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This study examines whether yarn moisture state and surface treatment can control CO5 transport, carbonation
extent, and early-age performance in yarn-cement paste composites under enforced carbonation curing. Oven-
dried, saturated, cement-slurry-coated, and epoxy-coated jute yarns were embedded in Portland cement paste
(w/c = 0.40) and compared with synthetic yarns (acrylic, nylon, and polypropylene). Carbonation was assessed
along sample depth using phenolphthalein image analysis, thermogravimetry, quantitative X-ray diffraction,
SEM-BSE porosity mapping, and compressive strength testing. Saturated jute yarn produced the most carbon-
ation, forming interconnected carbonated belts due to its porous structure and internal moisture retention,
whereas epoxy-coated jute and synthetic yarns showed limited carbonation. Effective carbonation radius
correlated strongly with TGA-measured COy uptake (R2 =0.962) and 24 h water absorption (R2 =0.872). After 7
days, carbonated cement pastes with 0.76 vol% saturated jute yarn reached compressive strengths of 80.1 MPa,
comparable to the cement paste control (77.2 MPa). These results show that simple pre-saturation improves
carbonation efficiency, while early-age compressive strength is maintained only at low yarn volume where

carbonation-induced densification compensates for fibre-related matrix disruption.

1. Introduction

Cement production contributes 5-8 % of global anthropogenic CO5
emissions [1,2], primarily from limestone calcination (~60 %) and fossil
fuel combustion (~40 %) during clinker formation. While cementitious
materials passively reabsorb CO; through natural and service-life
carbonation, the sequestration rate remains insufficient to neutralise
the sector's net emissions. It was recently estimated that 0.84-0.93 Gt
CO4 was absorbed globally in 2023 through carbonation of concrete,
mortar, cement paste, and industrial cementitious wastes [3,4]. Cumu-
lative reabsorption of CO, since the 1930s is estimated at 21.3-23.9 Gt
CO3 [3,5]. These data show the potential of CO, mineralisation in
cementitious systems as a viable route to reduce their carbon footprint,
particularly when integrated with low-clinker formulations and
enforced carbonation [6,7].

Building on this potential, enforced carbonation has been extensively
investigated to simultaneously reduce the carbon footprint and enhance
the mechanical performance of cement-based materials [8]. The process
exploits the reactivity of portlandite with CO; dissolved in pore solution,
stabilising calcium carbonate phases that densify the microstructure [9].

* Corresponding author.

Under optimised curing regimes, typically involving 10-20 vol% COg
[9-11], temperatures of 20-40°C [12,13], and relative humidity
maintained between 50 and 70 % [14-16], rapid reaction occurs during
the early stages of hydration when the pore system remains open to gas
ingress; excessive moisture restricts gas diffusion, while limited mois-
ture hinders CO; dissolution [9,10]. The interplay between hydration
and carbonation is therefore critical: hydration consumes water and
generates Ca(OH), and C-S-H, whereas carbonation depends on that
same pore water to dissolve CO; and precipitate CaCOs3 [9,17,18]. It has
been shown that CO, exposure within the first 24 h can lower the hy-
dration degree of Portland cement paste (w/c =0.15, 50 mm x 6 mm
discs) by 15-25% [19], due to early portlandite consumption and
CaCOs-induced pore constriction, which impairs ion and moisture
mobility. Nonetheless, a synergy between hydration and carbonation
has been demonstrated under regulated conditions: Portland cement-fly
ash mortars incorporating CO»-reactive admixtures, such as triethanol-
amine solutions pre-saturated with CO,, have shown increased cumu-
lative hydration heat (by 8.6 % at 48 h), reduced total porosity (~20 %)
and a shift toward finer pore sizes (100 — 200 nm) [20].

For cement-based materials, laboratory studies report COy uptake
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values of 10-20 wt% of binder mass, with compressive strength im-
provements of 50-110% compared with air curing during the first
24-72h [21-25]. Nevertheless, large-scale commercial applications
remain limited by cost and energy constraints [26]. Industrial flue gases
containing 15-30vol% CO, are viable curing streams for pre-cast
components [6,27,28], yet COy uptake rates remain limited with pro-
longed curing time [29]. Attempts to overcome poor carbonation effi-
ciency through mix design or curing optimisation, such as cyclic
exposure, staged carbonation-hydration curing, or internal water
management, have improved efficiency but often compromise me-
chanical performance [17,19,28,30,31]. Similarly, porosity-engineered
approaches using foamed, lightweight, or bio-based additives enhance
CO4 transport but reduce strength [32-34]. These methods enhance CO,
uptake but often weaken mechanical performance, emphasising the
need for alternative designs that maintain both CO5 transport and
strength.

Natural fibres have been incorporated into engineered cementitious
composites to enhance mechanical performance and modify gas trans-
port under carbonation curing [35-38]. Fibre bridging limits crack
propagation and stabilises the capillary pore network, while the hollow
lumens facilitate internal gas transport [39,40], collectively enhancing
CO4, transport under accelerated CO; curing. For instance, adding 1 vol
% sisal fibre to ECC increased CO, uptake by 16 wt% under 99.8 vol%
CO,, at 5 bar for 24 h, attributed to their tubular fibre channels [41]. In
parallel, natural fibres can act as internal curing agents by storing and
gradually releasing water [42,43]. Cellulose-based fibres, such as flax,
hemp, and sisal, can absorb up to 30-40 wt% of their dry mass in water
over a period of 7 days, with 10-30 wt% retained as hard-to-remove
water that releases after 48 h under ambient exposure [44,45]. At a
dosage of 0.3 wt%, cellulose fibres increased hydration heat of high
sulphate-resistant cement pastes (w/c=0.44) by 14 % and reduced
early pore connectivity by 72 % at 12 h [46]. In ultra-high-performance
concrete (w/b = 0.2) composed of silica fume (25 wt%) and steel fibres
(2wt%), saturated cellulose additions of 1.1 wt% mitigated dry-
ing/autogenous shrinkage and improved early cracking control [47].
Fibre surface treatments, typically applied to enhance mechanical
bonding, also modify fibre transport behaviour by altering hygroscop-
icity and interfacial properties: 5wt% NaOH-treated bamboo fibres
reduce water uptake by 15-30 % [48], while silane and acetylation
treatments reduce hygroscopicity of bamboo and banana fibres by
40-70 % [49,50]. However, such treatments have not been systemati-
cally evaluated for carbonation curing, which could limit the internal
curing effect under enforced carbonation conditions.

Spun natural fibre yarns provide a structurally continuous alterna-
tive to dispersed short fibres [51]; their aligned filaments and internal
lumens provide connected diffusion pathways while retaining moisture
for sustained reactions near the fibre-matrix interface. Bast yarns such
as jute and hemp show the highest CO5 uptake and deep carbonation
fronts compared with cotton or wool, owing to their porous architecture
and moderate compactness [51]. In addition to its superior CO, trans-
port capability, jute is the second most produced natural fibre globally
after cotton, with an annual output exceeding 3.6 million tonnes and
accounting for approximately 80 % of bast fibre production [52]. Unlike
seed-derived fibres (e.g. cotton), jute is extracted from the phloem tissue
of Corchorus plants and requires minimal fertiliser or pesticide input
[53]. As a fast-growing, photoperiod-sensitive crop, 1ha of jute can
absorb up to 15 tonnes of CO, and release 11 tonnes of oxygen during its
growing season [54]. These combined technical, ecological, and eco-
nomic characteristics make jute a promising and underutilised rein-
forcement for low-carbon cement composites [54-57].

Despite these promising attributes, the mechanisms by which yarn
moisture state and surface condition control carbonation curing remain
insufficiently defined. Previous work showed that natural yarns can
enhance COs transport and uptake, but the yarns were used as received,
without controlled saturation or surface modification [51]. As a result,
the respective roles of internal water retention, fresh-state water
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redistribution, interfacial pore structure, and fibre-matrix contact could
not be separated. It also remains unclear whether treatments that are
commonly used to modify natural fibres, such as pre-saturation, cement
slurry coating, or polymer sealing, improve or suppress carbonation
under early-age CO, curing. The interaction between yarn-induced
carbonation, hydration, local microstructural development, and early
compressive strength therefore requires systematic investigation.

In light of these considerations, this study tests the hypothesis that
moisture-retentive jute yarns act as local water reservoirs, sustaining
CO4, dissolution and carbonate precipitation at the yarn-cement paste
interface, whereas coatings or synthetic yarns that limit moisture ex-
change suppress this process. Spun jute yarns were therefore prepared in
oven-dried, pre-saturated, cement-slurry-coated, and epoxy-coated
states and compared with synthetic yarns under identical enforced
carbonation curing. The study first quantifies the effects of yarn mois-
ture state and surface treatment on carbonation geometry and CO2 up-
take, before examining their links with hydration kinetics, phase
assemblage, and interfacial microstructure. It then evaluates whether
yarn-enhanced carbonation can preserve early-age compressive strength
at practical fibre volumes. Phenolphthalein image analysis, thermogra-
vimetric CO, quantification, quantitative X-ray diffraction, SEM-BSE
porosity mapping, and compressive strength testing are combined to
relate carbonation extent, phase evolution, microstructure, and me-
chanical response.

