Case Studies in Construction Materials 19 (2023) e02411

Contents lists available at ScienceDirect

CASE STUDIES IN
CONSTRUCTION
MATERIALS

Case Studies in Construction Materials

ot : =3
ELSEVIER journal homepage: www.elsevier.com/locate/cscm

Check for

Alkali resistance of selected waste fibres to model - pdaies
cement environment

Branka Mrduljas®, Ana Bari¢evi¢® , Irina Puci¢”, Ivana Carevi¢?,
Katarina Didulica®

2 University of Zagreb Faculty of Civil Engineering, Department of Materials, Fra Andrije Kaci¢a Miosi¢a 26, 10 000 Zagreb, Croatia
b Ruder Boskovi¢ Institute, Division of Materials Chemistry, Bijenicka 54, 10 000 Zagreb, Croatia

ARTICLE INFO ABSTRACT
Keywords: Synthetic fibres are often used to reinforce cementitious composites. However, their production
Production waste fibres has significant negative environmental impact. An ecological alternative could be to use waste
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fibre if their properties are found to be satisfactory. Therefore, the main objective of this study
was to determine if selected waste fibres could withstand an aggressive and highly alkaline
environment of cementitious composites. Three types of production waste fibres (alkali-resistant
glass fibres, AR-GF, basalt fibres, BF and carbon fibres, CF and recycled tyre polymer fibres RTPF)
were exposed to a synthetic pore solution simulating the cement matrix condition for 90 days. The
mechanical properties of the production waste fibres and the morphology determined by scanning
electron microscopy were the best predictors of fibre resistance. The sizing of the treated pro-
duction waste fibres partially (CF) or completely (AR-GF, BF) decomposed. The pronounced
deterioration of the BF structure was accompanied by a complete deterioration of the mechanical
properties. A slight deterioration of mechanical properties was also observed in CF and to an even
greater extent in AR-GF. The RTPFs were too short for mechanical measurements, so a combi-
nation of Fourier transform infrared spectroscopy and thermal analysis was required to evaluate
effects of exposure to synthetic pore solution. The retained properties of treated RTPF seemed to
be at least equivalent to those of AR-GF. Overall, the alkaline resistance of all studied waste and
recycled tyre polymer fibres appears to be sufficient to restrain early age deformation of
cementitious composite.

1. Introduction

High-quality synthetic fibres such as carbon fibres (CF), glass fibres (GF), or basalt fibres (BF) are widely used to reinforce
cementitious materials, especially to reduce shrinkage and/or post-cracking [1-4]. Usually newly produced fibres are used despite
enormous amounts of high-quality waste fibers, e.g., as leftovers from the technical textile industry or certain recycling processes.
Considering the urgent need for the construction industry to make the transition from traditional to circular economy, it is imperative
to reuse/recycle high value residual materials and stop further unnecessary consumption of raw materials. Newly produced synthetic
fibres are subject to strict quality control requirements but after cutting and further processing, their properties may deteriorate posing
a major challenge for reuse. Thus, this research focuses on four types of fibres that are either production waste (alkali-resistant glass -
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AR-GF, basalt - BF, carbon fibres - CF) or a by-product of mechanical recycling of scrap tyres (recycled tyre polymer fibres, RTPF). To
the best of the author’s knowledge, this is the first study to analyse the selected end-of-life fibres under a synthetic pore solution.

