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ARTICLE INFO ABSTRACT

Keywords: This study examines the effects of wet-dry cycling combined with ultraviolet (UV) irradiation (at
Wet‘dr_y cycling o 20 °C, 30 weeks) on the mechanical properties and chemical compositions of reinforced recycled
Ulhragg)l“ (UV) irradiation aggregate concrete (RAC) reinforced with epoxy-coated flax textile and its individual compo-
E;:xy re nents, including flax yarn, epoxy, epoxy-coated flax rod, and RAC. One group of reinforced RAC

samples incorporated rice husk ash into the concrete, and the influence of rice husk ash on
resistance to weathering-induced ageing was also investigated. The mechanical and chemical
degradation mechanisms induced by these environmental factors were evaluated by tensile or
compression tests and Fourier-transform infrared spectroscopy analysis. The results showed that
flax yarns alone underwent severe deterioration, including compound leaching, fibrillation, and
discoloration, leading to reduced cellulose and hemicellulose content as well as decreased cel-
lulose crystallinity, along with the formation of chromophoric compounds and microbial activity.
The degradation resulted in a significant reduction in tensile loading capacity, with only 7.4 % of
residual load capacity remaining. Degradation of epoxy was also observed, with a 20 % reduction
in tensile strength due to the breakdown of amide groups and aliphatic structures. In the epoxy-
coated flax rod, wet-dry cycling caused flax fibre/epoxy interfacial debonding. Although photo-
oxidation of the fibres noticeably reduced the cellulose crystallinity and content, the overall
rod showed no significant tensile deterioration, with only a 9 % decrease in average tensile
strength and a 10 % decrease in average E-modulus. Both reinforced RAC samples, with or
without rice husk ash, retained their tensile properties after exposure, with no significant changes
detected in tensile strength, toughness or ultimate strain; however, the flax fibre extracted from
the sample without rice husk ash exhibited more severe alkaline degradation in hemicellulose and
cellulose crystallinity compared to that from the sample containing rice husk ash. This indicated
that incorporating rice husk ash into the RAC helped to mitigate flax fibre degradation and sustain
the tensile load capacity of reinforced RAC, due to its pozzolanic reaction which consumed Ca
(OH)3, as confirmed by Fourier-transform infrared spectroscopy analysis. In all, this study ad-
vances the understanding of the durability of recycled aggregate concrete reinforced with plant-
based textiles and proposes an improvement strategy using agricultural waste. The findings
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highlight the potential of integrating recycled and bio-based materials to enhance sustainability
in construction.

1. Introduction

In recent years, plant-based natural fibres, particularly flax fibre, have attracted increasing attention in the construction and
infrastructure industries. Flax fibre has not only achieved a high level of industrialisation in polymer composite applications [1-5] but
is also gaining growing interest for use in cementitious composites [6-11]. In addition to being used as randomly oriented discrete fibre
reinforcement in cementitious composites, flax fibre has been processed into textile reinforcements, improving fibre reinforcing ef-
ficiency [12]. Compared to carbon or alkali-resistant glass fibres, which are traditionally used as textile reinforcements in cementitious
composites, flax fibre offers a significantly lower environmental impact. During fibre production, flax fibre contributes to a reduction
in greenhouse gas emissions by up to 99 % and 84 %, respectively, when compared to carbon and alkali-resistant glass fibres [13-17].
However, the organic nature of flax fibre makes it prone to degradation not only in aggressive cementitious environment, but also
when being exposed to outdoor climate conditions. Saha et al. [18] observed discolouration of sisal and jute fibres after ultraviolet
(UV) irradiation, which was primarily attributed to photo-degradation of lignin and the oxidation of cellulose. Furthermore, repeated
drying and wetting cycles leads to irreversible stiffening and reduced water absorption capacity of cellulosic fibres, a phenomenon
known as hornification [19]. Both UV irradiation and wet-dry cycling can lead to surface erosion of cellulosic fibres [18,20]. Although
a polymeric coating is typically applied to flax textiles to protect the fibres from alkaline environment in concrete, it does not fully
prevent water permeation into the flax fibre. Additionally, the polymer coating itself, usually epoxy, is susceptible to hydrolysis in an
alkaline environment [10] and also vulnerable to photo-oxidation when exposed to UV irradiation [21]. Some researchers have
investigated flax fibre reinforced polymer (FFRP) composites under water exposure or wet-dry cycling combined with UV weathering.
Their findings indicated that, in addition to the previously mentioned material degradation, debonding between the flax fibre and the
polymer also occurred, primarily due to differential wet expansion [20,22].

Once embedded in a concrete, the polymer-coated flax textile (i.e., flax fibre reinforced polymer, hereafter referred to as FFRP) is no
longer significantly affected by UV irradiation, as conventional concrete blocks nearly all light from passing through, except in the case
of translucent concrete [23]. Instead, the primary challenge for the coated flax textile reinforcement arises from the highly alkaline
environment. Certainly, UV irradiation can influence concrete properties, and several researchers have examined its effects on physical
and compressive properties of early-age concrete. Wang et al. [24] reported that intense UV exposure after 3 days of curing led to
increased drying shrinkage, a reduced degree of hydration, higher carbonation, greater total porosity, and decreased compressive
strength in cement mortar. Similarly, Li et al. [25] observed enhanced carbonation in cement-based materials when exposed to UV
irradiation after just 1 day of curing. Both studies also highlighted the influence of supplementary cementitious materials, such as fly
ash, metakaolin, blast furnace slag, and silica fume, in enhancing UV resistance and increasing carbonation effects [24,25]. However,
research on the effects of UV irradiation on the durability of cured concrete (>28 days) remains limited. Prolonged UV exposure could
potentially lead to surface discoloration or crack formation, particularly in textile reinforced concrete, which is commonly used for
exterior building facades and cladding panels. In addition to UV light, repeated drying and wetting cycles pose a significant challenge
to the interface between the concrete and plant-based natural fibre/textile reinforcements. This is not only due to the repeated swelling
and shrinkage of plant-based fibres, which can also lead to debonding between the fibre/textile and the concrete, but also because of
the enhanced fibre mineralisation [11]. This mineralisation is driven by the reprecipitation of relatively low-strength hydration
products, such as secondary ettringite, within the newly formed voids at the former fibre-cement interface [26,27]. Many researchers
have investigated the impact of wet-dry cycles on the mechanical properties of cementitious composites reinforced with plant-based
natural fibres [28-30], with flexural strength losses ranging from 5 % to 75 %, largely depending on the fibre volume fraction [11].
However, there is still limited understanding of the wet-dry durability of cementitious composites reinforced with textiles made from
plant-based natural fibres.

In summary, although plant-based natural fibres, particularly flax fibre, have gained significant attention in cementitious com-
posites, there remains a limited understanding on the long-term durability of flax textile reinforced cementitious composites under
challenging environmental conditions. Given the typical applications of textile reinforced concrete, including facades, cladding,
roofing systems, custom architectural features, and more, it is crucial to consider the effects of UV irradiation and moisture cycling
when investigating the service life of flax textile reinforced cementitious composites. The combined impacts of wet-dry cycling and UV
radiation are relevant globally and are particularly pronounced in tropical and subtropical regions. In this study, recycled aggregates
ranging from 2 to 8 mm were incorporated into the concrete, as it was observed that the inclusion of medium-sized recycled aggregates
(RAs) mitigated debonding of the concrete by enhancing mechanical interlocking with the FFRP grid [9]. Moreover, using recycled
aggregates can help reduce the consumption of natural stones, and also alleviate land pressure by reducing the amount of waste sent to
landfills. Additionally, rice husk ash (RHA) was incorporated as a supplementary cementitious material in the RAC, as it has been
shown to significantly improve the bond properties between FFRP and the RAC [9], while also enhancing the alkaline durability of
FFRP in a cementitious environment [10]. Although other supplementary cementitious materials such as metakaolin [31] and silica
fume [32] have also been shown to enhance the durability of flax textile reinforced cementitious composites, RHA offers the additional
advantages of being a sustainable agricultural by-product and exhibiting high pozzolanic activity (>90 % silica). In this study, the
addition of RHA to RAC was expected to enhance the UV resistance of RAC, maintain a strong FFRP/RAC bond under wet-dry cycling,
and thereby preserve the load-bearing capacity of flax textile reinforced RAC under weathering exposure. The general objectives of this
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work are to (i) understand the material-level degradation mechanisms under combined weathering conditions, and (ii) examine the
intrinsic behaviour of the isolated components and their contribution to the overall long-term performance of the reinforced concrete.
Specifically, this study aims to:

1) investigate the impact of wet-dry cycling combined with UV irradiation at 20 °C for 30 weeks on FFRP reinforced RAC and their
individual components, including flax yarn, epoxy, FFRP rod, and RAC. The research will assess how these environmental factors
influence both the mechanical properties and chemical compositions of the materials or composites;

2) improve the weathering durability of the FFRP reinforced RAC by adding RHA to the concrete, aiming to improve the UV resistance
of RAC, mitigate moisture-related deterioration at the FFRP/RAC interface and enhance alkaline durability of FFRP in RAC.