2. Materials and methods
2.1. Materials

Jute yarns (Tennwell, brown) were the primary natural fibre inves-
tigated in this study, based on their promising carbonation performance
observed in previous work [51]. As lignocellulosic fibres, jute contains
abundant hydroxyl groups and internal lumens [52,55,58], which pro-
mote both water uptake and interfacial reactivity in alkaline cementi-
tious environments. To evaluate the effects of moisture state and surface
treatments on carbonation and hydration, five jute conditions were
prepared (Fig. 1a—e).

Oven-dried jute (ODJ) was conditioned at 60 °C for 24 h to reduce
free and loosely bound water, to maximise gaseous transport during
carbonation. During drying, the yarn mass was measured every 24 h
until the mass change was less than 0.001 g, indicating constant mass
under the applied condition. ODJ was therefore used as the low-
moisture reference state.

Saturated jute (SJ) was prepared by immersing yarns in deionised
water for 24 h, followed by surface blotting to remove external water
while retaining internal saturation. These two moisture states were ex-
pected to alter the fresh-state water balance around the yarn: ODJ could
absorb mixing water from the adjacent paste, whereas SJ acted as a pre-
filled water reservoir and imposed a smaller immediate water demand
on the surrounding matrix.

Two slurry-coated variants were produced by dip-coating ODJ and
SJ in fresh cement slurry (w/c =0.8). These treatments yielded oven-
dried, slurry-coated jute (ODMJ) and saturated, slurry-coated jute
(SMJ), respectively, introducing a calcium-rich, high-pH interfacial zone
intended to accelerate hydrate formation and local carbonation. Epoxy-
coated jute (EJ) was prepared by applying a continuous epoxy layer
(resin/hardener ratio 22:3 by mass) to restrict moisture and gas ex-
change, serving as a wall-effect control to isolate the influence of surface
fibre geometry [59].

Three synthetic yarns (Fig. 1f~h) were included as controls to sepa-
rate the effects of surface chemistry, polarity and moisture uptake
typically associated with natural lignocellulosic fibres. Acrylic yarn
(Sirdar Double Knitting, green) was selected as a staple-spun fibre with
limited chemical reactivity in high-pH cement pore solutions [60]. The
yarn could retain a moderate amount of water (Table 1), attributed
primarily to capillary retention within the loosely packed fibre bundle
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Fig. 1. Representative morphology of the studied yarns. (a—h) Macroscopic appearance of: (a) oven-dried jute (ODJ), (b) water-saturated jute (SJ), (c) oven-dried
slurry-coated jute (ODMJ), (d) saturated slurry-coated jute (SMJ), (e) epoxy-coated jute (EJ), (f) acrylic yarn (AC), (g) nylon yarn (N), and (h) polypropylene yarn (P).
(i-1) Fluorescence micrographs of transverse sections of yarns embedded in fluorescent epoxy (resin rendered in green; yarn cross-sections appear black): (i) ODJ, (§)
SJ, (k) acrylic, and (1) nylon. All micrographs acquired at 10x magnification with identical imaging settings (brightness 46.1 %). (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1
Properties of the yarns.

Annotation  Fibre type Treatment Average diameter — original Average diameter - tightened Compactness Water absorption
(mm) (mm) (%) (%)

ODJ Jute Oven-dried 1.55+0.0380 1.19+0.0544 48.4 89.6

SJ Jute Saturated 2.43+0.0445 2.04 +0.0407 39.1 102

ODMJ Jute Oven-dried with cement slurry 2.27 +£0.0152 2.16 +£0.0268 / 56.0
coated

SMJ Jute Saturated with cement-slurry 2.37 £0.0293 2.244+0.0351 / 76.0
coated

EJ Jute Epoxy-coated 1.8440.0342 / / 7.72

AC Acrylic / 2.78 £0.0912 0.994 +0.0937 13.6 39.5

N Nylon / 1.76 £ 0.0156 1.76 £0.0154 72.4% 27.9

P Polypropylene  / 2.50 +0.0208 2.0340.0767 45.7 19.3

rather than absorption into the polymer. Nylon yarn (Tonifu, black) was
chosen as a multifilament polyamide with moderate polarity and water
uptake arising from its amide functionality, while remaining chemically
stable in alkaline cementitious environments [61]. Polypropylene yarn
(Sensy, sage) served as a non-polar, hydrophobic comparator; its
chemical inertness and very low surface energy made it a baseline
reference for minimal interfacial reactivity [62].

All yarns studied here have a porous structure. Staple-spun yarns
such as jute and acrylic contain twist-induced gaps between short fibres,
whereas multifilament yarns such as nylon and polypropylene consist of
tightly packed filaments with interstitial capillaries [62,63]. To quantify
the solid fraction, small yarn segments were vacuum-impregnated with
a low-viscosity fluorescent epoxy (resin/hardener ratio 22:3 by mass)
and then sectioned and polished for imaging. These images (Fig. 1i-1)
were processed to calculate two quantities: the total fibre area (Af) and
the area enclosed by the outer convex boundary of the yarn bundle (Ay).

The ratio of these areas is defined as compactness (C=Ag/Ay).
Compactness was quantified by averaging three cross-sectional mea-
surements per yarn. Coated samples (ODMJ, SMJ, EJ) were excluded
from this compactness analysis, as they do not reflect the intrinsic fibre
geometry.

Yarn diameters were measured in two conditions: the original
diameter, representing the relaxed state, and the tightened diameter,
measured under light pretension to simulate placement during casting.
Diameters were averaged over 30 positions along each sample to ac-
count for local variability from twist and hairiness. Water absorption
over 24h was evaluated following a modified version of BS EN ISO
62:2008 [51,64]. Samples were oven-dried at 60 °C to constant mass,
then immersed in deionised water at 23 °C for 24 h. After surface blot-
ting, the saturated mass was recorded and the water absorption (%) was
calculated relative to the oven-dry mass. These measured properties are
summarised in Table 1.
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Yarn-cement paste composites were produced using CEM I 52.5N
Portland cement (Breedon). The chemical composition of the cement,
determined by X-ray fluorescence (XRF), is reported in Table 2. A water-

Table 2
Chemical composition of the CEM I 52.5N Portland cement (wt.%). Loss on
ignition was 2.01 wt%.

SiO, Aly03 Fey03 CaO SO3 MgO Nay0 K>0 cr

19.2 5.44 2.63 63.6 3.30 0.910 0.210 0.530 0.060

to-cement mass ratio of 0.4 was maintained across all samples.

2.2. Sample preparation

Two types of cement-paste samples were prepared for characterisa-
tion and mechanical testing: (i) 216 cylindrical fibre-centred paste
samples cast in centrifuge tubes for cross-sectional and image-based
analysis, and (ii) 432 cubes containing mesh-configured yarn arrange-
ments for compressive strength testing.

Cylindrical single-yarn paste samples were cast in 15ml poly-
ethylene centrifuge tubes using a method adapted from previous work
[51]. Prior to casting, each yarn was positioned centrally within the tube
by threading it through pre-drilled holes located at the top and bottom

(a) |

\
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ends, and fixed in place externally using waterproof duct tape to
maintain alignment (Fig. 2a, steps 1-3). Cement paste was then intro-
duced to fill the tube completely, after which the lid was tightly sealed.
With the paste still fresh, longitudinal tension was applied manually to
the yarn to maintain straightness and induce mild compaction along the
yarn axis. This procedure resulted in a measurable reduction in the
average yarn diameter (see Table 1). Tubes were vibrated on a vortex
mixer (Fisherbrand) until no air bubbles were visibly escaping (~45s)
and cured in sealed condition for 24 h at ambient temperature. There-
after, the upper section of each tube was removed using a low-speed
precision saw (Buehler IsoMet 1000) under continuous water cooling.
Identical samples were prepared in three separate casting batches to
ensure repeatability across all measurements.

Cube specimens (20 x 20 x 20 mms) for compressive strength
testing were prepared using a layer-by-layer casting approach (Fig. 2b,
steps 1-3) [65]. Yarns were manually placed into the mould, followed by
the addition of cement paste to embed the layer. These steps were
repeated according to the intended mesh configuration until the mould
was filled. The cast specimens were covered with a plastic membrane
and cured at >98 % relative humidity for the first 24 h, then demoulded
(step 3) and relocated to either air or carbonation curing chambers.