The peculiarity of cementitious composites is their high alkalinity (pH >12), which creates an aggressive environment. Considering
that a production and/or recycling process can negatively affect fibre properties a detailed characterization is required. Current studies
mostly focus on industrially produced fibres (Table 1), while studies on waste fibres are rare. Studies conducted on industrially
produced fibres indicate that corrosion mechanisms of GF and BF [5,6] are similar and show they are particularly affected by a highly
alkaline cement environment (pH > 12) [7]. Pure glass fibres (GF) decompose in the presence of acids [8] and alkalis [9]. Therefore, up
to 15% by weight of ZrOs is added to obtain alkali-resistant glass fibres (AR-GF), but it is still not completely inert to the cementitious
environment [10]. The residual properties of BF exposed to alkaline environment are lower than those of glass fibres [11], while the
durability of carbon fibres (CF) is less well studied and the results are contradictory. Some of the studies state that CF does not corrode
under alkaline conditions [12] and does not absorb moisture [13], while others find partial or complete degradation [14]. Studies on
waste selected fibres are rare. Onuaguluchi et al. [15] reported some corrosion of recycled tyre polymer fibres in the form of a slight
increase in roughness and pitting, i.e., the formation of larger voids on the fibre surface. However, it was not determined how these
changes affected fibre properties. No other studies on the durability of selected production waste fibres were found. Currently, there is
no standard protocol for determining the alkali resistance of fibres in cementitious environments. In an attempt to simulate the
cementitious environment solutions of various chemical compositions are used (Table 1). The most commonly used are saturated
solutions of Ca(OH); or NaOH [12,16] to which some authors added KOH and/or NaCl [17,18], but in the latter case the pH does not
adequately mimic the alkalinity of a high-quality concrete [19]. Treatment conditions, such as the duration of fiber immersion and
solution temperature also vary. Since the corrosion mechanism and its kinetics are affected by all those parameters [20], it is
impossible to compare the results of different researcher’s groups. Studies on the durability of fibres in the real cement environment
are also scarce. Few researchers have studied the durability of glass or basalt fibres in cement solutions [5,21], and some even in the
cement matrix [9,10]. Because the experiments in the cement matrix are time consuming, accelerated test methods in solutions may
provide sufficient information on fibre durability in spite of their limitations. Taking all that in consideration a synthetic pore solution
proposed by Poursaee [20] was selected as model for an alkaline environment for this study. That synthetic pore solution is prepared
by combining Ca(OH),, NaOH, KOH, CaSO4 xH,0 what is important because two types silicate-based fibre corrosion mechanisms are
distinguished [21]. In saturated Ca(OH) solution, corrosion starts at the initial cracks and flaws of the fibres and then slowly de-
composes the structure, while the fibre diameter does not change significantly. However, the real cementitious pore solution contains
other ions that play a role in the corrosion processes, especially Na™ and K'. In their presence, a porous gel is formed on the fibre
surface, which facilitates the transport of water and alkalis and accelerates the dissolution of the silicate-based fibre. The fibre under
the porous gel layer remains intact, but its residual diameter decreases.

To evaluate the most important fibre properties and those most affected by the alkaline treatment, characterization methods were
selected such as mechanical properties and morphology. Some spectroscopic methods and thermal analysis were added to detect
structural changes in the fibres exposed to the synthetic pore solution. If this study proves that waste fibres are resistant to the highly
alkaline environment of cementitious composites the most important requirement for their future use in reinforcement of cementitious
composites would be met.

Table 1
Exposure conditions testing alkaline resistance of synthetic fibres.

Type of Solution Exposure time References

fibres
Type pH value Temperature

Industrially produced fibres

AR GF, BF, NaOH pH~13.0 — 14.0 22 °C =+ 3°, 20, 40, 60, 80 & 100°C, from 2 h up to 4 months [5,6,12,16,18,

CF Cooked 21-29]
Ca(OH), pH=12.6 23 + 2°C, 20 and 45 °C, 80°C From 1 day up to 1 year [12,17,18,25,29,
30]

KOH pH 12.7 & 14.0 20, 45 °C & 80°C 1-180 days [12,17,25,29]
NaOH + KOH + Ca(OH), pH= 125 23°C 28, 90 and 180 days [12,16]

AR GF, BF Cement solution pH~ 13.0 - 14.0 23 + 2°C, 80°C From 6 h up to 4 months [5,21,31]

AR GF NaOH + KOH pH=13.50 50°C up to 180 days [32]

BF NH3 - 90 days [29]
NaySO4 pH=9.22 Room temperature 3-62 days [18,28]
NaOH+ NaySO4 pH=12.90 - 3-62 days [18,28]
NaOH and HCl 100°C 0,5-3h [27]
NaOH+ NaCl pH= - 3-62 days [18,28]

12.80-12.84

NaOH+NaCl+NaySO4 pH=13.35 - 3-62 days [18,28]