2. Experimental program

RAC reinforced with epoxy-coated flax textile along with the constituent components—flax yarn, epoxy, FFRP rod and RAC cyl-
inder—was subjected to simulated weathering ageing, consisting of wet-dry cycling at 20 °C combined with UV irradiation. After 30
weeks of exposure, mechanical tests, including tensile and compression tests, and Fourier-transform infrared (FTIR) spectroscopy
analysis, were conducted to assess the effects of ageing on the mechanical properties and chemical composition of all samples.

2.1. Materials

2.1.1. Flax textile

A commercially available flax-based reinforcement mesh (Bcomp® powerRibs™, shown in Fig. 1 (a)) was employed for FFRP
production and used in the concrete reinforcement phase of this study. The mesh comprises orthogonally arranged warp and weft
yarns, which are secured by an additional binder thread. Each yarn type has a linear mass density of 3000 tex, with an inter-yarn
spacing of 28 mm [33]. For the weathering ageing tests, the warp yarns were extracted from the fabric and cut to a length of 400 mm.

2.1.2. Epoxy

The flax fabric was coated using a two-component epoxy system (Gurit® AMPREG™ 31), selected for its favourable mechanical
performance, strong adhesion characteristics and low viscosity characteristics. The epoxy formulation is based on a bisphenol-A-
epichlorohydrin resin combined with an amine-based curing agent [34]. Following a curing process at 70 °C for 5 h, the epoxy is
reported to reach a tensile strength of 78 MPa, a Young’s modulus of 3.24 GPa, and a glass transition temperature of 91 °C [35].

2.1.3. Rice husk ash

Rice husk ash (RHA), obtained from a power plant in Lingshou County, China, was used as a supplementary cementitious material.
The ash was re-calcined at 600 °C for 3 h and ground at 320 rpm for 30 min using a planetary ball mill. Fig. 2 presents the RHA after
pre-treatment. This treatment yielded RHA with a silica content above 90 % (Table 1), a loss on ignition of 2.8 %, and a mean particle
size of 9.27 pm. Particle size analysis (Fig. 3 (a)) showed that 50 % of the particles were below 6.48 pm, all under 30 pm. The X-ray
diffraction (XRD) pattern (Fig. 3 (b)) confirmed the presence of crystalline silica.

Fig. 1. (a) Flax textile and (b) FFRP.



W. Ma and L. Yan Journal of Building Engineering 114 (2025) 114177

Fig. 2. Rice husk ash after re-burning and grinding [9].

Table 1
Chemical composition of the RHA after pre-treatment [9].
Chemical composition Si0y K,0 Al,03 CaO Fe,03 MgO P,05 Na,O SOs3 LOI
% 90.1 3.1 0.6 0.8 0.7 0.5 0.6 0.1 0.2 2.8
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Fig. 3. (a) Particle size distribution of RHA and pore size distribution of RA, (b) the crystalline phase of the RHA from XRD [9].

2.1.4. Recycled aggregate

Recycled concrete aggregates used in this study were sourced from Entsorgungstechnik BAVARIA GmbH (Schwabhausen, Ger-
many, shown in Fig. 4) and sieved to a 2-8 mm size range. The oven-dried density and water absorption were measured as 2662.8 kg/
m? (0.1 %) and 4.58 % (<3 %), respectively [9], in accordance with DIN EN 1097-6 [36]. Mercury intrusion porosimetry showed a
total pore volume of 29.25 mm?®/g with an average pore radius of 0.05 um (Fig. 3 (a)). About 52 % of the pores were within 0.01-0.1

pm, and 16 % were between 1 and 100 pm [9]. This fine porosity suggests that RHA may improve RAC performance through its filling
effect, as supported by previous findings [37].

2.2. Sample fabrication

2.2.1. Fabrication of FFRP

The flax mesh fabric was stored for more than four weeks under controlled conditions of 20 + 2 °C and 65 % relative humidity,
before FFRP fabrication and the ageing of the yarns. The epoxy was applied using the hand lay-up technique, followed by post-curing at
70 °C for 5 h, 24 h after the coating was applied, as recommended by the technical datasheet [35]. The fabricated FFRP grids (as shown
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Fig. 4. Recycled aggregates.

in Fig. 1 (b)) were cut into 400 mm rods for weathering exposure and 500 mm x 100 mm strips for the fabrication of reinforced RAC.

2.2.2. Concrete mixture and casting

The concretes used in this study consisted of RAC and a modified version incorporating RHA as a supplementary cementitious
material (RHA*RAC). Both mixtures were prepared in accordance with the mix proportions established in our previous research [9,
10], as detailed in Table 2. In the RHA*RAC, RHA was incorporated as a supplementary cementitious material at a 10 % replacement
ratio by weight of the total binder. This proportion was selected based on findings from previous studies [37-40], which identified 10
wt% as the optimal substitution level for cement for enhancing the compressive properties and long-term durability of RAC. Due to the
high water absorption of the recycled aggregates (4.58 % [9]), additional water was added to ensure adequate workability of the
concrete paste. The required amount was calculated by subtracting the measured moisture content (0.78 %) from the absorption
capacity, resulting in 3.8 % extra water relative to the RA weight. A two-stage mixing procedure, as described in Ref. [41], was used to
prepare both RAC and RHA*RAC pastes (see Fig. 5). For each 500 mm x 100 mm x 15 mm reinforced panel, a single layer of FFRP
reinforcement was embedded at mid-depth, with a reinforcement ratio of approximately 1.2 % along the loading direction. The casting
process followed the method previously detailed in our earlier studies [9,10]. After 28 days of curing, the panels were transferred to a
weathering chamber. Additionally, 100 mm x 200 mm cylindrical specimens were cast using identical mix designs and procedures,
and were also placed into the weathering environment.

2.3. Ageing protocol and test methods

Table 3 presents the protocol for the simulated weathering ageing process and the test plan. The cyclic weathering ageing was
referred to ASTM G154-16 [42], with each cycle consisting of: 1) 3 h of drying at 20 °C and 65 % relative humidity, 2) 12 h of UV
irradiation, 3) another 3 h of drying at 20 °C and 65 % relative humidity and 4) 6 h of rainfall. In the climate chamber, nozzles were
installed at each corner to spray tap water, simulating rainfall conditions. UV lamps emitting radiation in the wavelength range of
280-400 nm were mounted on one wall to replicate sunlight exposure. Samples were placed into the chamber in the middle of raining
phase and underwent 30 weeks of exposure.

Samples were subjected to tensile or compression tests before and after 30 weeks of exposure. The tensile test on the flax yarn was
performed in accordance with DIN EN ISO 2062 [43], using a gauge length of 250 mm and a testing speed of 250 mm/min. Among
these, the test on the original flax yarns was conducted at the Application Centre for Wood Fibre Research HOFZET® in Fraunhofer
Institute for Wood Research (Fraunhofer WKI) [44]. The tensile test on the FFRP rod was conducted with a gauge length of 150 mm and
a testing speed of 2 mm/min, in accordance with ISO 10406-1 [45]. For the dogbone-shaped epoxy sample, the tensile test followed
ISO 527-1 [46], using a gauge length of 30 mm and a testing speed of 1 mm/min. FFRP reinforced RAC (FFRP-RAC) and FFRP
reinforced RAC containing RHA (FFRP-RHA*RAC) were subjected to uniaxial tensile test, using a gauge length of 340 mm and a
displacement speed of 0.5 mm/min, with a reference of RILEM Technical Committee 232-TDT [47]. Additionally, the RAC and
RHA*RAC cylinders were also tested under compression load. Their compressive strength and E-modulus were measured according to
DIN EN 12390-13 [48], using a loading speed of 0.5 MPa/s.