Six mesh configurations were tested to assess the influence of fibre
layout on compressive strength (Fig. 2b(i-vi). These varied in the in-
plane spacing between yarns (10 mm or 5mm) and the number of ver-
tical yarn layers (1, 2, or 3 layers). Configurations are labelled using the
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Fig. 2. Schematic diagram of sample preparation. (a) Steps for preparing cylindrical paste samples with a centrally aligned yarn using 15 ml centrifuge tubes: (1)
yarn positioned through pre-drilled holes; (2) tube filled with fresh paste and sealed; (3) yarn tensioned longitudinally; (4) top portion removed after curing for cross-
sectional analysis. (b) Cube casting sequence and compressive strength specimen configurations: (1-3) paste cast in layers with yarns embedded between lifts; (i-vi)
tested arrangements varying in in-plane yarn spacing (10 or 5mm) and number of vertical yarn layers (1 to 3 layers).
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Fig. 3. Image processing workflow for phenolphthalein-stained discs. (a) Raw RGB
Colour deconvolution using standardised vectors: (c-1) phenolphthalein stain; (c-2)

image with ROI defined. (b) Rolling-ball background subtraction at 100 pixels. (c)
cement matrix paste; and (c-3) residual colour. (d) Threshold determination using

the overflow segmentation method. (e) Binary mask of carbonated area before and after correction factor (1.25) applied. (f) Schematic illustration of carbonated area
fraction. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

format X-YL, where X denotes the xy-plane spacing in mm, and Y in-
dicates the number of layers (e.g., 10-3L represents 3 stacked yarn
layers with 10 mm in-plane spacing). Two additional configurations
with 2.5 mm spacing were tested for completeness and are reported in
the Supporting Information; these were unsuccessful due to their
excessive fibre content that hindered paste placement and compaction.

2.3. Curing procedure

After the upper sections of tubes were removed, the cylindrical
samples were fan-dried for 30 min at ambient conditions (21 +2°C;
55 + 5% RH) using a bench-top electric fan, to promote evaporation of
free water from the freshly cut surface. After drying, cylindrical samples
were transferred to a Panasonic MCO-230AIC CO; incubator and posi-
tioned upright on a centrifuge stand, leaving only the top surface
exposed. Enforced carbonation was conducted under conditions
approximating cement plant flue gas: 19.9 + 0.1 vol% CO; (prepared by
mixing compressed air with 99.8 vol% CO3 from BOC Ltd), 25 + 0.5 °C,
and ambient atmospheric pressure. Relative humidity was regulated at
64 + 2 % using a saturated NaNO, solution placed inside the chamber.
Samples were exposed to CO; for 1, 3, 5, or 7 days, then retrieved in
batches for analysis.

To enable comparison with CO,-cured specimens, a parallel set of
samples was prepared and air-cured under identical time frames. These
control samples were stored in a climate chamber regulated by saturated
sodium nitrite solution (21 +2°C, 64 &+ 2 % RH) for 1-7 days.

Post-curing, all cylindrical specimens were sectioned for character-
isation tests using a Buehler IsoMet 1000 low-speed precision saw
(Fig. 2a, step 4). For each 10 mm-thick cylindrical disc, the uppermost
1 mm was reserved for thermogravimetric analysis (TGA) and X-ray

diffraction (XRD). These discs were immediately hand-ground under
isopropanol using an agate mortar, and subjected to solvent exchange to
stop hydration [66]. Samples were then stored under low vacuum
(0.2 bar) over silica gel and granular soda lime (Thermo Scientific) to
minimise further carbonation. The remaining 9 mm-thick disc was first
sprayed with a phenolphthalein pH indicator and imaged for carbonated
area fraction, then subsequently used for SEM sample preparation. All
characterisation and mechanical testing in this study was conducted
immediately following the specified curing durations, with no addi-
tional ageing or post-curing applied prior to testing.

Disc samples are labelled as [Fibre]-[Curing]-D[Day]-[Depth],
Curing = C (carbonated) or A (air-cured), D[Day] denotes the curing
duration, and Depth is the sampling depth in mm. For example,
SJ-C-D7-10 refers to a saturated jute yarn-cement disc, carbonation-
cured for 7 days, with measurements taken at 10mm from the
exposed surface.

2.4. Image analysis

2.4.1. Phenolphthalein indicator test

Carbonation fronts on cross-sectional discs in Fig. 2a (step 4) were
revealed by spraying phenolphthalein (10g in 1L of a 50 vol% etha-
nol-water solution), in accordance with BS EN 12390-12:2020 [67].
After the stain stabilised, colour images were acquired using an Olympus
SZX-10 stereomicroscope with an SC50 CMOS camera under oblique
fibre-optic illumination (Highlight 3000). Imaging parameters were
held constant (normal light intensity, brightness 2.5, exposure 150 ms).
Samples were placed on a black motorised XY stage; a ruler was placed
at the focal plane to verify scale.

Image processing was carried out using ImageJ 1.54p with a custom
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Validation of overflow-based image segmentation against manual segmentation for different threshold correction factors. Agreement is quantified for the carbonated
area fraction using mean absolute error (MAE), standard error (SE) of error, and coefficient of determination. Threshold values correspond to the lower bounds applied

to the deconvoluted binary images.

Correction factor Threshold Searbonated Tcarbonated

MAE (%) SE of error (%) r2"l anual MAE (mm) SE of error (mm) ’?n anual
1.00 168 10.8 2.22 0.937 1.19 0.17 0.920
1.10 185 4.07 0.84 0.991 0.54 0.08 0.982
1.20 201 1.34 0.35 0.998 0.21 0.05 0.993
1.25 210 0.99 0.21 0.999 0.14 0.03 0.994
1.30 218 1.60 0.38 0.999 0.18 0.03 0.993
1.40 235 6.09 1.71 0.995 0.53 0.08 0.984

macro to automate batch analysis (Supporting Information S1, Section
S1). A circular region of interest (ROI) was defined to isolate the paste
interior and exclude the centrifuge tube rim (Fig. 3a). To remove uneven
lighting and reduce background interference, a rolling-ball background
subtraction (radius: 100 pixels, light background, Fig. 3b) was applied,
improving on the method proposed by Zhuge et al. [51] by increasing
the contrast of local grey tones and reducing the effects of lighting ar-
tefacts. Colour deconvolution was then applied to separate the
phenolphthalein-stained region from the cement matrix using a single
set of colour vectors applied across all 540 discs (Fig. 3c). These vectors
were averaged from 10 reference images of (i) phenolphthalein-stained,
uncarbonated cement paste, and (ii) unstained paste. The third channel
(residual) appeared nearly blank, except for yarn features, and was used
to mask yarn areas from analysis.

To segment the carbonated area, the threshold was determined using
a modified overflow segmentation approach (Fig. 3d, Table 3) [52].
Pixel-intensity histograms were analysed using lines tangential to the
inflection point and flat region of the high-intensity part of the cumu-
lative area fraction curve (Fig. 3d); their intersection was used as the
base threshold [68]. As overflow segmentation systematically tended to
overestimate the carbonated region, the threshold derived from the
cumulative histogram was scaled by a correction factor prior to binar-
isation (Fig. 3e). Based on the processed images, carbonated area frac-
tion (fearbonateds %0) Was computed as the percentage of unstained area
within the ROI, excluding yarns (Fig. 3f, Eq. (1)). To normalise for
variations in sample size and yarn cross-section, the effective carbon-
ation radius (Tegrbonateds mMm) was also calculated (Eq. (2)). This metric
reflects the equivalent radial penetration depth of carbonation and al-
lows comparison across samples with different fibre sizes or disc di-
ameters. The results were used to select representative samples for
further characterisation tests.

A
— %100 (@]
Aror — Ay

/A /A
Tcarbonated = 76 - 7f (2)

Where Agoy is the region of interest, Ay is the yarn area. A, represents the
threshold carbonated area (Fig. 3e).

The correction factor was selected by systematic comparison of
automated segmentations with manual delineation of the carbonation
boundary on a representative subset of 20 discs containing SJ, ODJ,
ODMJ and EJ composites after 7 days of carbonation (Supporting in-
formation Section S1, Fig. S1). Correction factors in the range 1.00-1.40
were evaluated. As summarised in Table 3, a correction factor of 1.25
produced the smallest mean error and the highest agreement with
manual segmentation for both the carbonated area fraction and effective
carbonation radius (r2>0.99). This correction factor was therefore
adopted for all subsequent image analyses.

f carbonated —

2.4.2. Scanning electron microscopy
SEM was used to investigate the microstructural evolution and

porosity characteristics of selected fibre-reinforced cement pastes
following 7 days of either air or carbonation curing. SEM samples were
prepared from the same discs used for phenolphthalein analysis. After
image acquisition, the remaining 9 mm disc segments were submerged
in isopropanol for 72 h to halt hydration, following the standard solvent
exchange protocol [69]. Samples were dried in a 40 °C oven until con-
stant mass before epoxy impregnation. Samples were
vacuum-impregnated with low-viscosity epoxy resin and placed in a
high-pressure chamber at 2.5 bar for 24 h. Impregnated specimens were
then sectioned, polished, and carbon-coated (15 nm) using an Emitech
K550X sputter coater under a vacuum of 7 x 10”2 mbar.