AR GF, BF Cement matrix - 20 + 3°C, 55 °C from 28 days up to 1 [9,10,33,34,35]

year
Waste fibres
RTPF NaOH + Ca(OH); +NaCl) 13.0 20, 40, 60 & 80°C 3 months [15]
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2. Materials and methods
2.1. Fibres

Alkali-resistant glass (AR-GF), basalt (BF), carbon (CF) waste fibres were obtained from the textile manufacturer Kelteks Ltd,
Karlovac, Croatia. The properties of these inorganic fibres as described in the technical data sheets [36-38] are listed in Table 2. The
AR-GF, BF and CF are coated with several nanometers thick sizing to protect the fibre surface and improve its interphase properties
[39]. According to the technical data sheets sizing of AR-GF and BF fibres is silane-based, while CF is protected by a
polyurethane-based sizing [36-38].

The recycled tyre polymer fibres (RTPF) were obtained from Gumiimpex - GRP Ltd, Varazdin, Croatia. As a consequence of tire
recycling process RTPF contains an unknown amount of fine rubber particles that cannot be completely removed. The fibre compo-
sition of RTPFs is known from previous studies [40]. RTPFs are short (average length of 8 mm) and exhibit high length variability, with
a coefficient of variability of 58%, Table 2.

The production waste fibres (AR-GF, BF, CF) were cut to a length of 50 mm, while the RTPF were used as received. The samples
were dried in an oven at 50 + 2 °C for 48 h and then cooled in a desiccator on anhydrous calcium oxide at room temperature for 5 h
[41].

All fibres used in this study belong to the category of microfibres (d < 0.3 mm) [42].

2.2. Synthetic pore solution

The synthetic pore solution used in this study was prepared based according to that used by Poursaee [20] and it consisted of 2.2
g/L Ca(OH),, 3.99 g/L NaOH, 16.83 g/L KOH, 0.34 g/L CaSO4 xH,0 dissolved in distilled water. The fibre samples were immersed for
a period of 90 days. The pH of the solution was monitored weekly using a laboratory pH meter with automatic sensor recognition, SI
Analytics, Lab 850. The pH fluctuated slightly, with an average value of pH = 13.62 + 0.33. To remove the soluble part of the pre-
cipitate, treated samples were heated in a steam bath at 40 °C for 1 h. The samples were removed from the steam bath, washed with
distilled water and drained on the filter paper and then dried in an oven at 50 + 2 °C for 48 h. After cooling to room temperature in a
desiccator on anhydrous calcium oxide, the mass (mgg) was determined.

2.3. Characterization methods

The fibre diameter was determined on 100 fibres per fibre type using the projection microscope method according to EN ISO
137:2015 [42].

The solubility of the fibres was determined as the total mass loss after exposure to the synthetic pore solution. It was expressed as
the percentage difference between the initial mass, mo and the mass of the washed and dried samples after 90 days of immersion, mgg.
Mass loss was calculated using the following equation:

Mass loss(%) = (w>x100 (€D)

m(}

where: my = dry mass before treatment (g), mgg = dry mass after 90 days of immersion, respectively (g).

The tensile strength and modulus of elasticity of production waste fibres were measured using Vibroscope & Vibrodyn 400, Lenzing
instruments, on 50 mm long specimens according to ISO 5079:2020 [43]. A single fibre was clamped with clamps having a gauge
length of 20 mm, subjected to a preload, and then stretched at a constant rate of 10 mm/min until it cracked. The breaking force and

Table 2

Properties of fibres before and after the exposure to synthetic pore solution.
Fibre type AR-GF BF CF RTPF
Before the treatment
Number of filaments (yarn)* 1500 1000 47,000 -
Density (g/cm®) * 2.68 2.67 1.77 0.96 - 1.16
Linear density (tex) * 1200 600 3200 -
Sizing (%, type) * 0.80 (aminosilane) > 0.40 (silane) 0.95-1.45 (PU) -
Diameter (um) 20.4 £ 2.4 172+ 2.1 7.1+1.0 18.0 + 5.1
Length (mm) 50 50 50 1,0 - 28,0
Tensile strength (MPa) 1849 + 72 2063 + 104 828 +£73 n/a
Modulus of elasticity (GPa) 61 +2.4 67 + 3.4 133 + 12 n/a
After the treatment
Solubility/Mass loss (%) 25 32 4.4 n/a
Diameter (um) 19.3 £5.5 17.0 + 2.0 7.1 +1.0 19.8 £5.8
Tensile strength (MPa) 481 + 78 134 +0 574 + 77 n/a
Modulus of elasticity (GPa) 39+6.3 n/a 115+ 15 n/a

