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Abstract

The incorporation of recycled tyre polymer fibres (RTPF) in cementitious composites
provides an effective and sustainable approach in tyre waste management while offering
potential benefits in mitigating early-age volume deformations. This study evaluates the
influence of RTPFs, used in dry (RTPF,) and pre-wetted (RTPF,,) states, on key hydration
processes governing autogenous shrinkage in cement pastes with w/c of 0.4 and 0.22. The
results show that RTPF reduced workability and altered the setting process due to the
fibre-matrix mechanical interactions. Incorporation of RTPFs induced changes in water
distribution at the fibre surface, delaying self-desiccation and maintaining higher internal
relative humidity. While RTPFs offer a beneficial reduction in autogenous shrinkage by
12-41% in mixtures with w/c of 0.4 and by 15-34% in mixtures with w/c of 0.22, RTPFs
also increased porosity, which contributed to a reduction in 28-day compressive strength of
up to 16%. These findings highlight the dual effect of RTPF on early-age performance and
provide insight into their potential application in sustainable cementitious composites.

Keywords: recycled tyre polymer fibre; hydration kinetics; self-desiccation; autogenous
shrinkage

1. Introduction

The increasing annual demand for automotive tyres has resulted in a continuous rise in
end-of-life tyres (ELTs), raising environmental concerns regarding landfilling, flammability,
contaminant leaching and pest infestation. In response, the European Union has prohibited
the landfilling of whole and shredded tyres and restricted their use as industrial fuel [1,2],
promoting material recovery as the preferred option. Croatia has implemented similar
measures through the Waste Management Act and Extended Producer Responsibility (EPR)
schemes, ensuring high collection and recycling rates. Although various recycling methods
exist, mechanical recycling currently dominates the global tyre recycling market due to
its cost-effectiveness and relatively low environmental impact [3,4]. This process typically
yields 75-80% rubber, 10-15% steel, and about 10% polymer fibres. While crumb rubber
and steel have established secondary material use streams, the recovery and utilisation
of recycled tyre polymer fibres remain limited, despite their potential to partially replace
virgin synthetic fibres in cementitious composites.

Recycled tyre polymer fibres (RTPF) consist mainly of polyester and polyamide [5,6].
Detailed analysis in [7,8] showed that these fibres comprise 60% polyethylene terephthalate
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(PET), 25% polyamide 66 (PA66), and 15% polybutadiene terephthalate (PBT). Residual
rubber particles, dust, and trace compounds such as zinc oxide and accelerators may remain
attached to the fibre surface and can interact with the alkaline pore solution, potentially
influencing hydration reactions and pore solution chemistry [9-11]. In addition to the type
of polymer, RTPFs are also considered hybrid due to their geometric characteristics. RTPFs
generally fall within the microfibre range, with diameters between 8 and 38 um and lengths
below 12 mm, although recycling introduces significant geometrical and compositional
variability [7,12,13]. Previous studies have reported tensile strengths of 475-760 MPa and
elastic moduli of around 3—4 GPa for RTPFs [13,14], indicating that, despite their recycled
nature, these fibres can provide a meaningful contribution.

RTPF have been successfully incorporated into various cementitious matrices, where
their addition typically results in a moderate reduction in workability, an increase in
entrapped air, and changes in fresh density [15,16]. Reported effects on compressive
strength are less consistent; many studies indicate no statistically significant reduction at
moderate dosages, while others highlight strength losses associated with increased porosity
and a weaker fibre-matrix interfacial transition zone (ITZ) [13,14,17]. Several authors
showed that RTPFs can reduce autogenous and early-age shrinkage, attributing this either
to their potential as water reservoirs where RTPFs may retain a small amount of moisture
within fibre bundles or on the fibre surface [15,16], or to the hydrophobic nature of the
fibres, which promotes gradual release of retained liquid [13]. However, the underlying
mechanisms remain only partially understood.