The extracted discs were imaged at 1 mm, 11 mm, 21 mm, 31 mm,
and 41 mm depths (Fig. 2a, step 4). Backscattered electron (BSE) im-
aging was performed using a Zeiss Sigma 500VP field emission SEM
equipped with a 5-quadrant high-definition BSE detector. Images were
acquired at 15 kV accelerating voltage, 8.5 mm working distance, and a
resolution of 1024 x 768 pixels. All images were captured at 500x
magnification under fixed brightness (45 %) and contrast (43 %) settings
to allow comparisons.

Each SEM disc comprised a single transverse cross-section of the
composite, within which four regions of interest were defined: (i) the
yarn cross-section, (ii) the interfacial transition zone (ITZ) adjacent to
the yarn, (iii) the intermediate matrix region, and (iv) matrix at the edge
of the samples. For each region, 30 BSE images were acquired and
averaged to obtain representative porosity values, yielding 120 images
per disc. In total, porosity analysis was based on approximately 3600
SEM-BSE images.

Porosity quantification was performed using the overflow segmen-
tation method [68], which represents the original form of the approach
adapted earlier for image analysis (Section 2.5). Here, pixel-intensity
histograms from each BSE image were fitted with two linear shoul-
ders, and their intersection, corresponding to the upper intensity
threshold, was used to segment pores (dark regions) from the solid
matrix. Pore area fractions (ji,) were calculated as the ratio of segmented
pore area to total image area.

2.5. Characterisation test

2.5.1. Isothermal conductivity calorimetry

Isothermal calorimetry was conducted on selected paste samples to
assess the influence of fibre type and moisture state on hydration ki-
netics, following the procedure outlined in BS EN 196-11:2018 [70].
Cement paste was prepared at w/c=0.40 using the same Portland
cement as the composite specimens. The cement powder and water were
first mixed using a mini-vortex mixer for 2min, followed by 30s of
manual mixing to improve paste homogeneity. The fresh paste was then
transferred into a calorimetry ampoule, after which 30 mm segment of
yarn was added and fully submerged in the paste. The ampoule was
sealed immediately after preparation and placed in the calorimeter.
Heat flow was recorded continuously over 7 days, and cumulative heat
release was normalised to the cement mass. A paste-only sample was
tested as the reference.
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2.5.2. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was used to quantify portlandite
consumption and calcium carbonate formation during curing. As shown
in Fig. 2a , 1-mm-thick discs were collected at 10 mm intervals, crushed,
and sieved to <125pm. Approximately 55+ 0.1 mg of powder was
analysed using a Netzsch STA 449 F5 thermal analyser, heated from
30°C to 1050 °C at 10 °C/min under nitrogen flow (50 ml/min).

Mass losses corresponding to portlandite and CaCO3 were quantified
using the tangential method [69], with decomposition ranges defined as
420-520°C and 550-850 °C, respectively. These intervals were deter-
mined based on previous TGA-MS work on carbonated yarn-cement
paste composites [51]. Results were expressed as weight percentages
relative to the initial cement mass. The total CO, uptake (wt.%) was
calculated by subtracting the mass of pre-existing CO3 in the cement
from the total CaCOs-derived mass loss. The origin anhydrous cement
mass (Mcement,g) was obtained as the residual mass after heating to
1050 °C (Mi050), combined with the mass loss of CaCO3 of the raw
cement (Eq. (3)). COz uptake (Ugo,, wt.%) was then calculated using Eq.
(4). To distinguish carbonation-induced phase changes from hydration
alone, a parallel series of air-cured specimens was analysed at identical
curing durations.

M,

Memen: = cl:Ooi(')m a 3
~ 100

UCOZ :MCHC03 - Coz,initial X Mcement %« 100 (4)

M cement

Where Mgqco, (g) is the mass loss from CaCOs; decomposition, and
CO3 iniria (Wt.%) is the percentage of COj initially present in cement as
determined by TGA (1.78 + 0.25 wt%). This normalisation accounts for
both crystalline and amorphous carbonates that may decompose below

(a) (e)
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600 °C.

2.5.3. Quantitative X-ray diffraction

X-ray diffraction (XRD) was used to complement TGA by enabling
phase-specific identification of crystalline hydration, carbonation, and
residual clinker phases. Measurements were conducted using a Bruker
AXS D8 Advance diffractometer with Cu Ka radiation, operated at 45 kV
and 40 mA. Powdered samples were collected from 5 depths (0-1 mm,
10-11 mm, etc; see Figs. 2a—4), homogenised, and sieved to <63 pm.
Quantitative XRD was performed via Rietveld refinement, using 20 wt%
corundum (AlyO3) as an internal standard. Data were processed in
HighScore Plus software using the ICDD PDF-4+/Web 2023 database.
Full details of the analytical procedure are provided in the Supporting
Information S1 (Section S3).

To quantify the relationship between hydration and carbonation, a
carbonation-to-hydration ratio was introduced (Eq. (5)).

Weacog

Mcaco,

Carbonation to hydration ratio = Weaco, . Woatory (5)

Mcaco; ~ Mca(on),

Where weaco, and weq(om), are the Rietveld-refined fractions (wt.%) of
calcium carbonates and portlandite, where initial CaCO3 in raw cement
was excluded from calculation to isolate carbonation-derived phases.
Mcaco, and Mcqom), are the molar masses, correspondingly. A higher
carbonation to hydration ratio indicates a larger fraction of the
measured Ca-bearing reaction products present as carbonate rather than
residual portlandite.

2.6. Compressive strength test

Compressive strength was determined on 20 mm cube specimens to
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Fig. 4. Carbonation front geometry and quantitative carbonation assessments. (a-h) Stereomicrographs of phenolphthalein-stained disc cross-sections at 20 mm
depth after 7 days enforced carbonation: (a) ODJ, (b) SJ, (c) ODMJ, (d) SMJ, (e) EJ, (f) acrylic, (g) nylon and (h) polypropylene. (i-1) Carbonated area fractions from
0 to 40 mm depth measured at different curing durations: (i) 1 day, (j) 3 days, (k) 5 days, and (1) 7 days.
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assess the mechanical performance of yarn-cement paste composites
under both air curing and enforced carbonation. Six yarn configurations
were tested, as illustrated in Fig. 2b, covering different yarn spacings
and layer numbers. The yarn replacement level was calculated as the
yarn volume fraction within each specimen, based on the convex cross-
sectional area of the yarn (measured from image analysis) multiplied by
the total embedded yarn length for each mesh configuration.

Compressive strength testing was carried out using an Instron 6800
series universal testing machine equipped with Bluehill Universal soft-
ware for load control and data acquisition. The load was applied at a
constant crosshead displacement rate of 0.5 mm/min until failure. For
each configuration and curing regime, 3 replicate cubes were tested, and
the mean strength was reported.

3. Results and analysis
3.1. Carbonated area fraction and CO, uptake

The stereomicrographs in Fig. 4a-h presents cross-sections of
phenolphthalein-stained specimens that have been carbonation-cured
for 7 days and extracted at a depth of 20 mm from the exposed sur-
face. These images highlight the variability in carbonation front geom-
etry due to difference in fibre type and surface treatment, which was
observed in all samples. Among the jute-based cement composites, un-
coated jute yarns (ODJ and SJ) and cement slurry-coated yarns (ODMJ
and SMJ) induce irregular, asymmetric carbonation belts encircling the
centre. These belt-shaped carbonation regions are characteristic of bast
yarn—cement paste composites [51], where twisted yarn geometry pro-
motes localised gas-liquid interaction.

The SJ composite (Fig. 4b) exhibited a broader carbonation belt than
ODJ (Fig. 4a), whereas slurry-coated jute composites (Fig. 4c and d)
showed sharper and more confined fronts. This indicates that the cement
slurry coating restricted lateral spread while creating a locally alkaline
region that favoured carbonation close to the yarn. By contrast, epoxy-
coated jute (EJ; Fig. 4e) showed no visible carbonation belt at this
depth, indicating that the epoxy barrier inhibited moisture and CO,
exchange across the fibre-cement paste interface. The hydrophobic
epoxy surface may also have reduced wetting by the fresh pore solution,
further limiting interfacial hydration and carbonation reactions.

Synthetic yarn composites (Fig. 4f-h) showed much smaller
carbonation fronts, largely confined to the immediate yarn vicinity. This
behaviour is consistent with their lower water sorption (Table 1) and
weaker influence on local moisture distribution. Acrylic produced a
modest localised rim, likely due to capillary retention within its staple-
spun bundle, while nylon showed a smaller, compact rim consistent with
its dense multifilament structure. Polypropylene produced no observ-
able carbonation belt, in line with its hydrophobic and non-polar
surface.