Table 2

Mix proportions for different concretes (by weight) [9].
Concrete Cement RHA Water Sand (0.08-2 mm) RA (2-8 mm) Superplasticiser Additional water
RAC 1 - 0.4 0.97 0.49 0.015 0.019
RHA*RAC 0.9 0.1 0.4 0.97 0.49 0.015 0.019
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Fig. 5. Mixing procedures for (a) RAC and (b) RHA*RAC [9].
Table 3
Ageing protocol and test matrix.
Sample Ageing protocol Replication Mechanical test
Flax yarn — 10 Tensile test before/after exposure
Epoxy ) \_3h 10
FFRP rod Dijing " UV imadiation 10
RAC cylinder 08G90 R 3 Compression test before/after exposure
RHA*RAC cylinder ) 3
FFRP-RAC Durati . 5 Tensile test before/after exposure
* { 6 uration: | |
FFRP-RHA*RAC —\¢ 5 ook n 5
/S ya \
ey
Rainfall e

~20°C, 65% RH

FTIR was employed to analyse changes in the chemical composition of samples resulting from weathering exposure. Flax fibres
were extracted from five sources: the original yarn, exposed yarn, exposed FFRP, exposed FFRP-RAC, and exposed FFRP-RHA*RAC.
Measurements were conducted with five replications for each condition, except for the original yarn, which was measured using three
replications. Samples were also taken from the surface of both the original and exposed epoxy, with three and five replications,
respectively. Additionally, concrete debris from the compressed samples was collected from regions located 0-20 mm beneath the
concrete surface. The mortar portion was ground using a pestle and then sieved to obtain cementitious powder with particle sizes
below 50 pm (excluding sand particles). This powder was used for FTIR measurements, conducted with five replications. All mea-
surements were performed using 32 scans at a resolution of 4 em™, covering a wavenumber range from 400 to 4000 em™L.
3. Results and discussion
3.1. Flax yarn

3.1.1. Changes in morphology and weight

The flax yarn subjected to the weathering condition exhibited various morphological changes. Fig. 6 (a) provides an overview of the
exposed flax yarn, while the typical morphological alterations observed under an optical microscope are shown in Fig. 6(b)-(d).
Discolouration is one of the most visible consequences of exposing lignocellulosic fibres to UV irradiation, primarily driven by the
photo-degradation of lignin and the oxidation and hydrolysis of cellulose [18]. Fig. 6 (b) shows the discolouration of the flax yarn after
30-week exposure, showcasing a significant transformation compared to the original yarn. The flax fibres exhibited whitening and
transparent as a result of the prolonged combined effects of UV irradiation and wet-dry cycles. The wet-dry cycling likely exacerbated
the discoloration phenomena. Repeated swelling and shrinking exposed internal lignin and cellulose to UV light, accelerating both
photo-degradation and photo-oxidation. The degradation of lignin and pigments produced water-soluble compounds, which were
readily leached out during water spraying, further enhancing the whitening effect. Additionally, these processes may have induced
changes in the fibre structure, such as increasing fibre crystallinity. This structural reorganisation likely contributed to the observed
transparency of the flax fibres. Fig. 6 (c) illustrates a rougher surface of the flax yarn after exposure. Both UV irradiation and wet-dry
cycling can contribute to surface erosion of lignocellulosic fibres [18,20]. This process weakens the fibre’s structural integrity, leading
to the microcracking and the splitting of microfibrils. Over time, these structural changes manifest as fibre fibrillation, where indi-
vidual fibrils detach from the main fibre, creating a rougher surface and further compromising the mechanical properties. Fig. 6 (d)
showed the fibre fibrillation along with the darkened appearance of the yarn’s surface. During the UV irradiation, lignocellulosic fibres
undergo different various degrees of discolouration, with darkening and yellowing being the most common effects. These colour
changes are primarily due to the formation and accumulation of chromophoric compounds resulting from the degradation of lignin. In
the case of Fig. 6 (d), the chromophores produced during UV exposure adhered to the fibre surface. Despite the wet-dry cycling, these
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Fig. 6. (a) Comparison of the overall morphology of flax yarns before and after exposure, (b) discolouration of the exposed flax yarn compared with
the yarn before exposure, (c) fibre fibrillation and (d) fibre fibrillation along with surface darkening observed on the exposed flax yarn.
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Fig. 7. Tensile properties of flax yarns before and after exposure.
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compounds did not leach out, resulting in a darkened surface of the flax yarn. In addition, the flax yarn suffered from fibre fibrillation
also showed an increased brittleness and hardness, which can be observed as a lack of flexibility during yarn bending.

The weight of the flax yarns was measured both before and one week after weathering exposure. Outside the exposure period, the
yarns were stored in a climate room at a temperature of 20 + 2 °C and a relative humidity of 60 + 5 %. The weight loss compared to the
original weight of flax yarn ranged from 0.07 % to 0.57 %. This mild weight loss is attributed to the oxidative and photochemical
breakdown, with the leaching out of degraded by-products as previously mentioned. The degradation at certain parts of the yarn is
likely confined to the surface level, resulting in a typically small weight loss.

3.1.2. Changes in tensile properties

The flax yarn experienced substantial reduction in tensile load capacity after weathering exposure, which is evident in Fig. 7. The
average ultimate tensile load of the exposed yarns is only 7.4 % of the original average value. Fig. 7 shows the corresponding failure
modes. Only two of the exposed yarns failed in breakage under tensile load, whereas the majority failed due to fibre slippage. The two
samples that failed due to breakage both fractured at the blackened sections of the yarns, where fibre fibrillation was also observed.
These two broken yarns exhibited remarkably decreased elongation, indicating the increased brittleness at these sections of the yarn,
as mentioned in Section 3.1.1. This brittleness primarily resulted from lignin degradation and fibre fibrillation. Moreover, the splitting
of microfibrils caused fibrillation. This process compromised the mechanical integrity of the yarn and resulted in a significant
reduction in strength. Yarn untwisting and the subsequent fibre slippage occurred more frequently when the exposed yarns were
subjected to tensile stress. It was visible that, at certain positions along the yarn, particularly in areas with whitening discoloration but
no fibre fibrillation, the external fibres aligned nearly parallel prior to tensile testing. The absence of cohesion forces among the fibres
rendered them prone to slippage under tensile stress. The measured yarn elongation reflected the slip displacement occurring between
fibres, resulting in elongation values higher than those of the broken yarns. The yarn untwisting was mainly attributed to the wet-dry
cycling, during which the repetitive swelling gradually relaxed the internal stresses within the yarn, destabilising the twisted
configuration and promoting untwisting. This can also be verified by the fact that untwisting typically happened in regions where
leaching was concentrated. The varied failure modes of the exposed yarns resulted in more scattered elongation measurements and
also increased the coefficient of variation of the ultimate tensile load to 4.5 times its original value. The load-bearing capacity of
exposed yarns that failed by breakage was generally lower than that of yarns that failed due to fibre slippage. This can be attributed to
the fact that fracture consistently occurred in the blackened regions of the yarns, where extensive photo-degradation and fibrillation
were observed. As evidenced by the FTIR analysis presented in Section 3.1.3, these regions exhibited a significant reduction in both
cellulose content and crystallinity. Consequently, the tensile strength of the flax fibres in these areas was markedly diminished, falling
below the frictional resistance required for fibre slippage. Furthermore, among yarns that failed via slippage, the degree of untwisting
varied considerably. This led to a heterogeneous distribution of cohesive and frictional forces among the constituent fibres, manifesting
as a broad dispersion in ultimate tensile load values. To summarise, the primary impact of wet-dry-UV irradiation cyclic exposure on
the mechanical structure of flax yarn were untwisting, increased brittleness, and, as a result, a significant reduction in tensile strength.

3.1.3. Changes in chemical composition

Flax fibres extracted from various sections of the exposed yarn, as shown in Fig. 6, were analysed using Fourier-transform infrared
(FTIR) spectroscopy. Their spectra were then compared with those of fibres from the original, unexposed yarn. To eliminate the in-
tensity variations caused by factors such as sample thickness, sample concentration and path length during measurements, all spectra
were normalised to ensure that the analysis focuses on relative differences in the chemical composition or structural changes. The
normalisation was conducted based on the absorbance at 1030 cm’l, with its intensity set to 1 [49-52]. The normalised FTIR spectra

Table 4
Assignments and correlated compounds in the FTIR spectra for flax fibre.