The effects are fundamentally linked to the evolution of pore structure and internal
moisture transport, particularly in low w/c systems. Pore structure develops as hydration
products progressively fill the space originally occupied by water and unhydrated cement,
leaving capillary pores whose size and connectivity depend mainly on w/c and the degree
of hydration [18]. In low w/c systems, limited internal water leads to rapid self-desiccation
and reduced internal relative humidity associated with autogenous shrinkage [19-21], while
superplasticizers—necessary to achieve workability at low w/c—further modify hydration
and pore refinement, often intensifying early-age moisture loss [22-25]. In this context,
polymer fibres can locally influence hydration and microstructural development through
changes in packing density, bleeding channels along the fibre surface, and nucleation and
growth of hydration products [26-32].

The influence of polymer fibres on hydration and microstructure has been widely
studied for commercial fibres such as PP, PVA, PET, and PE, showing that their ge-
ometry, stiffness and surface chemistry control ITZ porosity, bond quality, and pore
structure [28,29,33,34]. Hydrophilic fibres like PVA can promote local densification of
the ITZ and refine pore structure, whereas hydrophobic fibres such as PP and PET often
result in more porous interfacial regions, larger voids and reduced bond strength [35-38].
Both natural and synthetic fibres may also affect hydration kinetics through water absorp-
tion or desorption, ion complexation, or heterogeneous nucleation, thereby influencing
early-age deformations and shrinkage [33,39-41].

In contrast, the specific role of RTPFs in hydration behaviour, internal relative humidity
(IRH) evolution, pore morphology and autogenous shrinkage in high-performance systems
remains insufficiently studied, mostly due to their heterogeneous composition, residual sur-
face coatings, and contaminants. Most existing studies on RTPF in cementitious composites
focus on mechanical performance, crack control, and overall shrinkage behaviour, while
providing limited information on the underlying hydration processes and microstructural
changes. In particular, there is a lack of systematic data on how the moisture condition
of RTPFs (dry and pre-wetted) and the use of different w/c ratios affect heat evolution,
degree of hydration, internal relative humidity, and pore size distribution. Furthermore,
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the relationship between RTPF-induced changes in porosity and the concurrent reduction
in autogenous shrinkage and compressive strength has not yet been quantified consistently.

This study therefore aims to assess the role of recycled tyre polymer fibres (RTPFs)
in the key hydration processes governing autogenous shrinkage in cement pastes with
two w/c ratios of 0.40 and 0.22. Cleaned RTPFs were incorporated at a constant volume
fraction of 1.1% of the cement paste volume in both dry and pre-wetted conditions. Effects
on hydration are evaluated by testing isothermal calorimetry, internal relative humidity,
and autogenous shrinkage, while microstructural development is characterised by mercury
intrusion porosimetry, scanning electron microscopy, and compressive strength. The
results are used to clarify the mechanisms by which RTPFs influence early-age behaviour,
with particular emphasis on water redistribution, self-desiccation, and the interrelation of
shrinkage mitigation and strength reduction.

2. Materials and Methods
2.1. Materials

The materials used were ordinary Portland cement CEM I 52.5 N (Nexe d.d., Nasice,
Croatia), distilled water, recycled tyre polymer fibres (Gumiimpex GRP Ltd., Varazdin,
Croatia), and polycarboxylate ether (PCE) superplasticizer (MasterGlenium ACE430 (BASF
SE, Ludwigshafen, Germany)). All materials were stored for 24 h in the laboratory at a
temperature of 20 £ 2 °C. The RTPF used in this study is obtained from the recycling of
waste tyres by the local Croatian company Gumiimpex-GRP Ltd. The recycling process
involved mechanical shredding, resulting in the recovery of rubber, steel, and polymer
fibres. In this way, the RTPF also contains small rubber particles and dust. This initial
state of the fibres is referred to ‘as received’. The cleaned RTPF that was used in this study
was prepared following the cleaning process described in [7], which includes vibrating
sieves where a controlled air stream separates the materials by density: heavier particles
(rubber and dust) settle at the bottom, while the lighter RTPFs remain in the upper part of
the device. Figure 1 shows the difference in RTPF as received (left) and after the cleaning
process (right).

(@) (b)
Figure 1. Visual appearance of the RTPF: (a) as received and (b) cleaned.
The average length of the RTPF was 8 mm and the average diameter was 18 pm,
Figure 2, yielding an aspect ratio of 444. Given that these fibres are recycled materials, the
variability in geometric properties is substantial, with coefficient of variation of 58% for

length and 28.4% for diameter. Additional information regarding the characteristics of the
RTPF used can be found in [8].
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Figure 2. SEM micrographs of cleaned RTPF.