The carbonated area fraction profiles in Fig. 4i-1 shows that
carbonation progressed rapidly during the first 3 days and then
approached a transport-limited regime. At Day 1, carbonation was
mainly confined to the near-surface region (<15mm). By Day 3, the
carbonated area fraction at 11 mm reached ~16 % for SJ and ~14 % for
slurry-coated jute, compared with ~8 % for ODJ. Further exposure from
5 to 7 days produced only minor increases (<2 %). Across all depths, SJ
consistently showed the largest carbonated area fractions, followed by
slurry-coated and oven-dried jute, whereas EJ and synthetic-yarn com-
posites remained weakly carbonated (<8 %). These results indicate that
moisture-retentive yarns promote deeper and more extensive carbon-
ation than low-moisture or moisture-blocked yarn systems.

Overall, jute-based composites showed substantially higher carbon-
ation extents than synthetic-yarn composites under the present curing
conditions. Carbonated area fractions in jute systems were typically 3-5
times higher than those in acrylic, nylon, or polypropylene composites,
consistent with their higher water absorption and more open, moisture-
retentive yarn structures. The close agreement between carbonated area
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fraction and 24 h water absorption (Table 1) indicates that yarns capable
of retaining more moisture sustained CO2 dissolution and carbonation
reactions in the adjacent matrix more effectively.

3.2. Heat of hydration and phase assemblages

Fig. 5 shows the normalised heat flow and cumulative heat release
profiles for pastes containing oven-dried and pre-saturated yarns. All
samples exhibited a single dominant hydration peak between 6 and 10 h,
typical of C3S hydration. Minor variations were observed: saturated jute
(SJ) and saturated acrylic (SA) produced slightly broader and delayed
peaks, with marginally higher cumulative heat (~304 J/g) than their
oven-dried counterparts (~295 J/g). However, these differences were
within 3 %, indicating that fibre type and moisture state had only a
minor influence on bulk hydration kinetics over 7 days. Therefore, the
enhanced carbonation observed in natural-fibre cement paste compos-
ites cannot be attributed to accelerated bulk hydration. Under the
applied CO; concentration and curing humidity, hydration was likely
limited relative to sealed or high-humidity curing; differences in
carbonation behaviour are more plausibly associated with local mois-
ture distribution and yarn-adjacent pore structure.

Representative thermogravimetric (TG) and derivative thermogra-
vimetric (DTG) curves for the 7-day carbonation-cured saturated jute
(SJ) composite are shown in Fig. 6a. Distinct reductions in portlandite
decomposition (420-520 °C) were consistent with increasing mass los-
ses between 550 and 850 °C, confirming extensive carbonation. The
DTG curves exhibits a distinctive double-shoulder feature: the first
shoulder (~550-770°C) is attributed to poorly crystalline and meta-
stable carbonate phases, including vaterite or aragonite [71], amor-
phous CaCOs, as well as carbonates formed through C-S-H
decalcification and carbonation. These carbonates may be finely
dispersed within the decalcified silicate gel and therefore decompose at
lower temperatures than well-crystallised calcite. The sharper peak be-
tween 770 and 850°C corresponds to well-crystallised calcite, the
dominant carbonation product. At the surface directly exposed to CO,
decomposition onset is visible as early as 400-450 °C, suggesting the
presence of amorphous or highly disordered CaCOs, potentially associ-
ated with carbonated C-S-H or finely dispersed amorphous CaCO3 [72].
This multi-peak behaviour reflects the coexistence of metastable and
stable carbonate phases formed under varying local conditions of pH
and CO3 concentration. Such phase diversity is consistent with literature
that all three polymorphs can form when the ambient relative humidity
ranges between 20 % and 80 % [73]. The full TG-DTG curves for both
air- and carbonation-cured specimens at 1 and 7 days are provided in the
Supporting Information (Section S2, Fig. S2).

Quantified CaCO3 and Ca(OH), contents obtained from TGA for the
reference paste, ODJ- and SJ-embedded systems after 7 days of
carbonation curing are shown in Fig. 6b and c. Carbonation curing led to
marked portlandite depletion across all depths, accompanied by pro-
portional carbonate accumulation. Saturated jute (SJ) composites
recorded the highest CaCO3 contents throughout the profile, followed by
oven-dried jute, while reference paste exhibited limited carbonation.
These trends confirm that the extent of carbonation scales with fibre
moisture-retention capacity, consistent with image-based analyses. A
strong linear correlation was observed between CO, uptake and effec-
tive carbonation radius for the selected reference paste, ODJ, and SJ
specimens after 7 days of carbonation curing across the analysed depths
(R2=0.962, Fig. 6d). This indicates that, although phenolphthalein
staining is pH-based, the effective carbonation radius provides a useful
comparative indicator of carbonation extent for the tested systems. For
yarn systems where TGA was not performed, CO5 uptake was estimated
from this linear relationship using the corresponding image-derived
effective carbonation radius and is shown as filled blue markers in
Fig. 6d. At 10 mm depth, the effective carbonation radius around indi-
vidual yarns was approximately 2-3 mm, which was used to define the
minimum yarn spacing in mesh arrangements (Section 3.4) to avoid
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Fig. 5. Isothermal conduction calorimetry results for pastes containing oven-dried (ODJ, ODN, ODA, ODP) and saturated (SJ, SN, SA, SP) yarns, alongside a paste
control (PC). (a) Normalised heat flow curves over 7 days. (b) Normalised cumulative heat release over 7 days.
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overlapping carbonation zones.

To complement the thermogravimetric results, quantitative XRD was
conducted to assess the relative progression of carbonation and hydra-
tion reactions (Fig. 7). As shown in Fig. 6a, the XRD patterns of the
saturated jute composite after 7 days of enforced carbonation reveal the
presence of portlandite (CH), ettringite, calcite, vaterite, and residual
unhydrated clinker phases such as alite (C3S) and belite (C,S). Calcite
dominated the crystalline carbonate phases, while vaterite was present
only in small quantities. Therefore, the low-temperature shoulders in the
DTG curves (Fig. 6a) cannot be attributed solely to crystalline vaterite
[71]. They are also likely to include amorphous or poorly crystalline
carbonate species formed during C-S-H decalcification, which are not
resolved by XRD. This interpretation is consistent with the broad DTG
response at lower temperature and the limited crystalline vaterite
detected by XRD.

At the exposed surface (0-1mm), all carbonation-cured samples
exhibit carbonation-to-hydration ratios approaching unity (Fig. 7b),
indicating extensive portlandite depletion and carbonate formation near
the COz-exposed surface. With increasing depth, the index decreased
progressively, reflecting the transition from carbonation-dominated to
hydration-dominated phase assemblages. The decline was slower in SJ,
which maintained a higher index at 10 mm than ODJ, nylon, and the
reference paste. This indicates that moisture retained in SJ sustained
carbonation reactions beyond the near-surface zone at early ages. At
greater depths (>20 mm), all carbonation-cured systems converged to-
wards similarly low index values, consistent with the effective carbon-
ation radius derived from image analysis. Detailed phase assemblages
are provided in the Supporting Information (Section S3, Fig. S3). These
results corroborate the TGA analysis, confirming that moisture-retentive
natural fibres promote greater portlandite consumption and carbonate
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formation within the carbonated zone.

3.3. Microstructure of carbonated yarn-cement paste composites

To contextualise the transformations induced by carbonation, the
microstructures of early-age air-cured composites are first presented in
Fig. S5 (Supporting Information, Section S5). Under sealed curing, the
interfacial transition zone (ITZ) porosity ranged from ~32 % in oven-
dried jute (ODJ) to ~21 % in saturated jute (SJ), and ~18 % in nylon
composites. ODJ absorbs mixing water from the paste, locally lowers
effective w/c near the yarn, causes fibre swelling/shrinkage and poorer
packing, whereas SJ does not draw water from the fresh paste and
therefore gives a better-filled ITZ. SJ also formed a narrower and more
continuous ITZ, while the porous middle rim was diffuse in SJ, sharply
banded in ODJ, and largely absent in nylon. These baseline differences
govern subsequent microstructural evolution under carbonation.

Carbonation curing induced distinct microstructural transformations
in all yarn-cement paste systems, most prominently in jute composites.
SEM-BSE analysis of 7-day carbonated specimens (Fig. 8, al,bl) reveals
modified zones analogous to those observed under air curing (Fig. S5),
but with more clearly defined zone boundaries and densification effects.
Four characteristic zones are consistently observed: (I) the yarn cross-
section; (II) a densified interfacial transition zone (ITZ); (III) a
partially carbonated matrix belt; and (IV) uncarbonated bulk matrix.
These match the optical carbonation front geometries in
phenolphthalein-stained samples (Fig. 4). Detailed porosity profiles and
radial schematics for each system are provided in Fig. S5 (Supporting
Information, Section S4).