Wavenumber (cm™!) Assignment Correlated compounds Reference
3700-3000 v(0O-H) Cellulose [53,54]
~2922 v(C-H) Polysaccharides [57,58]
~2853 v(CHy) Wax [54,58]
~1730 v(C=0) ester bond Hemicellulose [50,53,57,59]
~1640 8(0-H) Absorbed water [55,56]
~1543 S8(N-H) amide II Proteins or amino acids [55,60,61]
~1426 8(CHy) Cellulose, designated as a “crystalline” absorption band [55,62]
~1314 p(CH3) Cellulose [55,56]
~1233 v(C=0) or NH, deformation Pectic substances or amino acids [55,63]
~1160 v(C-0-C) Cellulose [55,64,65]
~1103 V(C-0-C) glycosidic bond Cellulose [57-59]1
~1051 v(C-OH) Cellulose [57,59]
950-1000 V(C-0-C) glycosidic bond and v(C=C) aromatic ring Polysaccharides [55,59]
~897 V(C-O-C) p-glycosidic linkage Cellulose [49,55]
~807 v(C=C) aromatic ring, in-plane Hemicellulose [58,59]
~700 p(CH3) Crystalline cellulose [55,66]
~662 8(0-H) ring structure, out of plane Indicator of cellulose [55,67,68]

(v: stretching, &: scissoring and p: rocking).
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are presented in Fig. 8, with the key vibrational bands and their corresponding assignments provided in Table 4. To quantitatively
investigate the differences in chemical composition among the groups, the integrated intensity (I) of the correlated vibration bands was
determined by calculating the area under a specific band within a defined range of wavenumbers. Table 5 lists the values for all the
groups.

Fig. 8 (a) shows the spectra in the region of 4000-2700 cm™!. The vibrational bands in the region of 3700-3000 cm ™! are typically
assigned to the stretching vibrations of hydrogen bonding in cellulose [53,54]. It is evident in Fig. 8 (a) that the flax fibres from all
groups, except for the darkened section of the exposed yarn, exhibit two peaks at 3326 and 3286 cm™'. These peaks correspond to
intra-molecular and inter-molecular hydrogen bonding of cellulose, respectively [55]. In contrast, the spectra of the flax fibre sampled
from the darkened section of the exposed yarn show a broader band with increased intensity in the region of 3700-3000 cm . Tukey’s
HSD test reveals that the integrated intensity in this region for the fibre from the darkened section of the exposed yarn is significantly
greater than that of fibres from other sections, with all adjusted p-values being <0.001 (as shown in Table 5). This suggests a higher
degree of hydrogen bonding in the darkened fibre, since hornification stimulates strong interfacial cross-linkages between the cellulose
fibrils by hydrogen bonds. The vibration at 1640 cm ™! is also associated with hydroxyl groups; however, in this case, it originates from
absorbed water [55,56]. The fibrillated fibres exhibit a higher integrated intensity at this wavelength, as the scattered fibrils are more
prone to moisture absorption. In contrast, the whitened fibre exhibited reduced intensity at 1640 cm™!. This could be attributed to
hornification occurring in this section, which reduced the lumen diameter and decreased its hydrophilic nature, though the change was
not considerable. Distinct variations are also evident in the peaks at 2922 and 2853 cm™!, which are typically associated with
polysaccharides and wax, respectively [54,57,58]. It can be observed that most of the whitened fibres show little to no peaks in the
3000-2800 cm ! region, indicating degradation and leaching of the compounds as further discussed in Section 3.1.1. The darkened
fibre exhibits significantly higher integrated intensity at the peaks of 2922 and 2853 cm ™! compared to the whitened fibre and the fibre
subjected only to fibrillation (both adjusted p-values <0.05), but shows no significant difference when compared to the original fibre.
This suggests that the darkened fibre could still retain its polysaccharides and wax content.

To clearly present the spectra of different groups in Fig. 8 (b), certain unclear regions are zoomed in and illustrated in Fig. 8(c)—(e).
Fig. 8 (c) shows the peak at 1730 cm’l, which is assigned to ester bond stretching in hemicellulose [50,53,57,59]. It is evident that the
peak shifted to 1743 cm™! for the darkened fibre, suggesting the formation of new carbonyl groups, which act as chromophoric groups
resulting from the photolysis of lignin. Additionally, the whitened fibre shows significantly decreased integrated intensity at 1730
cm ™! compared to the darkened fibre and the fibre subjected only to fibrillation (both adjusted p-values <0.05). This reflects the
possible degradation of hemicellulose that occurred in the whitened part of the yarn. Moreover, the spectra of the different fibre groups
exhibit distinct patterns at 1543 cm™!. The fibres underwent fibrillation show noticeable peaks at 1543 cm ™!, whereas most of the
original and whitened fibres do not exhibit peaks at this wavenumber. The vibration at 1543 cm™" is assigned to amide II, which is
attributed to proteins or amino acids [55,60,61]. Based on this, it is presumed that microbial activity, such as mould growth, occurred
on the yarn that underwent fibrillation. The fibrillation process may have made the yarn surface more susceptible to microbial
colonisation by increasing surface area or by creating conditions (e.g., moisture retention) conducive to microbial growth. However,
this finding should be further confirmed through microbiological tests, such as direct optical microscopy, swabbing samples from the
yarn followed by culturing on selective fungal growth media for visual identification, or even by measuring enzymes produced by
fungi. In the region of 1500-1180 cm?, the darkened fibre exhibits a spectral pattern that is markedly different from that of the other
fibre samples. Most notably, the spectra of the darkened fibre show attenuated peaks at 1426 and 1314 cm ™! compared to other fibre
samples. Both of these vibrations are associated with cellulose, with the vibration at 1426 cm ™! serving as an indicator of cellulose
crystallinity [55,56,62]. The discrepancies at these two peaks indicate that more intense cellulose degradation occurred in the
darkened fibre. Furthermore, the darkened fibre shows a distinct peak at 1233 em™}, attributing to pectic substances or amino acids

Table 5

Integrated intensity of the vibrations located at various wavenumbers for flax fibres sampled from different yarn sections (coefficients of variation are
indicated in brackets. The same superscript letter indicates a significant difference at the a = 0.05 level for the corresponding properties between the
two groups, with the adjusted p-values shown in the last row.).

Fibre sampling I3326+3286 I>922+ 2853 L1730 Lisao Lisas L1160 Iso7
location (3700-3000 (3000-2800 (1775-1700 (1700-1580 (1580-1500 (1140-1185 (910-840
em ™) em ™) cm ) em ™) cm 1) cmY) em ™)
The original yarn 133.4 (£5 %) 19.1 (+17 %) 1.4 (+31 %) 16.7 (+29 %)Y 4.4 (+£50 %)" 7.6 (+£2 %)™ 5.9 (+5 %)"
w
The whitened parton  122.4 (+10 %)° 13.9 (29 %)¢ 0.3 (£43 %)%" 9.3 (18 %)*! 1.8 (£66 %)°>P 7.2 (+3 %)" 6.5 (+16
exposed yarn %)*Y
The fibrillated part 129.8 (£9 %)° 15.4 (£16 %)° 1.5 (£22 %)% 26.9 (£27 %)™ 8.8 (38 %I 6.7 (£5 %)™ 3.5 (£17
on exposed yarn %)Y
The darkened and 190.6 (£12%)>>  22.2 (+18 %)*¢ 3.0 (£34 %)M 306 (+11 %% 15.9 (£14 %)™ 5.0 (£10 %)"*" 2.3 (+30
fibrillated part ¢ m od %)"*
on exposed yarn
adj. p per Tukey’s 2:0.0007 d:0.0122 f=0.0153 j = 0.0001 n < 0.0001 r < 0.0001 v < 0.0001
HSD test b < 0.0001 €:0.0424 g = 0.0402 k < 0.0001 0 < 0.0001 s =0.0116 w = 0.0040
¢ < 0.0001 h < 0.0001 1 = 0.0004 p = 0.0019 t < 0.0001 X < 0.0001
i=0.0122 m = 0.0065 q=0.0019 u < 0.0001 y < 0.0001

(I3326 13286 (3700-3000 cem™Y): integrated intensity of the vibrations located at 3326 cm™ ! and 3286 cm ™}, calculated between 3700 and 3000 cm ™).
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[55,63]. Considering the other fibre samples show no obvious peaks at this wavenumber, the vibration is more likely attributed to
amino acids. This aligns with the observation at 1543 cm™?, suggesting that mould growth may have occurred on the fibrillated yarn.