2.2. Material Characterisation

The chemical composition of the cement was determined by X-ray fluorescence (XRF)
and loss on ignition (LOI), as presented in Table 1. Based on these values, the mineral
composition of the cement was calculated using Bogue’s equations. The values obtained
are 67.97, 6.51, 9.00, and 7.51 for C35, C,S, C3A, and C4AF, respectively. XRD diffractogram
is shown in Figure 3, while the Blaine method (ASTM C204 [42]) determined a specific
surface area (fineness) of 2670.46 cm?/ g for the cement used.

Table 1. XRF analysis results of CEM I 52.5 N.

Mass %
Pz 05 NaZO Kzo CaO MgO Alz 03 TiOz Fez 03 SiOz Mn02 803 LOI
0.16 0.30 0.86 64.50 1.20 4.97 0.10 247 20.03 0.08 1.89 3.40
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Figure 3. XRD diffractogram of cement CEM I152.5 N.

Two distinct fibre conditions were used in this study: RTPF4 which refers to cleaned
fibres stored under laboratory conditions, indicating a dry condition, and RTPF,,, indi-
cating clean fibres pre-wetted in water for 24 h before use. To assess how fibre moisture
conditions influence fibre-matrix interactions and early-age behaviour, both fibre states
were characterised in terms of surface wettability and water retention.

The wetting contact angle was determined with the OCA 20 goniometer (DataPhysiscs,
Filderstadt, Germany) using distilled water while the water retention value (WRV) was
determined according to the ASTM D2402-07:2018 [43] and DIN 53814:1961. The wetting
contact angle for RTPFy was 179.74 &+ 0.11. For RTPF,, the wetting contact angle was
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134.87 £ 9.46, reflecting a 24.97% lower value relative to RTPF4, indicating an increase in
the hydrophilicity of the fibres following 24 h of water exposure. A high contact angle
value indicates a strong hydrophobicity of the material, as illustrated in Figure 4.

(a) (b)
Figure 4. Wetting contact angle test for (a) RTPF4 and (b) RTPF,,.

The water retention value (WRV) was determined according to the ASTM D2402 [43].
The value obtained for RTPF4 was 0.36 & 0.05%, while the value for RTPF,, was slightly
higher, at 0.56 &= 0.06%. Since the WRV method quantifies the amount of water that remains
bound to the fibre despite mechanical efforts—spinning at 3000 rpm for 20 min—it is
obvious that RTPFs tend to retain water on their surfaces rather than absorbing it. These
results are consistent with the known characteristics of polymer fibres.

2.3. Methodology and Mix Design

A methodology was developed to account for different moisture conditions that the
fibres may exhibit prior to mixing in cement composites. Eight mixtures were prepared:
MO/U0 were reference mixtures without RTPF, while M1/U1 containing RTPF4, M2/U2,
and M3/U3 incorporated RTPF,, (Table 2). The M mixtures had a w/c of 0.4, while U
mixtures had 0.22. The w/c ratios were selected to represent different hydration regimes,
with w/c = 0.40 exhibiting moderate self-desiccation and w/c = 0.22 experiencing severe
internal moisture deficiency and high autogenous shrinkage.

Table 2. Mixture designation, fibre condition, and w/c ratios.

ID RTPF wlc
MO0/U0 - 0.40/0.22
M1/U1 RTPE4 0.40/0.22
M2/02 RTPF,y, 0.40/0.22
M3/U3 RTPFEy, 0.42/0.24

To ensure consistent RTPF content across mixtures with different w/c, the dosage was
determined on a volumetric basis. Although the w/c ratio is expressed as a mass ratio, all
mixture components were normalised to the same total volume. The combined volume of
cement and water was then used as the reference volume for calculating the RTPF quantity,
so that the mass of RTPF corresponded to 1.1% of this volume. This approach ensured an
equivalent volumetric proportion of RTPF regardless of the mixture composition. For U
mixtures, a superplasticizer was required to maintain workability, with a usage level of
1.45% by mass of cement.

