life-cycle assessments of multicomponent eco-mortars, and full-scale applications,
particularly in prefabricated facade elements and repair mortars, where carbon reduction
and early strength are critical design priorities.
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The following abbreviations are used in this manuscript:

SCM Supplementary cementitious materials
fi Flexural strength

fe Compressive strength

Afp Flexural toughness

C-S-H Calcium silicate hydrate
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C-A-S-H Calcium-alumino-silicate hydrate

LC3 Limestone-calcined clay

C3A Tricalcium aluminate

C4AF Tetracalcium aluminoferrite
XRD X-ray Diffraction

LOI Loss on ignition

SEM Scanning Electron Microscopy
AFt Ettringite

AFm Monosulfate
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