The vibrational bands in the region of 1180-650 cm ™' are primarily associated with polysaccharides, with most vibrations
providing information about cellulose. First, the peak at 1160 cm™! is typically assigned to the asymmetric C-O-C stretching in
cellulose [55,64,65]. Tukey’s HSD test indicates that both fibrillated fibres (with or without darkened discoloration) exhibit a
significantly decreased integrated intensity at 1160 cm™! compared to the original fibre, with both adjusted p-values <0.05.
Furthermore, the darkened fibre displays a significantly lower integrated intensity at this wavenumber than the whitened fibre
(adjusted p-value <0.0001). Additionally, Fig. 8 (d) presents the spectra in the region of 1130-950 cm ™!, showing varying peak
distributions among the fibre samples. It is clearly evident that, compared to the other samples, the darkened fibre shows absent bands
at 1103, 1051, 1000, and 984 cm™". Among these vibrations, the bands at 1103 and 1051 cm ! are attributed to cellulose [57-59],
while the precise assignment of the bands at 1000 and 984 cm ™! is challenging due to the coupled nature of the vibrations [55,59]. The
fibre subjected only to fibrillation also shows weakened peaks at these wavenumbers; however, the peaks remain faintly visible.
Similarly, the peak at 897 cm™! is also characteristic of cellulose, assigned to the stretching of p-glycosidic linkage [49,55]. Both
fibrillated fibres, whether with or without darkened discoloration, show a significantly reduced integrated intensity at 897 cm ™!
compared to the original fibre and the whitened fibre (all adjusted p-values <0.01). Moreover, in the region of 830-620 cm ™! as shown
in Fig. 8 (e), the darkened fibre also exhibits disappeared bands at 807, 700 and 662 cm™*, which represent hemicellulose, cellulose
and cellulose indicator, respectively [55,58,59,66-68]. All observations in the region of 1180-650 cm ! indicate significant cellulose
degradation in the fibrillated fibres, with the darkened fibre exhibiting more pronounced degradation.

In summary, the fibre sampled from the whitened portion of the flax yarn exhibited decreased moisture absorption ability, along
with reduced hemicellulose and waxy substances; however, these changes were not significant compared to the original fibre. The
fibres sampled from the fibrillated part of the flax yarn showed reduced cellulose content and signs of mould growth. Among the
fibrillated fibres, the fibre suffered from both fibrillation and darkened discolouration experienced more pronounced cellulose
degradation and microbial activity. The darkened fibre also showed decreased cellulose crystallinity, increased moisture absorption
ability, and formation of chromophoric groups due to the photolysis of lignin.

3.2. Epoxy

3.2.1. Changes in morphology and chemical composition

Fig. 9 shows the yellowing of epoxy after the exposure, which is typically due to UV-induced photo-degradation. The photo-
oxidation primarily affects the bisphenol A-derived structures and the aliphatic portions of the epoxy network. This process leads
to the formation of carbonyl groups, which are common chromophores and play a key role in the characteristic yellowing observed
after prolonged UV exposure [21].

Fig. 10 presents the FTIR spectra of the epoxy samples before and after exposure. The spectra were normalised to the intensity of the
band at 1606 cm ™, assigned to C=C stretching in aromatic rings, which remains relatively stable under UV exposure [22,69]. The
assignments of the corresponding vibrations are provided in Table 6, and the integrated intensities of these vibrations were also
calculated. The t-test revealed significant reductions in the integrated intensity of the exposed epoxy at 3376, 3000-2750, 1742, and
1655 cm ™!, compared to the original epoxy (all adjusted p-values <0.05), as highlighted in red in Table 6. It suggests that weathering
exposure, primarily UV irradiation, caused significant degradation of the amine groups/hydrogen bonds as well as the aliphatic
portions, aldehyde and amide groups in the cured epoxy. Among these, the aldehyde group, present in the original epoxy samples and
identified at 1742 cm™?, originates from the formaldehyde included in the Ampreg 31 resin mixture [34]. Formaldehyde undergoes
degradation when exposed to UV irradiation and is ultimately oxidised into Hy0 and carbon dioxide CO5 [70-72]. Amin et al. [73]
reported that the photolysis process achieved approximately 46 % efficiency in the removal of formaldehyde within 60 min. The
photolysis degradation of formaldehyde led to nearly zero integrated intensity of the band at 1742 cm™? for the epoxy sample after
exposure. Additionally, the significant reduction in the integrated intensity in the 3000-2750 cm™! region supports the previous
statement that photo-oxidation primarily targets the aliphatic portions of the epoxy network. Indeed, the decrease of the integrated
intensity at 760 cm ™! is also significant at the a = 0.1 level (adjusted p-value = 0.0824). This band attributes to the C-H out-of-plane
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Fig. 9. Yellowing of epoxy after weathering exposure.
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Fig. 10. Normalised FTIR spectra of the epoxy samples before and after exposure: (a) 3800-2700 cm ! and (b) 1800-400 cm .

bending of aromatic ring [74-76], indicating that the photo-oxidation also had a notable effect on the bisphenol A-derived structures.
The photo-oxidation product carbonyl groups are common chromophores leading to yellowing of epoxy after UV irradiation, typically
showing the vibration at 1730-1750 cm ™' [69,77]. However, no evident peak is observed in this carbonyl region of the spectra for the
exposed epoxy in Fig. 10 (b). This absence could be attributed to the limited formation of chromophores, as there was minimal
discoloration observed, as shown in Fig. 9. Moreover, the vibration at 1655 cm! corresponds to the amide groups [74,78,79], which
are the crosslinks formed by amine group from the hardener with oxirane group from the resin (this reaction may also involve
formaldehyde). The significant reduction in integrated intensity at 1655 cm ™~ suggests the breakdown of amide groups, compromising
the epoxy network, leading to decreased mechanical properties. In terms of changes in other chemical groups, ether and oxirane groups
also exhibit a tendency to degrade. However, the decrease in the integrated intensity of their associated vibrations is not statistically
significant.

3.2.2. Changes in tensile properties

As a result of the cross-link degradation described in Section 3.2.1, the epoxy generally showed a reduction in tensile strength and
elasticity following UV irradiation. Fig. 11 illustrates the tensile strength and E-modulus of the epoxy, comparing the values measured
before and after exposure. As analysed using Student’s t-test, the tensile strength decreased significantly after exposure (p-value =
0.0015), with a 20 % reduction in the average value. No significant change in the E-modulus was observed according to the t-test (p-
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Table 6

Assignments in the FTIR spectra for epoxy.
Wavenumber (cm ™) Assignment Reference
3500-3200 V(N-H) (amine group) and v(O-H) [79-82]
~3057 v(C-H) (oxirane ring) [82-84]
3000-2750 V(C-H) (alkanes) [74,82]
~1742 v(C=0) (aldehyde) [74,77,82,85]
~1655 Y(C=0) (amide) [74,78,79]
~1606 V(C=C) (aromatic ring) [81-84]
~1505 v(C=C) (aromatic ring) [79,81,83-85]
~1235 1Y(C-0O-C) (aromatic ether) [78,79,81]
~1103 V(C-0-C) (ether group) [80,85]
~1029 V(C-0-C) (ether group) [79,80,84]
~923 v(C-0-C) (oxirane group) [80,82,84,86]
~825 V(C-0-C) (oxirane group) [80,84,87]
780-620 8(C-H) (aromatics, out-of-plane) [74-76]
~560 v(C-Cl) (chloromethyl) [74]

(v: stretching and &: scissoring; the vibrations at the wavenumbers highlighted in red show significant differences in
integrated intensity between the epoxy before and after exposure, as determined by a t-test at the « = 0.05 significance
level.).
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Fig. 11. Tensile properties of epoxy before and after exposure.

value = 0.8852), although a slight increase in the average value (by 0.4 %) was noted. The decreased tensile strength can be explained
by the chain scission of aliphatic portions and degradation of amide crosslinks within the epoxy network discussed in Section 3.2.1.
These changes in chemical groups led to a reduced crosslink density, weakening the structural integrity of the epoxy and consequently
diminishing its ability to bear tensile loads.

3.3. FFRP

3.3.1. Changes in morphology

One FFRP sample was found to be fractured upon removal from the weathering chamber, as presented in Fig. 12. The fracture
occurred on the external epoxy coating, accompanied by delamination between the epoxy coating and the flax fibre bundles. These
issues primarily resulted from the differing hygroscopic properties and the corresponding mismatch in expansion coefficients between
flax yarn and epoxy. The repeated absorption and evaporation of moisture created stress at the interface between the epoxy coating
and the flax yarn. Over time, this cyclic stress caused delamination at the interface and fractures in the epoxy coating. The fracture of
epoxy coating exposed flax fibres to the weathering condition. The exposed internal fibres exhibited similar discoloration phenomena
as outlined in Section 3.1.1, with some fibres displaying whitening and others darkening. In contrast, the fibres that were not exposed
to the environment, where the FFRP retained its integrity, maintained their original morphology.