The difference between M2/U2 and M3/U3 mixtures lies in how the RTPF was pre-
wetted. In M2/U2, RTPF was pre-wetted using the mixing water itself, whereas in M3/U3,
it was pre-wetted using additional water before being added to the mix, which resulted in
a higher water-to-cement ratio.
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All mixtures were prepared within a total mixing time of 9 min. First, water was
mixed with RTPF, and superplasticizer for U mixtures, for 1 min at a lower spinning rate.
Next, cement was added and mixed for 2 min at a lower spinning rate and 2 min at the
higher spinning rate. A 2 min break was taken, followed by 2 min mixing at the higher
spinning rate.

2.4. Methods

The consistency of cement paste was determined by using a flow table in accordance
with EN 1015-3 [44], while the setting time was measured with an automatic Vicat apparatus
according to EN 196-3 [45]. The relative humidity was monitored using the HC2-AW-USB
measuring station (Rotronic Instrument Corp, Hauppauge, NY, USA). The cement paste
was cast in small cylindrical moulds (®/h = 45/40 mm) inside the measuring station,
closed with sensor and mechanically sealed in controlled laboratory conditions (20 4= 2 °C
and 60% RH), while the measurement was performed with a time step of five minutes
within a duration of seven days. Two samples were tested for each mixture, and the data
were averaged. A comparable experimental setting was used in previously published
literature [46].

Isothermal calorimetry experiments were conducted using a TAM Air calorimeter
(TA Instruments, New Castle, DE, USA), wherein about 10 g of externally mixed cement
paste was filled within 20 mL glass ampoules. The heat flow was recorded for 168 h at
20 £ 2 °C. The acquired data was also used to determine setting time, whereby the initial
setting time (IST) is identified when the first derivative curve reaches its maximum value,
and the final setting time (FST) is determined when the value approaches zero [47,48]. The
differences between the setting times determined using the Vicat apparatus and isothermal
calorimetry are primarily due to the methodology where the Vicat method focuses on the
physical setting point, whereas isothermal calorimetry measures change in heat as a result
of chemical reactions. It is assumed that these methods complement each other and provide
a more comprehensive understanding of the setting of the cement paste.

The isothermal calorimetry data was further used to determine degree of hydration
using Equation (1), where labels have the following meaning: « is the degree of hydration,
Q¢ is the cumulative heat in time t, and Q. is the total cumulative heat determined using
Equation (2), in which the share for mineral composition, w (%), is determined with Bogue’s
equations, and heat values H (J/g) are determined as shown in [49].

=5 )
Qu = C3S(H-w) + CS(H-w) + C3A(H-w) + C4AF(H-w) )

Mercury intrusion porosimetry (MIP) was conducted using an AutoPore IV 9500
(Micromeritics, Norcross, GA, USA). The maximum applied pressure reached 206 mPa,
allowing the detection of pore sizes as small as 5 nm. Hydration of the samples was stopped
via immersion in isopropanol for 7 days, followed by vacuum drying for another 7 days.
For testing, two specimens were fractured into smaller pieces, approximately 2.5 g each,
and were sourced from the central region of the original sample.

The autogenous shrinkage of the paste mixtures was determined according to ASTM
C1698 [50] using the sealed corrugated tubes in controlled laboratory conditions (20 £ 2 °C
and 60% RH), and not subjected to external forces, from the time of final setting. The tests
were carried out for seven days on three samples and the mean value is given.

Compressive strength was tested according to EN 1015-11 [51], and the tests were
carried out at the age of 1, 3, 7, and 28 days for three samples at each age, and the mean
value with the standard deviation is given.
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Microstructure was examined using a scanning electron microscope (SEM, JEOL JSM
IT500 LV, JEOL Ltd. Tokyo, Japan). The SEM analyses were performed in low-vacuum with
a chamber pressure of 40-45 Pa, and an accelerating voltage of 15 kV. Polished cross-section
of the samples was prepared to perform analyses.

A summary of all experimental procedures, including standards, specimen geometry,
and number of tested samples, is provided in Table 3.

Table 3. Summary of experimental procedures.