*Data from technical data sheets given by producer
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breaking strain were recorded for 50 fibres of each type and for another 50 fibres after exposure to synthetic pore solution in order to
determine residual mechanical properties. Since RTPFs were shorter than the gauge length of the instrument, their tensile strength and
elastic modulus could not be determined.

The surface morphology of the fibres was studied by scanning electron microscopy (SEM) using Mira II LMU Tescan FE-SEM. Fibre
samples were evaporated and then coated with a chromium layer.

Attenuated total reflection Fourier transform infrared spectra (ATR-FTIR) were recorded using the Bruker Tensor II instrument with
diamond ATR in the frequency range 4000-400 cm ™. No sample preparation was required. Spectra were processed using Spectra-
gryph™ software.

Thermal analysis included thermogravimetric analysis (TG) of all fibre samples and differential scanning calorimetry (DSC) of
RTPF. TG was performed using a TGA 55 instrument, TA Instruments. Approximately 5 mg of a fibre sample was placed in a platinum
pan and equilibrated at 30 °C for 20 min prior to measurement. The mass change was recorded over a temperature range of
30-1000 °C at a rate of 10 °C per minute under a nitrogen atmosphere. DSC thermograms were recorded under nitrogen atmosphere
on a Pyris device Diamond Perkin Elmer DSC. About to 5 mg of a sample was weighted with a precision of 0.1 mg, placed in an
aluminium sample and crimped. Two heating and cooling cycles were performed under nitrogen atmosphere in the temperature range
between 50 °C and 300 °C at a rate of 20 °C/min. DSC thermograms of least two samples of untreated and treated RTPF were recorded.

3. Results and discussion

The 90 days of fibre exposure to a synthetic pore solution corresponds to the period in which most of the (undesirable) changes
occur in a real cement matrix. Before the exposure, the surface of the production waste fibres (AR-GF, BF, CF) was shiny with a
distinctive colour (Fig. 1). After the alkaline treatment, the texture changed, the colour faded, and there was no gloss. The most
noticeable changes occurred in BF, which became fragmented, consistent with observations from previous studies [18,28].

The RTPFs were initially of varying length, loose and contained rubber particles. Unlike the production waste fibres, the treated
RTPFs appeared to be purified, as some of the rubber particles were washed out.

Overall mass loss (Table 2) of BF greater than 30% indicates the highest solubility of all fibres studied. Similar results were obtained
by Afroz et al. [18], who treated both unsized and silane-sized BF in pure Ca(OH); solution for 62 days. The solubility of the studied
AR-GF was lower than that of BF but also significant, while Ramachandran et al. [24] found that the resistance of BF and AR-GF was
similar but in NaOH solution. The mass loss of CF was low and the lowest among all the production waste fibres studied. On the other
hand, mass loss is not a reliable indicator of the solubility of RTPF fibres because an unknown portion of initially present rubber
particles was washed out during the alkali treatment.

After synthetic pore solution treatment, the diameter of AR-GF and BF was marginally reduced, by less than 5% (Table 2), which is
consistent with the corrosion mechanism involving gel formation [21]. The diameter of CF remained unchanged while the diameter of
RTPF increased by 10%, indicating swelling of the organic polymer fibres (Table 2).

AR-GF BF CF RTPF

Before the treatment

1 cm

After the treatment

Fig. 1. Appearance of studied fibres before and after the alkali treatment.
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Fig. 2. SEM micrographies of the fibre surface, before (left column) and after the exposure to synthetic pore solution. Type of fibre and magni-
fication is indicated in the figure.