As the reinforcement within RAC, epoxy coating fracture and debonding at the flax/epoxy interface may potentially compromise
the long-term structural performance of the reinforced RAC. This degradation of interface integrity can reduce the efficiency of stress
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Fig. 12. Fractured FFRP after weathering exposure.

transfer between the fibres and the epoxy matrix, leading to a decrease in overall load-bearing capacity and durability over time,
particularly under cyclic loading. Moreover, moisture ingress will exacerbate interface weakening, not only between the fibre and
epoxy but also between the FFRP and RAC matrix. This can further accelerate alkaline hydrolysis and mineralisation of flax fibres. To
better understand these effects, further long-term durability studies simulating realistic environmental conditions, including repeated
loading, are needed. Such investigations would provide valuable insights into the lifespan and reliability of reinforced RAC in practical
applications and help develop strategies to improve interface stability and overall composite performance.

3.3.2. Changes in tensile properties and chemical composition of flax fibre

The FFRP samples that retained their integrity after weathering exposure were subjected to tensile testing. Fig. 13 illustrates a
comparison of tensile properties between the exposed and unexposed samples. Although the exposed FFRP rods exhibited a 9 %
decrease in average tensile strength and a 10 % decrease in average E-modulus compared to the unexposed rods, both reductions were
not statistically significant according to the t-test (p-values = 0.2558 and 0.1367, respectively).

Fig. 14 presents the normalised FTIR spectra of flax fibres extracted from both exposed FFRP and unexposed yarn, highlighting
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Fig. 13. Tensile properties of FFRP before and after exposure.

14



W. Ma and L. Yan Journal of Building Engineering 114 (2025) 114177

Flax fibre from

1000

— the FFRP after exposure

the original yarn

= = =
g e E
g 3326 3286 g g
£ \ £ £
< ) o
£ £ E
[ Q Q
2 g ]
I < =
E 5 1426 E
Q [} =]
2 2 2
=1 =] =3
= < =2
/&‘W\
3800 3600 3400 3200 3000 2800 1480 1440 1400 1360 1320 1280 1180 1140 1100 1060 1020 980 940 900 860
Wavenumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

(a) (b) (c)
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regions with evident spectral changes. Significant differences in integrated intensity were observed at 3700-3000 cm™?, 1426 cm™?,
1160 cm™!, and 897 cm ™!, with corresponding p-values of 0.0411, 0.0015, 0.0001, and 0.0003, respectively, as determined by the t-
test. According to the assignments summarised in Table 4, all of these vibrations are associated with cellulose. Additionally, t-tests
were not conducted on the bands at 1051, 1000 and 984 cm ™", as the vibrations at these wavenumbers in the FTIR spectra of the flax
fibre extracted from FFRP were visibly diminished. Furthermore, although the bands at 2922 and 2853 cm ™! for the fibre from exposed
FFRP tended to fade (with the exception of one sample showing particularly sharp bands), the integrated intensity did not show a
statistically significant decrease compared to that for the fibre before exposure. Due to epoxy residues on the fibre extracted from FFRP,
additional bands were observed. One such band, around 1180 cm ™, is assigned to C-O stretching on the aromatic ring [76]. These
epoxy residues also contribute to some inconclusive spectral changes. For instance, some fibres extracted from exposed FFRP exhibited
a notable decrease in integrated intensity around 1740 cm ™! compared to the original fibre, which could be linked to the degradation
of hemicellulose or possibly the breakdown of aldehyde in epoxy. Meanwhile, other samples showed a visible increase in integrated
intensity, potentially due to the presence of undegraded aldehyde in the epoxy.

Overall, cellulose degradation occurred in the flax fibre within FFRP, most likely due to photo-oxidation caused by UV irradiation
rather than hydrolysis from wet-dry cycling. Notably, the epoxy coating exhibits high UV transmittance. Boumedienne and Maaroufi
[88] reported approximately 98 % UV transmittance for an epoxy film with a thickness of 2600 nm. Based on the Beer-Lambert Law
[89], it is estimated that the epoxy coating in this study, with a thickness of 1-2 mm, has a UV transmittance exceeding 90 %. On the
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Fig. 15. Compressive properties of RAC and RHA*RAC cylinders before and after exposure.
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other hand, hydrolysis of cellulose is less likely to occur in the wet-dry condition in this study, as it normally needs facilitation by acid,
alkaline or enzyme. Huang et al. [22] found no cellulose degradation in flax fibre extracted from the reinforced polymer even under
hygrothermal condition (50 °C, 95 % relative humidity). The wet-dry cycling primarily compromised the structural integrity of FFRP,
as demonstrated and explained in Section 3.3.1. This resulted in not only debonding between the epoxy and flax yarn but also
accelerated photo-degradation and compound leaching in the flax fibre, ultimately leading to a loss of mechanical capacity in the
FFRP. On the contrary, cellulose degradation in the flax fibre within FFRP caused by UV irradiation did not significantly reduce the
tensile properties of the FFRP, implying that the wet-dry cycling poses a greater threat to FFRP compared to UV light. In addition, the
changes in the chemical composition of the flax fibre within FFRP, as well as the tensile properties of FFRP, were not as pronounced as
those observed in the flax yarn. This suggests that the epoxy coating provided protection for the flax yarn against weathering exposure.

3.4. RAC

3.4.1. Changes in compressive properties and chemical composition

Fig. 15 presents the compressive strength and E-modulus of RAC and RHA*RAC cylinders before and after the exposure. A two-way
analysis of variance (ANOVA) was performed on both properties, with concrete type and weathering exposure considered as the two
main factors. The analysis revealed that, for compressive strength, both concrete type and exposure were significant factors (p-value =
0.0008 and 0.0024, respectively) along with their interaction (p-value = 0.0043). The subsequent Tukey’s HSD test indicated that RAC
experienced a significant increase in compressive strength after exposure compared to its original strength (adjusted p-value =
0.0015), whereas RHA*RAC showed no significant change (adjusted p-value = 0.9677). Meanwhile, the difference in compressive
strength between RAC and RHA*RAC shifted from significant before exposure (adjusted p-value = 0.0006) to non-significant after
exposure (adjusted p-value = 0.8498). In terms of E-modulus, both concrete type and exposure were significant factors (p-value =
0.0231 and < 0.0001, respectively), while their interaction was not significant. The following Tukey’s HSD test indicated a significant
increase in the E-modulus of RAC after exposure compared to its original E-modulus (adjusted p-value = 0.0007), as well as in the E-
modulus of RHA*RAC (adjusted p-value = 0.0061). The E-modulus between RAC and RHA*RAC did not differ significantly either
before or after exposure (both adjusted p-values >0.1).

Generally, the compressive strength and E-modulus of RAC were significantly lower than those of RHA*RAC before exposure.
However, after exposure, both properties of RAC improved substantially, leading to non-significant differences when compared to
RHA*RAC. This aligns with our previous study [37], which reported that replacing 10 % of cement with RHA in RAC enhanced the
compressive strength and E-modulus at 28 days compared to RAC without RHA. Additionally, the compressive strength of RAC
continued to increase significantly after 91 days of storage under room conditions compared to its 28-day strength [37]. Although
prolonged wet-dry cycling and UV irradiation can potentially cause surface degradation of concrete—and wet-dry cycling may lead to
mechanical degradation through repeated swelling and shrinkage, leaching of soluble compounds, and associated sulfate, chloride, or
other salt attacks—the exposure conditions in this study were relatively moderate and of short duration. Therefore, it is unlikely that
significant mechanical degradation of the concrete occurred under these conditions. In this case, the compressive properties of the
concrete were primarily governed by its hydration process, which tended to result in an increase in compressive strength and
E-modulus. Many studies reported an increase in compressive strength or E-modulus of cement-based materials under wet-dry cycling
[90,91], UV irradiation [24] and real outdoor condition for one year [92]. Regarding the changes in compressive properties of
RHA*RAGC, no significant increase in the strength was observed after exposure. Given that the addition of RHA had already shown a
significant effect on compressive strength prior to exposure, it is suspected that the filling effect of RHA primarily contributed to the
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Fig. 16. Normalised FTIR spectra of the binder from RAC and RHA*RAC after exposure: (a) 3800-2700 cm ! and (b) 1750-400 cm .
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improved compressive strength of RAC. This is because the pozzolanic reaction of RHA occurs over a longer timescale compared to the
cement hydration process. This is further explained in the subsequent paragraphs by examining the changes in their chemical
composition.