Within the yarns (Zone I), the internal morphology of the yarns
remained stable after 7 days of enforced carbonation. Both oven-dried

(Fig. 8, a2) and saturated jute fibres (Fig. 8, b2) showed no visible
degradation or delamination. Saturated jute retained well-defined lu-
mens and high porosity (p, = 48.6 %), whereas oven-dried jute showed
partially collapsed bundles with slightly lower porosity (p, = 42.9 %).
Nylon bundles (Fig. 8, c1) remained dense and compact (u, = 13.1 %),
with no observable structural change relative to their air-cured
counterparts.

At the fibre-matrix interface (Fig. 8, Zone II), carbonation markedly
densified the ITZ in all cement paste composites, with the extent
dependent on yarn type and moisture condition. In ODJ-C-D7 (Fig. 8,
a3), ITZ porosity decreased from 32.3 % to 15.5%, a 52 % reduction
relative to air curing, accompanied by brighter BSE contrast indicative
of CaCOg precipitation. In SJ-C-D7 (Fig. 8, b3), the ITZ became even
denser (pp = 10.5 %), appearing as a carbonate-rich interfacial rim with
sharply defined boundaries in the examined cross-sections. Nylon
(Fig. 8, c1) exhibited only moderate densification (j, =13.1 %, —26 %
relative to air-cured), suggesting more limited microstructural
modification.

The porous middle rims surrounding the ITZ (Fig. 8, Zone III)
evolved differently depending on fibre type. In ODJ composites (Fig. 8,
a4), carbonation slightly reduced porosity from 16.8% to 14.0%
(—16 %), while rim thickness remained similar (0.74-0.38 mm). SJ
composites (Fig. 8, b4) developed a broader and more homogeneous
middle rim extending up to 1.20mm from the yarn, with porosity
decreasing to 15-17 % and fewer sharply defined porous belts. This
suggests that CO, penetration was more spatially uniform around
saturated fibres in the examined sections, consistent with moisture-
assisted transport near the yarn. Nylon composites (Fig. 8, c2) dis-
played only minor changes, with the middle rim remaining narrow
(~0.7 mm) and porosity largely unchanged (14-16 %).

10
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Fig. 8. SEM-BSE images illustrating the microstructural features of yarn-cement paste composites after 7 days of enforced carbonation at 20 mm depth. Four
characteristic zones are identified: (I) yarn cross-section; (II) interfacial transition zone (ITZ); (III) porous or partially carbonated matrix; and (IV) uncarbonated
matrix. Panels (al-a5): ODJ-C-D7, showing an (al) overview at 200x and (a2-a5) corresponding Zones I-IV at 500 x. Panels (b1-b5): SJ-C-D7, with (b1) overview
and (b2-b5) corresponding Zones I-IV. Panels (c1-c3): N-C-D7, showing Zones I-III. (d) Carbonated reference paste at zone IV.

Across all systems, carbonation effects were mainly confined to the
yarn-adjacent region. The outer matrix retained baseline porosity
(~15-16 %), comparable to uncarbonated paste. The total modified
region extended to approximately 1.2-1.7 mm in jute composites but
only ~1.1 mm in nylon, indicating that natural yarns promoted greater
local carbonation-induced restructuring of the matrix (Fig. S5). No
visible degradation of jute fibres was observed after 7 days of enforced
carbonation under the curing conditions examined.

3.4. Compressive strength

Compressive strength increased with curing duration under both air
and carbonation regimes (Fig. 9a-c). Carbonation curing produced
faster strength gain, particularly between 3 and 7 days, consistent with

11

carbonate formation and matrix densification described in Sections
3.1-3.3. At 7 days, the magnitude of improvement depended on yarn
type and yarn volume fraction (i.e. replacement level).

For SJ cement paste composites, carbonation increased 7-day
strength from 46.3 MPa to 61.0 MPa (+32 %) in 10-2L (1.52 vol %)
and from 42.7 MPa to 55.4 MPa (+30 %) in 5-2L (4.57 vol %). ODJ
composites showed smaller but consistent gains, increasing from 53.9
MPa to 63.5 MPa (+18 %) in 10-2L, and from 41.8 MPa to 52.4 MPa
(+25 %) in 5-2L configurations. Nylon exhibited a more variable
response, with 7-day carbonation increasing strength by +29.6 % in
10-1L and +23.5 % in 5-1L, but only +5-6 % in 2L meshes. Across fibre
types, the largest relative gains under carbonation were therefore
observed at low to moderate fibre volumes.

The influence of yarn replacement level, governed by yarn spacing
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Fig. 9. Compressive strength of yarn-cement paste composites as a function of fibre type, curing regime, curing duration, and fibre volume. (a-c) Strength
development at 1, 3, and 7 days for oven-dried jute (ODJ), saturated jute (SJ), and nylon (N) composites under air and carbonation curing, using (a) 5-1L, (b) 5-2L,
and (c) 5-3L mesh configurations. (d-f) Compressive strength variation with fibre volume fraction (replacement level) for (d) ODJ, (e) SJ, and (f) N composites at 1, 3,
and 7 days, under both curing regimes. Error bars represent + standard error of the mean (n = 3). Linear trendlines are included for visual reference.

and layer number, is shown in Fig. 9d-f. Strength decreased systemati-
cally with increasing yarn content under both curing regimes. Under air
curing, increasing from 1L to 2L at 5 mm spacing reduced strength by
10-15MPa, with a further 5-10 MPa loss for 3L meshes. Under
carbonation curing, the reduction from 1L to 2L was larger, typically
20-30 MPa. At low yarn replacement levels (0.76-2.28 vol%), SJ 10-1L
and SJ 5-1L reached 80.1 and 75.2 MPa, respectively, comparable to the
paste control (77.2 MPa) within experimental scatter. Configurations
with 2.5 mm spacing showed the lowest strengths and largest scatter,
due to excessive yarn content and poor paste continuity (Supporting
Information S1, Section S5). These configurations were not pursued
further because the effective carbonation radius (~2-3 mm; Fig. 6d)
indicates that such close spacing would produce overlapping carbon-
ation zones and offer limited insight into yarn-controlled transport
behaviour. Overall, carbonation-induced densification compensated for
yarn-induced defects only at low yarn volume fractions; at higher vol-
ume fractions, loss of matrix continuity and increased interfacial volume
dominated the mechanical response.

Differences in absolute compressive strength among fibre types at a
given yarn volume and curing condition were generally modest and
often comparable to the associated standard errors, typically <5 MPa for
1L configurations. Therefore, fibre-type differences should be inter-
preted cautiously where error bars overlap. Under air curing, ODJ
showed slightly higher baseline strength (65.8 MPa in 10-1L) than nylon
(59.6 MPa) and SJ (57.8 MPa). After carbonation, the strengths of SJ,
ODJ, and nylon converged to ~75-80 MPa at low yarn volume fractions.
At higher yarn volumes, nylon retained marginally higher absolute
strength, but its relative carbonation benefit was smaller.

Overall, compressive strength was controlled primarily by yarn
replacement level and curing regime. Among the systems examined, pre-
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saturated jute showed the largest relative strength gains under carbon-
ation curing at low to moderate fibre volumes, with low variability
across replicates in single-layer configurations, distinguishing it from
oven-dried jute and synthetic fibres.

4. Discussion

4.1. Hydration and carbonation mechanisms in yarn-cement paste
composites

Hydration and carbonation are often treated as competing processes
because both depend on pore water and overlapping ionic pathways.
Hydration consumes water and generates portlandite and C-S-H, while
carbonation proceeds when dissolved CO reacts with Ca2* to form
CaCOg3. Their relative progression is therefore governed by moisture
availability: high pore saturation restricts CO, diffusion, while insuffi-
cient moisture limits CO5 dissolution and ion transport [14-16].

In yarn—cement paste composites, the fibre moisture state modifies
this balance locally. Pre-saturated jute (SJ) retained moisture near the
yarn-matrix interface, supporting CO, ingress, dissolution, and ionic
mobility. This does not imply unrestricted hydration under the curing
conditions (1-7 days, ~20% CO, 64 % RH). Rather, SJ appears to
support limited ongoing hydration and clinker dissolution while
carbonation remains the dominant reaction, producing progressive CH
depletion, CaCO3 accumulation, and local interfacial densification. In
contrast, oven-dried jute (ODJ) lacks this moisture-buffering effect; its
dry and irregular pore structure may permit gas entry but provides less
favourable conditions for CO2 dissolution, resulting in shallower and
less uniform carbonation. Isothermal calorimetry showed only minor
differences in bulk hydration kinetics, and XRD confirmed comparable
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overall hydration extent across fibre types. The carbonation differences
therefore arise mainly from local moisture distribution and yarn-
adjacent microstructure, rather than accelerated bulk hydration. This
is further supported by the molar-based carbonation index, which was
higher for SJ (~0.47) than ODJ (~0.27) at 10 mm depth after 7 days.