Initial tensile strength of BF was the highest of all untreated production waste fibres, while the highest modulus of elasticity was
that of untreated CF (Table 2) [44]. Exposure to synthetic pore solution resulted in a significant decrease in the average tensile strength
and modulus of elasticity of all production waste fibres. Fibre type affected the outcome and resulted in a decreasing order of the tensile
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Fig. 3. a) ATR-FTIR spectra of production waste fibres before (black lines) and after the alkali treatment (red lines): a) AR-GF; b) BF; c¢) CF.
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strength: CF, AR-GF, BF. While the tensile strength of CF decreased about 30%, that of AR-GF almost 75%, the tensile strength of the
treated BF decreased below the pretensioning force of 13.4 MPa, causing the fibres to break during prestressing and made it impossible
to determine BF’s elastic modulus. The elastic moduli of treated production waste fibres followed the same trend as the tensile strength.
Overall, the mechanical properties of CF were best preserved. As already mentioned, the mechanical properties of RTPF could not be
evaluated because the fibres were too short.

Previous studies [45,46] have shown that the surface morphology of fibers is in a part influenced by the nature of the protective
sizing. The individual "particles" on the surface of untreated production waste fibers revealed in SEM micrographies (Fig. 2, left
column) are likely due to non-uniform coating of the sizing [30,44]. The surface of untreated AR-GF and BF was smooth, while grooves
were visible on the surface of untreated CF. These grooves are intentionally created, to increase friction at the fibre/matrix interface
and improve load transfer in fibre-reinforced composites [45].

SEM micrographs of alkali-treated production waste fibers (AR-GF, BF, CF) showed varying degrees of sizing decomposition and
precipitate formation. According to Wang et al. [21], a crucial step in the silicate fibers (BF and AR-GF) corrosion is an attack of
hydroxyl ion (OH’) and breaking of the Si-O-Si bond, which causes the silicates to migrate into the solution. The greatest damage,
including pitting, was observed on the surface of the basalt fibers that are slightly less dense than AR-GF [27]. Such changes have
already been observed by other researchers [18]. In addition, the largest amount of precipitate formed on the surface of BF.

The untreated RTPF (Fig. 2, bottom left) contained significant quantities of rubber particles. Fibre surface was rough and localized
damage was visible, most likely caused by the mechanical recycling process of scrap tires. On the fiber surface of alkali treated RTPF
additional cracks were observed on the fiber surface and there were almost no rubber particles present (Fig. 2 bottom, middle and
right).

ATR-FTIR spectra (Fig. 3) of untreated production waste fibres appear to be relatively featureless apart from a broad silicate ab-
sorption with a maximum at about 900 cm ™' in AR-GF and BF. Closer examination of the spectra of AR-GF and BF revealed very weak
absorptions of amino groups between 1600 and 1500 cm . These absorptions suggest that the sizing may be an organic amino-silane.
Polyurethane absorptions of the proposed CF sizing were not observed.

Two additional strong maxima were observed in the spectra of all the treated production waste fibres (AR-GF, BF and CF): a broad
oneat1420 cm 'anda sharp one at 870 cm L. These two maxima are characteristic of carbonate ions and indicate that the precipitate

RTPF
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Fig. 4. RTPF fibres before (black lines) and after the alkali treatment (red lines); a) ATR-FTIR spectra recorded on a several locations, b) DSC
cooling thermograms of 2 samples of untreated (black lines) and 2 samples of treated RTPF (red lines).
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deposited on the fibre surface is calcium carbonate [47]. Carbonate ions form when carbon dioxide is dissolved in an alkaline solution
that has been in contact with air. Since calcium carbonate is poorly soluble in alkaline solutions, it deposited on the fibre surface. The
formation of the deposits was independent of the chemical nature of the fibre or the sizing, so the same spectral maxima were recorded
for all inorganic fibres.

The ATR-FTIR spectra (Fig. 4a) reveal that the fibres of RTPF are constituted of polyester and polyamide. Characteristic polyester
absorptions include a broad carbonyl stretching peak at 1710 cm™?, a peak at 1100 cm ™! caused by the ester bond stretching, and a
maximum at 720 cm ™! originating from the out-of-plane bending of the terephthalic monomer benzene ring [48]. The absorption of
amide I at about 1640 cm ™! and amide II at about 1550 cm ™! peaks are typical polyamide absorptions. In the spectrum of the treated
RTPF, the intensities of all maxima are slightly higher because most of the rubber particles have been washed out. The main change is a
relative increase in the intensity of the maximum at 720 cm™! compared to other polyester absorptions at 1710 cm™! and at
1100 em ™. This change is likely caused by the partial alkaline hydrolysis of the ester bonds as the first step in the decomposition
polyester fibres [48]. The relative intensities of the polyamide absorptions remained the same, indicating that the polyamide fibres of
the RTPF were not affected by the synthetic pore solution. Carbonate maxima at 870 cm ™! and at 1420 cm™ are also present in the
spectra of the treated RTPF, confirming that some calcium carbonate precipitated on RTPF, likewise.