Test Standard Specimen No. of Samples
Consistency EN 1015-3 [44] - 1
Setting time EN 196-3 [45] @ /h = 60-70/40 mm 2
Relative Humidity - ®/h =45/40 mm 2
Isothermal calorimetry - glass ampoules 8
Mercury intrusion porosimetry - ~25¢g 2
Autogenous shrinkage ASTM C1698 [50] ®/h =29/420 mm 3
Compressive strength EN 1015-11 [51] 40/40/160 mm 3
Scanning electron microscope - @ =25mm 1

Consistency (mm)

300

250

200

150

100

3. Results
3.1. Workability

Figure 5 shows the influence of RTPF on workability, expressed in terms of consistency.
The most significant difference was observed in M2 (—18%), followed by M1 (—16%) and
M3 (—10%) compared to the reference M0. A similar trend was observed, to a greater
extent, for the U2 (—32%), followed by the U1 (—25%) and the U3 (—12%) in comparison to
the reference UO.

300 | mmmme———t————— o ——————
1—12 %
— -25%
S P S = £ 250 —-32 %
“10%  |-16% 1—18% s
v =
£ 200
2
o
O
150
100
M3 M1 M2 uo U3 U1 U2

MO

(a) (b)

Figure 5. Workability expressed by consistency for (a) M and (b) U mixture. The values of the total
water content in the mixtures decrease from left to right.

All mixtures containing RTPFs exhibited lower consistency compared to the reference
mixtures, regardless of the fibre condition. This trend demonstrates the greater influence
of the fibres as elongated obstacles on workability as previously described for polymer
fibres [37]. It is further shown that even the additional water in the M3 and U3 did not
help achieve the level of consistency of the reference M0 and UO. The results align with the
study conducted by Chen et al. [14], which demonstrated that RTPF pre-wetted in mixing
water resulted in mixtures with reduced consistency compared to those with dry RTPFE.
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3.2. Setting Time

The influence of the RTPF on the setting time is shown in Table 4. In M mixtures,
the RTPF influence is mainly in the form of a physical barrier to movement and network
formation which leads to a faster initial setting time of the M1 (—18%) and M2 (—15%)
compared to the reference M0. In M3, the additional water maintains the overall water
balance, but the fibres stiffen the matrix and act as nucleation sites, slightly accelerating
internal network formation and shortening the initial setting time (—7%), which is still
accelerated compared to M0. Based on the results, the influence of the RTPFs on the initial
setting time of M mixtures was largely physical. Only minor differences were caused by
the different RTPF pre-treatments. The differences determined by isothermal calorimetry
are less obvious, and are less than 2% for all the mixtures, as the RTPFs did not have a
significant effect on chemical reactions. The trend in the initial setting is also followed with
the final setting time.

Table 4. Setting time for M and U mixtures.

Method MO0 M1 M2 M3 Uo U1 U2 U3
Vicat IST (min) 332.1 271.7 283.6 309.2 247.7 132.6 1525 187.6
apparatus  FST (min) 453.1 380.6 368.3 4343 3235 281.4 226.6 344.7
Isothermal  IST (min) 283.2 280.6 282.0 288.2 435.9 427.8 4182 505.0
Calorimetry  FST (min) 593.2 584.3 589.8 607.7 742.6 733.5 728.1 843.3

IST—Initial setting time; FST—Final setting time.

For U mixtures, the trend of physical influence that can be observed with the Vicat
apparatus remains, only to a greater extent, showing the faster initial setting for U1 (—46%),
U2 (—38%), and U3 (—24%) compared to the reference UQ. A difference is now visible with
final setting time which is accelerated for Ul (—13%) and U2 (—30%), but for U3 mixture
(+7%), the additional water resulted in a change in the trend due to the higher water
scarcity in the system. The differences for reference and mixtures with RTPFs measured
with isothermal calorimetry differ only up to 5%. Nevertheless, the differences in setting
time of U mixtures determined with these two methods are attributed to the water scarcity
and the use of PCE superplasticizer, which has a retarding effect on the hydration process
and is visible with isothermal calorimetry [23].