The FTIR spectra for binder extracted from RAC and RHA*RAC after weathering exposure are illustrated in Fig. 16. The spectra
were normalised based on the intensity of the vibration at 1413 cm™!, which is attributed to calcium carbonate formed through
concrete carbonation [93-95]. This decision was made based on a previous study [38], which found no significant differences in
carbonation depth between RAC and RAC incorporating RHA with a 10 % replacement ratio after up to 28 days of exposure in a
carbonation chamber with a CO, concentration of (70 + 5)%. Table 7 shows the assignments of the corresponding vibrations, with the
wavenumbers highlighted in red indicating significant differences in integrated intensity between RAC and RHA*RAC, as determined
by t-test. It revealed that significant differences occurred at 3635, 1100-950, 787 and 454 cm ™! (all adjusted p-values <0.05). The
notably lower Ca(OH), content in the exposed RHA*RAC compared to the exposed RAG, as evidenced by the peak at 3635 cm™?, is an
expected outcome. This reduction is attributed to the pozzolanic reaction between the amorphous SiO, in RHA and the Ca(OH)s,,
resulting in its consumption. The bands at 1100-950, 787 and 454 cm™! are all assigned to Si-O vibrations. Among these, the broad
bands in the region of 1100-950 cm ! are associate to calcium silicate hydrate (C-S-H) [93,95], whereas the bands at 787 and 454
em™! are more likely related to quartz or other silicate phases [93,95,96]. As shown in Table 1, the RHA contained more than 90 %
SiO,, some of which existed in crystalline phase as indicated in the X-ray diffraction pattern (Fig. 3 (b)). Therefore, the significant
differences observed at 787 and 454 cm ™! can be attributed to the crystalline SiO, present in RHA. Additionally, the amorphous SiO5 in
RHA contributed to increased formation of pozzolanic reaction products, such as C-S-H and other silicates, resulting in a considerable
increase in the integrated intensity at 1100-950, 787 and 454 cm ™.

Overall, compared to RAC, RHA*RAC contained a higher amount of C-S-H (and other silicate phases) and crystalline SiO9, while
having a lower amount of Ca(OH),. C-S-H is the primary binding phase in concrete, responsible for its strength. Although crystalline
SiO4 does not participate in the pozzolanic reaction, its small particle size (as shown in Fig. 3 (a)) allows it to fill the pores in the
concrete, resulting in a denser microstructure. These are the main factors contributing to the higher compressive strength and E-
modulus of RHA*RAC compared to RAC, although the differences in both properties are not statistically significant after exposure
(both adjusted p-value >0.1). On the contrary, RHA*RAC exhibited a significantly higher compressive strength than that of RAC before
exposure (adjusted p-value = 0.0006). This suggests that the filling effect of RHA played a primary role in improving the compressive
strength of RAC, as the pozzolanic reaction of RHA takes place over a longer timescale compared to the hydration process of cement.

3.5. FFRP reinforced RAC

3.5.1. Changes in morphology

Upon being removed from the climate chamber, all FFRP-reinforced RAC samples exhibited visible cracks. Fig. 17 illustrates the
general cracking pattern, with horizontal and longitudinal cracks forming on each side. Basically, the cracks developed along the
reinforcement rods, suggesting that the cracks formed due to differential moisture expansion between the concrete and the FFRP
reinforcement. Literature indicates that flax fibre reinforced epoxy composites can experience thickness swelling of up to 4 % at 100 %
relative humidity [97], while the wet expansion of concrete can reach as high as 40 pe [98]. Additionally, the curvature of the panel,
visible in Fig. 17 (b), may also be attributed to the differential swelling between the RAC and the FFRP reinforcement. This discrepancy
in expansion and contraction induces internal stresses, leading to overall deformation.

3.5.2. Changes in tensile properties and chemical composition of flax fibre

Fig. 18 illustrates the stress-strain responses of FFRP-RAC and FFRP-RHA*RAC subjected to uniaxial tensile loading both before and
after the weathering exposure. The corresponding parameters including tensile strength, toughness (calculated as the area under the
stress-strain curve) and ultimate strain are presented in Table 8. Two-way ANOVA followed by Tukey’s HSD test was conducted on all
parameters. It only revealed that the addition of RHA is a significant main factor for the tensile strength (p-value = 0.0341), and the
post hoc analysis found no significant differences between any of the groups at the significance level of 0.05 for any parameter. One
difference was found to be significant at a level of 0.1, specifically in the tensile strength between FFRP-RAC before exposure and FFRP-
RHA*RAC after exposure (adjusted p-value = 0.0523). The statistical analysis indicates that the weathering exposure up to 30 weeks
has no significant effect on the tensile properties of FFRP-RAC or FFRP-RHA*RAC. However, the addition of RHA in RAC shows
potential for preserving the tensile load capacity of the FFRP reinforced RAC. Further details will be discussed in the following
paragraph.

Flax fibres extracted from exposed FFRP-RAC and FFRP-RHA*RAC were analysed using FTIR and compared to the original fibres.
Fig. 19 presents the normalised spectra across various regions, highlighting evident differences among the groups. The integrated
intensity of vibrations was calculated, and the significance of differences between groups was assessed using ANOVA, followed by
Tukey’s HSD test. Significant differences at the « = 0.05 level were observed in the regions of 3600-3000 cm ™', 1730 cm ™" and 700
cm™!, where the flax fibre from FFRP-RAC exhibited a significant decrease in integrated intensity compared to the original fibre (p-
values = 0.0325, 0.0161 and 0.0002, respectively). The fibre from FFRP-RHA*RAC also showed a significantly reduced integrated
intensity compared to the original fibre at 700 cm ™! (p-value = 0.0014). According to Table 4, these findings suggest that the flax fibre
embedded in FFRP-RAC underwent significant degradation in hemicellulose and cellulose crystallinity after exposure. In contrast, the
fibre from FFRP-RHA*RAC exhibited a more moderate level of degradation. Notably, at 1730 cm ™}, the integrated intensity for the
fibre from FFRP-RAC is nearly zero, whereas the vibration for the fibre from FFRP-RHA*RAC remains relatively pronounced. Addi-
tionally, statistical analysis was not performed for the vibrations in the 1130-950 cm ™! region, as the peaks at 1051 cm ™!, 1000 cm ™,
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Table 7

Assignments in the FTIR spectra for the binder from RAC and RHA*RAC.
Wavenumber (cm ™) Assignment Reference
~3635 v(O-H) (Ca(OH)2) [93,94]
~3402 v(0-H) (H,0) [93,94]
~1413, ~870 V(C-0) (carbonate) [93-95]
1100-950 v(Si-0) (C-S-H) [24,93,95]
~787 v(Si-0) (quartz, silicates) [93,94]
~454 8(Si-0) (quartz, silicates) or Si-O deformation in C-S-H [93,95,96]

(v: stretching and &: scissoring; the vibrations at the wavenumbers highlighted in red show significant differences in integrated intensity
between RAC and RHA*RAC after exposure, as determined by a t-test at the a = 0.05 significance level.).

(a)

(b)

Fig. 17. Surface morphology of FFRP-RAC and FFRP-RHA*RAC after the weathering exposure: (a) front and (b) side view.
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Fig. 18. Stress-strain responses under uniaxial tensile load before and after weathering exposure for: (a) FFRP-RAC and (b) FFRP-RHA*RAC.
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Table 8
Tensile properties of two reinforced RAC groups before and after exposure (coefficients of variation are shown in parentheses).
Tensile strength (MPa) Toughness (J/mm°>) Ultimate strain (%)
FFRP-RAC Before exposure 2.19 (16 %) 2.01 (27 %) 1.58 (+19 %)
After exposure 2.56 (£13 %) 2.28 (+£24 %) 1.49 (+£15 %)
FFRP-RHA*RAC Before exposure 2.64 (£11 %) 2.79 (£18 %) 1.70 (+£8 %)
After exposure 2.83 (15 %) 2.71 (£32 %) 1.56 (+15 %)

Flax fibre from
— the FFRP-RAC after exposure
the FFRP-RHA*RAC after exposure

the original yarn

3286

3326

Absorbance (arb. unit)
Absorbance (arb. unit)
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Fig. 19. Normalised FTIR spectra of flax fibres extracted from the exposed FFRP-RAC and FFRP-RHA*RAC compared to the original fibre: (a)
3800-2700 cm !, (b) 1775-1700 cm ™2, (c) 1130-950 cm ™! and (d) 745-645 cm™ .

and 984 cm ™ '—associated with cellulose or polysaccharides—were visibly diminished in the flax fibres from exposed FFRP-RAC and
FFRP-RHA*RAC compared to the original fibre. Given the near-zero UV transmittance of concrete, the chemical degradation of flax
fibres is primarily attributed to alkaline hydrolysis induced by the concrete environment. The FTIR results indicate that incorporating
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RHA into the RAC helped mitigate flax fibre degradation, aligning with our previous findings [10]. The pozzolanic reaction of RHA
consumes Ca(OH),, thereby reducing the alkalinity of the RAC. This lower alkalinity likely slows down alkaline hydrolysis of flax
fibres, preserving the tensile load capacity of FFRP reinforced RAC as mentioned above.