These findings point to a revised mechanistic framework, building on
prior work that emphasised the trade-off between hydration and
carbonation under limited or excessive moisture conditions [9,10,17].
While excessive moisture is known to hinder carbonation, this study
shows that localised, retained moisture within embedded yarns can
sustain carbonation without blocking gas transport. Although the
chamber RH was fixed at 64 %, the yarns created different internal
microenvironments. SJ retained and gradually released water along the
fibre-matrix interface, maintaining local ion mobility and CO; solubil-
ity. This enabled a locally coupled hydration-carbonation process in
which residual hydration and clinker dissolution could supply Ca®",
while carbonate precipitation remained the dominant sink for
Ca-bearing species. In addition to portlandite carbonation, partial
C-S—H decalcification likely contributed to the broad low-temperature
carbonate decomposition observed in DTG, especially near the CO2-ex-
posed surface. Synthetic yarns, although porous at the bundle scale,
consist of solid polymer filaments without lumen-type internal porosity.
Their lower hygroscopicity and limited water storage made them less
effective in sustaining moisture-assisted carbonation. Carbonation per-
formance therefore depends not on porosity alone, but on the scale,
accessibility, and water-retention capacity of the pore structure.

The mechanistic interpretation is necessarily bounded by the
experimental design, which used a single paste composition (CEM I
52.5N, w/c=0.40) and one curing regime (~20% CO;, 64% RH,
25°C). Changes in w/c ratio, binder composition, CO2 concentration,
RH, or exposure duration could modify the balance between hydration,
carbonation, and transport. The findings should therefore be read as a
mechanistic reference for yarn-assisted early-age carbonation under
controlled conditions, rather than as a general model for all cementi-
tious systems.

4.2. Microstructural and quantitative influence of yarn properties on
carbonation

Carbonation curing produced distinctive, radially graded micro-
structures around embedded yarns. This heterogeneous architecture
governs how CO; and moisture move through the paste and, conse-
quently, how carbonation progresses. System with higher initial mois-
ture (i.e. SJ) showed cross-sectional pore arrangements consistent with
more favourable moisture retention and CO transport near the yarn.

In ODJ composites, the high ITZ porosity observed after air curing
should be interpreted partly as an initial mixing-induced feature rather
than a consequence of carbonation. During casting, dry jute acts as a
local water sink, drawing part of the mixing water from the adjacent
fresh paste. This local reduction in effective w/c can hinder particle
packing and early hydrate formation near the yarn, while fibre swelling
followed by subsequent drying may further open interfacial gaps. The
resulting ITZ therefore starts from a more porous and less continuous
baseline (~32.3 %) before carbonation begins. Nevertheless, in oven-
dried jute (ODJ) composites, carbonation remains shallow and irreg-
ular. The dry and irregular pore structure observed around ODJ appears
less favourable for sustained CO, dissolution and transport, showing
that visible porosity alone does not guarantee effective carbonation. By
contrast, saturated jute (SJ) composites develop a narrower but denser
ITZ with fewer unhydrated particles and a well-integrated fibre-matrix
interface. The surrounding middle rim, although porous, remains
partially saturated due to retained fibre moisture during the curing
durations studied. This produces a pore arrangement more favourable
for CO3 dissolution and radial carbonation, forming a wider and more
spatially uniform carbonated belt than ODJ. Chemical treatments that
reduce fibre water uptake, such as alkalisation, silanisation, or
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hornification, may therefore produce effects similar to oven-dried jute if
they reduce internal moisture buffering, making them unsuitable when
maximising CO, uptake is the primary objective.

Trends in pore area fraction reported here (Supporting Information,
Fig. S4) should be interpreted in light of the inherent constraints of
SEM-BSE image analysis. Measurements are based on two-dimensional
sections and do not capture three-dimensional pore connectivity. The
SEM-BSE results are used here as comparative, spatially resolved in-
dicators of local microstructural modification in defined yarn-adjacent
regions, including the ITZ, middle rim, and outer matrix, rather than
as a full pore-network characterisation. Consequently, terms referring to
transport or pore accessibility are used here as interpretations based on
cross-sectional microstructural evidence, rather than as direct mea-
surements of connected pore networks, while greyscale overlap between
fine pores and low-density hydrates is unavoidable, particularly within
the ITZ. Variability is highest in this region, with standard errors of
approximately 2.0-2.4 % for air-cured ODJ and SJ and up to ~3.3 % for
nylon near the exposed surface. By contrast, the outer matrix shows
consistently low variability (standard errors <0.8 %), consistent with
minimal microstructural modification away from yarn influence.
Despite these constraints, the observed pore refinement (~15-20 %) is
substantially larger than the associated uncertainty. When considered
together with the phenolphthalein-stained images, TGA and XRD re-
sults, these SEM-BSE data support the reported microstructural trends,
although they do not directly prove three-dimensional pore connectiv-
ity. Direct confirmation would require three-dimensional methods such
as X-ray micro-computed tomography or focused ion beam SEM serial
sectioning, although quantifying pore-structure differences across the
narrow ITZ and carbonation-induced rim regions would remain chal-
lenging because these features span only a few hundred micrometres to
millimetres and require high spatial resolution over a representative
volume. Similarly, the image-derived carbonation metrics should be
interpreted as comparative indicators rather than exact measurements
of a sharp carbonation front, since carbonation progresses gradually and
partially carbonated regions may not be fully resolved by phenol-
phthalein staining.

These findings extend our previous work showing that carbonation
in natural yarn-cement paste composites is governed by fibre
morphology and water sorption capacity [51]. Natural yarns such as
cotton and wool, though inherently hydrophilic, exhibited minimal
carbonation due to their compact structure and limited moisture uptake
(<50 %). Similarly, synthetic yarns such as acrylic, nylon, and poly-
propylene formed dense, well-bonded interfaces but lacked the
lumen-type internal porosity and moisture associated with sustained
carbonation near the yarn. In these systems, carbonation remained
confined to a narrow interfacial zone or was entirely absent, confirming
that carbonation efficacy is controlled by the physical capacity of the
yarn to retain water and restructure the surrounding matrix into a
semi-saturated, permeable pore structure favourable for carbonation.

The behaviour of coated yarns provides further insight by selectively
modifying interfacial porosity while preserving or suppressing internal
moisture. Cement-slurry-coated yarns (ODMJ and SMJ) demonstrate
that extensive carbonation can still occur even when macropores at the
interface are suppressed, provided internal moisture and some pore
access remain. The high water-to-cement ratio (0.8) of the slurry likely
promotes a porous inner rim around the coated yarns, allowing limited
moisture-assisted CO, diffusion. As a result, carbonations front in these
systems are more compact and concentric than the belt-shaped fronts
observed in uncoated SJ composites, reflecting a shift from open pore-
mediated to rim-confined transport. In contrast, the epoxy-coated jute
(EJ) system suppress carbonation through both physical and chemical
effects. The continuous coating blocked internal yarn moisture and gas
exchange, while the hydrophobic epoxy surface likely reduced wetting
by the aqueous pore solution during mixing. This would limit intimate
fibre-paste contact, local hydration, and subsequent carbonation re-
actions at the interface, leading to negligible microstructural
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development. This confirms that the carbonation-promoting role of
natural fibres depends on their ability to sustain a humid, accessibe pore
network rather than on interfacial porosity alone.

Phenolphthalein-based image analysis supports these
terpretations. At 10 mm depth, SJ increased the carbonated area fraction
by 32 % relative to ODJ, consistent with its higher water absorption
(Table 1). EJ showed a 70-80 % reduction compared with SJ, indicating
that interface sealing strongly limits carbonation despite the natural-
fibre core. Slurry coatings showed a conditional response: they
enhanced carbonation by 3-4 % when applied to ODJ, but reduced it by
44 % when applied to SJ, suggesting that a densified interface can hinder
CO, transport in moisture-rich conditions. Across all systems, compact
synthetic yarns showed 80-85 % lower carbonated area fraction than
porous natural yarns, while fibre diameter showed no systematic
influence.

Of the scalar parameters assessed, 24-h water absorption was the
strongest predictor of carbonation performance. When the depth-
averaged effective carbonation radius from 10 to 40 mm after 7 days
of carbonation curing was plotted against the 24 h water absorption of
the tested yarns, the correlation coefficient reached R?=0.872 (Fi g.10).
The 95 % confidence band indicates limited scatter around the fitted
relationship within the range of yarn absorption values examined,
despite the small number of yarn types tested (n = 8). This relationship
should, however, be interpreted within the scope of the present study.
The yarns were tested at relatively low fibre volume fractions and under
a single enforced carbonation regime; at higher yarn contents, where
carbonation influence zones overlap, or under different curing durations
and humidity conditions, the linear relationship with water absorption
may weaken or deviate. By comparison, yarn compactness and diameter
showed weaker and less consistent associations with effective carbon-
ation radius. Although high compactness (e.g. in nylon) corresponded
with lower carbonation, it was not predictive across yarn types. The
lower variability in image-based carbonation analysis compared with
our previous work [51] is likely due to improved control of yarn mois-
ture state, which reduced uncertainty in carbonation front delineation.