To confirm the FTIR findings that the polyester in treated RTPF only partial decomposes, differential scanning calorimetry (DSC)
measurements were performed. An advantage of DSC is that, if an upper limit of the temperature range is below decomposition
temperature, both melting and crystallization of thermoplastic polymers can be monitored. Since polyamides and polyesters such as
PET and PBT are thermoplastic, DSC thermograms are useful in distinguishing the effects of synthetic pore solution treatment on each
of the polymers constituting the RTPF. While the melting temperatures of polyesters and PA partially overlap, the crystallization
temperatures are separated. In the DSC thermograms recorded during cooling (Fig. 4b). PA crystallizes at higher temperature, 235 °C
while lower temperature crystallization peak consists of two partially merged minima. This is a consequence of the fact that PET and
PBT are chemically and structurally similar and therefore crystallize at very similar temperatures, between 190 and 205 °C. Degra-
dation increases the distribution of polymer chain size, which contributes to the broadening of the DSC peaks and the appearance of
shoulders. As can be seen from the red thermograms of the treated RTPF (Fig. 4b), only the peak of polyester crystallization at lower
temperature was affected, while the crystallization peak of PA was as sharp as in the untreated RTPF. The peak areas are proportional
to the enthalpy of crystallization and the relative amount of a particular polymer in a mixture. Partial alkaline hydrolysis of the
polyester component resulted in a relative decrease in polyester peak area and a relative increase in PA peak area, confirming the FTIR
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results. The transformation of calcium carbonate precipitates is at the temperatures well above the temperature range appropriate for
polymer fibre analysis.

The thermal stability of the production waste fibres up to 1000 °C, as determined by thermogravimetry (TG), was very high (Fig. 5,
a, b, ¢). The total mass losses of the untreated AR-GF and BF fibres were less than 3%, which corresponds to the amount of sizing
reported in the technical data sheets. Indeed, the differential thermograms (dTG) of all the untreated production waste fibres reveal a
peak mass loss at about 260 °C, which corresponds to the decomposition of the silane-based sizing [16]. In the case of the untreated CF,
the mass loss was slightly higher (below 5%) up to 1000 °C, indicating that a larger amount of sizing was applied. However, in the dTG
thermograms of CF there is no peak at about 400 °C that would confirm that it was coated with polyurethane. Instead, there is a peak in
mass loss at about 260 °C as in dTG thermograms of AR-GF and BF. Thus, it appears that CF was also sized with amino-silane despite of
manufacturer’s claims. In the thermograms of BF, a very small mass increase was observed at temperatures above 600 °C, which is
known to be due to reactions of the fibres with the nitrogen atmosphere [49]. The overall mass decrease of AR-GF and BF treated with
synthetic pore solution up to 1000 °C was approximately the same as that of the corresponding untreated fibres. In the differential
thermograms of the treated AR-GF and BF, there was no peak at 260 °C, confirming that the sizing was dissolved. In the dTG ther-
mograms of the treated CF there was still a smaller peak corresponding to traces of sizing, probably because more sizing had been
initially applied. In the thermograms of all treated production waste fibres, there was a new mass loss at higher temperature, between
600 and 800 °C. Since CaCO3 decomposes in this temperature range [50], the new mass loss is apparently due to the decomposition of
calcium precipitates formed on the fibre surface. Overall, the treated production waste fibres appear to be as stable below 1000 °C as
the untreated fibres.