In summary, the deterioration of FFRP reinforced RAC under weathering aging is primarily characterised by the alkaline degra-
dation of the inner reinforcement material, mainly flax fibre, and the degradation of the interface between the FFRP and the RAC.
Despite the absence of observable mechanical degradation in this study, the service life of FFRP reinforced RAC can be estimated based
on its correlation with the duration of accelerated aging [99,100]:

Ao

= 0.098 x 005D €)
T

where Ag represents the age in natural days; T indicates the conditioning temperature (°F); At denotes days of accelerated exposure at
temperature T. Our precious study [10] examined the tensile properties of FFRP-RAC and FFRP-RHA*RAC under accelerated aging at
50 °C for 8, 19, and 30 weeks. According to Eq. (1), the corresponding natural durations are 13.5, 32.0 and 50.6 years. The tensile
strength reduction of FFRP-RAC over these periods was 11 %, 16 % and 32 %, respectively, while for FFRP-RHA*RAC, it was 26 %, 6 %
and 14 %, respectively. This suggests that incorporating RHA into the concrete can significantly enhance the service life of reinforced
RAC with an estimated 86 % residual tensile strength after 50 years. A limitation of this study is that testing was performed only prior
to exposure and after 30 weeks. Extended durations and multiple intermediate intervals should be explored in future work.

Unlike cellulosic textile reinforced concrete, moisture fluctuation is generally not a major concern for concrete reinforced with
conventional synthetic textile materials, due to their low water absorption capacity. As a result, only a limited number of studies have
investigated the aging behaviour of these systems under similar environmental conditions. For instance, a study by Mumenya et al.
[101] reported a tensile strength retention of 128 % in polypropylene textile reinforced concrete after 14 months of wet-dry cycling,
suggesting a possible continued hydration or post-curing effect. This is comparable to the 117 % tensile strength retention observed in
the present study for flax textile-reinforced RAC. In contrast, a study by Le Trung Duc Pham et al. [102] on carbon textile reinforced
concrete showed a tensile strength retention of 82 % after 25 wet-dry cycles conducted under harsher conditions (60 °C and NaSO4
solution during the wetting phase). These more aggressive conditions likely contributed to the higher level of degradation observed. To
enable reliable comparisons between different textile reinforcement strategies, direct experimental investigations under standardised
conditions are essential.

3.5.3. Challenges in scaling up for real-world applications

Although eco-benefits of combining recycled aggregate, RHA and flax textile reinforcement are compelling, particularly in reusing
construction & demolition wastes along with agricultural residuals and enabling lightweight, corrosion-resistant structures—the real-
world scaling faces hurdles:

1) Regional limitation: Both RHA and flax fibre are highly regional in nature. RHA is predominantly available in areas with active rice
production, such as South and Southeast Asia, as well as parts of Africa. Flax fibre suitable for technical applications is mainly
produced in Western Europe. These geographical constraints limit the global competitiveness of these materials compared to more
widely available supplementary cementitious materials, such as fly ash, silica fume, and metakaolin, and commonly used textile
reinforcements, particularly those based on glass fibres. However, in other regions, context-specific alternatives may provide more
practical and sustainable options. These include ashes derived from other agricultural residues (e.g., wheat husk ash, basil plant
ash, peanut shell ash, and sunflower shell ash), as well as alternative cellulosic fibres (e.g., jute, hemp, or kenaf fibres).

Cost: As an agricultural by-product, RHA is relatively inexpensive, typically costing between €0.07 and €0.10 per kilogram in China
[10]. Its price is generally higher than that of fly ash but lower than silica fume. Regarding reinforcement materials, flax mesh was
purchased at €16.9/m? in Germany in 2020 for laboratory-scale quantities [10]. This price was approximately 34 times higher
than that of glass mesh, yet about one-third the cost of carbon mesh.

Construction practices: Enhancing the pozzolanic activity of RHA typically requires pre-treatment processes such as controlled
combustion and fine grinding, which can reduce its practicality in real-world applications and increase energy consumption. As for
flax mesh reinforcement, a key challenge lies in maintaining dimensional stability during handling processes such as coating. This is
primarily due to its lower rigidity compared to glass or carbon meshes. The issue becomes more pronounced as the mesh size
increases, potentially affecting the precision and uniformity of application.

Long-term durability: Alkaline durability represents the primary challenge for flax textiles when embedded in concrete, particu-
larly in comparison to alkaline-resistant glass and carbon textiles—a direct comparison among these materials should be conducted
to quantify the differences. Notably, incorporating RHA into the cementitious matrix has shown promise: the strength loss of flax
textile (with epoxy coating) reinforced RAC was reduced by 56 % after 30 weeks of accelerated alkaline exposure [10]. To further
improve the durability of flax textile reinforced RAC structures, additional protective strategies should be developed. Moreover,
long-term durability should be investigated under a wider range of environmental conditions, such as freeze-thaw cycles, cyclic
loading, and varying thermal conditions.

2
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4. Conclusions

This study investigates the impact of wet-dry cycling combined with UV irradiation on cementitious composites and their
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individual components, including flax yarn, epoxy, FFRP, and RAC. The influence of these environmental factors on their mechanical
properties and chemical compositions was evaluated. The key findings are summarised as follows:

1) The weathering exposure of flax yarns led to several detrimental phenomena, including compound leaching, fibrillation, and
discoloration. Significant degradation in cellulose and hemicellulose, along with the formation of chromophoric compounds and
microbial activity, was driven by cyclic water absorption and desorption in combination with photo-degradation. Correspondingly,
the load capacity of the flax yarns decreased significantly, with only 7.4 % of the residual ultimate tensile load remaining. This
reduction was not only due to fibre degradation but also because of damage to the structural integrity of the yarns.

2) The weathering exposure led to the breakdown of the amide groups and the aliphatic portions of the exposed epoxy samples. This
degradation compromised the epoxy network, resulting in a significant reduction in its tensile strength, with a decrease of 20 %.

3) Within FFRP, the wet-dry cycling compromised its structural integrity, leading to interfacial debonding, whereas photo-oxidation
resulted in notable cellulose degradation of flax fibre. However, no significant reduction in tensile strength or E-modulus of FFRP
was observed.

4) RAC experienced a significant increase in both compressive strength and E-modulus after exposure, while for RHA*RAC, only the E-

modulus increased significantly. Additionally, RHA*RAC showed a higher amount of C-S-H and crystalline SiO, while having a

lower amount of Ca(OH), compared to RAC after exposure. This observation confirm the pozzolanic reaction and filling effect of

RHA in RAC.

Both FFRP-RAC and FFFRP-RHA*RAC did not show significant changes on tensile behaviour after exposure. The flax fibre

embedded in FFRP-RAC underwent significant alkaline degradation in hemicellulose and cellulose crystallinity, whereas the fibre

from FFRP-RHA*RAC exhibited a more moderate level of degradation. This indicate that incorporating RHA into the RAC helped
mitigate flax fibre degradation, due to its pozzolanic reaction which consumed Ca(OH)s,, as discussed in point 4). This effect further
helps preserve the tensile load capacity of FFRP-RHA*RAC.

5

—

In conclusion, the degradation mechanisms of FFRP reinforced RAC along with the individual components under wet-dry cycling
combined with UV irradiation were studied. The findings demonstrate the beneficial role of RHA in mitigating flax fibre degradation
and enhancing the durability of the composites. For future research and practical applications, it is essential to consider additional
weathering factors such as freeze-thaw cycles, internal and external forces including creep, cyclic loading, and impact, along with
aesthetic concerns like cracking and spalling.
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