Overall, these observations affirm that it is not porosity per se, but by
the saturation state and accessible pore network around the yarn. The
middle rim zone observed under SEM-BSE plays a pivotal role: when
semi-saturated and capillary-connected, it becomes a carbonation
corridor; when dry, dense, or sealed, it becomes a barrier.
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carbonation curing.
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4.3. Early-age mechanical performance, design limits, and durability
implications

The mechanical response of yarn-reinforced cement paste compos-
ites under carbonation curing reflects a balance between carbonation-
induced matrix densification and the adverse effects of yarn inclusion.
It is therefore governed not simply by carbonation depth, but by whether
microstructural refinement can compensate for fibre-induced hetero-
geneity. This balance depends on fibre morphology, internal moisture
availability, and spatial arrangement within the matrix. Porous, twisted
natural yarns generate more interfacial complexity than compact syn-
thetic filaments, but also offer greater potential for carbonation-induced
densification. At low yarn volumes, densification of the ITZ and adjacent
matrix can offset fibre-induced heterogeneity and preserve compressive
strength. At higher yarn volumes, the reduced load-bearing paste frac-
tion and cumulative extent of interfacial and porous rim regions domi-
nate, so greater carbonation extent does not translate directly into
higher strength.

It should be noted that the mechanical assessment is limited to
compressive strength. This test is sensitive to matrix continuity,
porosity, and carbonation-induced densification, but it does not directly
capture the main reinforcing functions of yarns, such as crack bridging,
pull-out resistance, fracture energy, or post-cracking behaviour. There-
fore, the mechanical results should be interpreted as evidence of early-
age compressive strength retention, not as a full assessment of
yarn-matrix mechanical interaction. Flexural, tensile, and fracture-
based tests are required to evaluate the contribution of yarns to post-
cracking performance.

Within this framework, SJ composites demonstrate that moisture-
buffered yarns can recover fibre-related strength loss while enabling
higher CO, uptake. Among the tested system, the threshold for reliable
strength recovery was observed below approximately 2.3vol% yarn
replacement. This is notably higher than typical fibre contents in engi-
neered cementitious composites systems, where common cellulose
dosages range from 0.2 to 1.5 vol% by binder volume [47,74,75].

These outcomes provide direct guidance for designing and applying
yarn-cement paste composites in COg-curable systems, and are most
readily aligned with precast or factory-based production where CO2
concentration, relative humidity, and curing duration can be regulated.
Single-layer saturated jute (SJ) meshes with 5-10 mm spacing and
approximately 0.8vol% fibre (10-1L) achieved the best balance be-
tween CO5 uptake and compressive strength, making them suitable for
thin-section elements such as facade panels, precast blocks, and modular
wall units where reinforcement volume must remain low [76].
Higher-volume configurations, including 5-1L and multi-layer (2-3L)
meshes, may be more appropriate for non-structural or repair applica-
tions requiring enhanced durability, crack control, or deformation
tolerance rather than peak strength [77]. Because the yarns are placed
rather than mixed, the concept functions as a reinforcement and trans-
port scaffold, analogous in implementation to textile-reinforced mortars;
this approach decouples reinforcement from paste rheology and elimi-
nates the need for high flowability or chemical admixtures. Yarn
placement can be achieved using manual positioning, prefabricated
meshes, or textile inserts, and is compatible with automated
mould-based or robotic assembly processes commonly used in precast
manufacturing.

From a materials selection perspective, simple pre-saturation is suf-
ficient to sustain carbonation and promote interfacial densification,
whereas complex coatings like cement slurry layers offer only marginal
benefit in already saturated systems and can be omitted unless surface
protection is required under dry or aggressive conditions. From a
practical perspective, the slurry coating is therefore not recommended
for saturated jute when the primary objective is to maximise CO, uptake.
Although it may create a more defined interfacial rim, it reduces the
carbonation benefit provided by the open, moisture-retentive structure
of SJ. Fibre selection should therefore prioritise high water absorption
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capacity and moderate compactness when early-age carbonation effi-
ciency and strength development are the primary objectives. Further-
more, the strong correlation between effective carbonation radius (from
image analysis) and CO; uptake offers a practical means to screen yarn
types for carbonation performance without extensive thermogravi-
metric testing (Fig. 6d).

Furthermore, while this study focused on cement paste to isolate
fibre-related effects, extension to mortar or concrete systems will require
the incorporation of fine aggregates that may alter fibre-matrix in-
teractions and CO; transport pathways, requiring further evaluation
under more representative material systems and casting conditions.

Beyond early-age performance, the continuous porous architecture
of natural yarns raises durability concerns. The yarn-induced pore
network can act as a preferential pathway for capillary water and dis-
solved ions, shifting durability control from bulk paste permeability to
transport along fibre-adjacent corridors. In natural fibre yarn-reinforced
composites, this network facilitates Ca?* ingress into fibre lumens and
cell walls, promoting mineralisation and degradation of fibre-matrix
bonding [78,79]. Carbonation curing may partially mitigate this process
by consuming portlandite and lowering pore-solution alkalinity near the
yarns [38]. Once the carbonation front stabilises, the local environment
around saturated jute is expected to be less alkaline and more
carbonate-rich than in uncarbonated natural fibre-cement systems. This
may slow alkaline hydrolysis and mineralisation of the jute cell wall,
while carbonate precipitation at the interface may reduce direct expo-
sure of the fibre to portlandite-rich pore solution. However, this possible
protective effect does not remove the durability risk, because the same
lumen and inter-filament void structure that promotes early CO; trans-
port may later facilitate moisture ingress and ion transport under wet-
ting—drying exposure. This issue is particularly relevant for thin-section
elements, where yarns may lie close to exposed surfaces and the trans-
port distance from the environment is short. No fibre degradation was
observed over 1-7 days in this study, however, this duration is insuffi-
cient to assess long-term stability under sustained moisture ingress or
cyclic environmental exposure, which could thus be considered in future
research.

These mechanisms have direct implications for carbonation-
compatible composite design. Fibre treatments commonly used to
improve durability in natural fibre composites, which reduce fibre hy-
drophilicity [80], are unsuitable when applied before carbonation
curing because they suppress the moisture buffering needed to sustain
carbonation at depth. Durability control in yarn-reinforced systems
could therefore be implemented after carbonation, targeting
yarn-induced internal transport pathways while preserving the carbon-
ated microstructure. Conventional post-curing strategies such as surface
hydrophobisation, inorganic pore blocking, polymer-modified coatings,
recast layers, or dense organic barriers mainly affect near-surface paste
transport and do not address the millimetre-scale, continuous pathways
created by yarns [81,82]. A more compatible approach is near-surface
impregnation with low-viscosity organic or organo-silicate systems (e.
g. epoxy, polyurethane, alkoxysilane-based resins) [83-85], applied
after carbonation curing and controlled drying. When directed at sur-
faces where yarn corridors are exposed, such treatments could infiltrate
connected yarn and interfacial pores by capillary suction, potentially
assisted by mild vacuum or pressure, and then partially occlude internal
transport paths after solidification.

Overall, the results support a staged approach: carbonation curing to
exploit yarn-enhanced CO5 transport and early-age strength recovery,
followed by post-curing interventions that restrict further access to yarn-
induced transport pathways. Although long-term durability is not
assessed here, the mechanisms identified set clear priorities for future
work, including extended exposure tests, wet-dry cycling, and evalua-
tion of fibre-matrix bond stability after post-carbonation protection.
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5. Conclusions

This study demonstrates that under enforced carbonation (~20 vol%
CO2, 64 % RH, 25 °C), the early-age behaviour of yarn—cement pastes is
controlled not by fibre type alone but by how the fibre modifies pore
connectivity, moisture retention, and interfacial transport property.
Saturated jute yarns enabled the deepest and most uniform carbonation,
its lumina acting as distributed moisture reservoirs that sustained CO5
dissolution and promote interfacial densification. In contrast, synthetic
and epoxy-coated fibres, characterised by compact or sealed architec-
tures, restricted moisture exchange and exhibited negligible carbonation
engagement. Pre-saturation alone proved sufficient to activate strong
fibre-matrix interaction, while additional surface treatments such as
cement slurry coatings provided limited benefit under moist conditions.
Across systems, yarn water absorption correlated closely with carbon-
ation depth and uptake, establishing a practical selection metric for CO»-
compatible composites.

The concept of an effective carbonation radius provides a quantita-
tive basis for selecting yarn spacing in mesh-reinforced systems, sup-
porting efficient spatial deployment of carbonation influence zones
without excessive overlap. Overall, fibres that generate semi-saturated
and accessible pore structures near the interface can shift carbonation
from a surface-limited reaction towards a more matrix-integrated pro-
cess, improving CO, uptake while preserving early-age compressive
strength only at low yarn volumes. While this study focuses on early-age
behaviour, the mechanisms identified indicate that control of yarn-
induced transport pathways will be central to long-term durability,
warranting future investigation under sustained moisture ingress and
cyclic exposure.
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