Since RTPF is mainly composed of organic polymers, about 88% of its total mass decomposed in the temperature range below
500 °C (Fig. 5d). Thermal decomposition of PET and PA 66 constituents of RTPF are seen as dTG peaks at about 400 °C, and when more
PBT was present, a shoulder appeared at 340 °C. The thermal stability of treated RTPF was the same as that of untreated. There is no
mass loss in thermograms of treated RTPF that could be attributed to the decomposition of CaCOs. Since the mass loss of RTPF is about
two orders of magnitude greater than that of production waste fibres, the decomposition of the precipitate is too insignificant to be
observed. The differences in the final residual mass of the untreated and treated RTPF are due to various amounts of impurities present.

The fibres can provide their function in cementitious composites only if mechanical properties are preserved enough. Sizing seems
to contribute a lot to the average tensile strength of a fibre, for example Yang and Thomason found that in case of E — glass fibre it was
between 40% and 80% [51]. Thus, reduction of tensile strength of AR-GF and BF fibres after exposure to a synthetic pore solution can
be partially explained by the loss of sizing. However, the change in mechanical properties of studied fibres was found to be primarily
dependent on fibre composition. Particularly noticeable was the deterioration of initially toughest fibre, BF. The complete degradation
of the sizing of AR-GF and BF fully exposed their surface defects. According to Scheffler et al. [5] it leads to stress concentration at the
tip of the cracks and then corrosion progresses to pitting and failure at reduced stress levels. Such a detrimental decomposition
mechanism occurred particularly in BF that became severely corroded and difficult to handle and test. SEM micrographies revealed
pitting therefore such morphology changes are a good indicator of significant corrosion. Although both AR-GF and BF are chemically
similar, composed of SiO5 and Al;03, AR-GF retained about a quarter of its initial tensile strength. The backbone of glass fibres is
denser than that of basalt ones [27], and a Zr,0 layer acts as a barrier that further reduces the corrosion rate so that the breaking of the
Si-O-Si network under the attack of hydroxyl ions is slower. The high carbon content (over 90%) and an amorphous structure of CF,
give these fibres both high tensile strength and excellent chemical resistance [12,52] that depended much less on the stability of sizing.
A slight deterioration of the mechanical properties is likely a consequence of the accumulation of calcium precipitates on the fibre
surface.

Assessment of the alkaline resistance of short fibres like RTPF posed a new set of problems because mechanical measurements could
not be performed and impurity washout in the synthetic pore solution made mass loss an inappropriate method to determine solubility.
Therefore, predictions of RTPF behaviour in cementitious composites had to be made based on the results of the methods such as FTIR
and DSC. The results showed that alkaline hydrolysis occurred only partially and affected only the polyester part of the RTPF while
polyamide fibres were stable. It is consistent with SEM findings that the number of defects increased just slightly. Thus, it can be
proposed that RTPF are also resistant enough to at least prevent early age cracking of cementitious composites.

4. Conclusions

The resistance of production waste fibres to a synthetic pore solution as a model for a cementitious environment was similar to that
of regular industrial fibres of corresponding chemical composition. Carbon fibres (CF) were the most stable to 90 days of alkaline
exposure while basalt fibres (BF) were the least stable and completely lost their otherwise very high tensile strength. Sizing, the
protective layer, contributed to the stability of the alkali-resistant glass (AR-GF). Nevertheless, the resistance of all production waste
fibres appears to be sufficient to restrain crack development and early age deformation of cementitious composite, thus preserving at
least one of the functions of the fibres in the cement matrix.

Residual mechanical properties and preserved morphology are the best predictors of fibre behaviour in a cement composite. The
RTPF were too short for mechanical measurements, but other methods revealed only partial and limited alkaline hydrolysis. Thus, it
can be predicted that the durability of RTPF is at least as good as that of AR-GF, suggesting that they can also be used to at least limit
early age volume deformation.

The differences in composition and properties between production waste fibres and RTPF highlight the difficulty of establishing
standardized testing protocols. These protocols should include established physical and chemical methods that can be used to evaluate
the relevant properties of various waste fibre types. In this way, the circular economy would be promoted.
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Further research should focus on correlating the results of accelerated test methods with the actual rate of degradation of fibres in
cementitious composites. Therefore, standardisation of test methods, model solutions, and conditions for accelerated ageing of textile
fibres would facilitate these correlations.
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