3.3. Heat of Hydration and Degree of Hydration

The results of the heat flow measurement indicate that the M mixtures with higher
w/c exhibit lower and broader main peaks in contrast to the U mixtures with lower w/c, as
shown in Figure 6. The findings are consistent with earlier studies [47,52], which indicate
that an increased w/c leads to a greater dilution of cement in the solution, resulting in a
lower hydration rate and reduced heat generation during the early stages of hydration.
Furthermore, reduced water availability accelerates the hydration reaction, leading to
increased initial heat generation due to the proximity of cement particles and the increased
intensity of the reaction [53].

In M mixtures, RTPF pre-treatment had little influence on the acceleration period.
Nevertheless, it did result in a distinct enhancement of heat flow peak, indicating that
more material is involved in generation of hydration heat, which was evidently linked to
the availability of water for hydration. A similar result was observed for the M1 and M2,
both of which contained the same quantity of water. The heat flow results demonstrate
that, compared to the reference M0, RTPF retains a certain volume of water, leading to
lower water content in M1 and M2. Conversely, incorporating RTPF,, into M3 resulted in
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influence water consumption.
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Figure 6. Heat flow and cumulative heat for (a,b) M and (c¢,d) U mixtures.

The influence of RTPFs was particularly noticeable in U mixtures with lower relative
humidity. It was observed that RTPFs altered the acceleration phase. The peak values
were significant, with the maximum values recorded for Ul and U2 exceeding that of the
reference mixture U0 by 10.45% and 6.45%, respectively. In the U3, the deceleration effect
was detected. In particular, the peak heat flow in the U3 mixture was delayed by 1.72 h
compared to the reference U0. Cumulative heat measurements also revealed a significant
increase for the U3 after 24 h, and this increase continued after 48 h.

The degree of hydration was determined during the initial hydration phase and
followed for 6, 24, 48, and 168 h, as shown in Figure 7. The results showed that the degree
of hydration (DoH) was initially slightly lower for the mixtures with RTPF, with a greater
extent for U than M mixtures. The effects in U mixtures were more pronounced due to
the lower w/c ratio and the retarding influence of the superplasticizer. Further hydration,
until 168 h, lead to an equalisation of the DoH values for M mixtures, while for the U
mixtures, Ul and U2 still showed 3% lower values while U3 showed a 6% increase in value,
compared to reference mixture without fibres.
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Figure 7. Degree of hydration for (a) M and (b) U mixtures.

3.4. Pore Morphology

The first derivative of the cumulative pore volume curves is presented in Figure 8,
while the porosity of the mixtures over time is summarised in Table 5. The results confirm
that pore volume reduced over time and that lowering the w/c ratio from 0.4 to 0.22 reduces
porosity as expected, since a lower w/c ratio leads to a denser microstructure [54].

An exception to this behaviour was observed with the M1 mixture, despite a greater
number of repeated examinations, where porosity increased after 3 days of hydration
compared to after 1 day, followed by a decrease after 7 days. This change was accompanied
by an increase in the critical pore entry radius, which increased from 40.32 nm on day 1 to
50.42 nm on day 3, and decreased to 40.32 nm after 7 days. The deviation from the trend
was assigned to inaccessible porosity, i.e., pore refinement and enclosure by facilitating the
deposition of hydration products on their surface and an increase in the proportion of tiny
pores or ink-bottle pores that are inaccessible to mercury [55]. It is important to note that
MIP technique detects connected pores accessible to mercury under pressure, potentially
overlooking isolated or disconnected pores.

For both M and U mixtures, noticeable differences in the influence of RTPFs on porosity
are observed within the pore range of <100 nm, depending on the condition of the fibres, as
seen in Figure 9. The peak values shift toward larger diameters, while in U mixtures, the
peaks also reflect an increase in mercury intrusion quantity. For pores larger than 100 nm,
there is a consistent increase in volume relative to the reference mixture, with this effect
being more pronounced in M mixtures. The difference was more pronounced for mixtures
with RTPEy in comparison to RTPF,,. This trend is also reflected in the increase in total
porosity, as shown in, Table 5.

Table 5. Total porosity of the M and U mixtures.

Porosity (%) 1 Day 3 Days 7 Days
MO 26.26 21.53 18.51
M1 21.15 28.82 21.79
M2 23.56 20.12 20.14
M3 26.51 24.74 21.53
U0 13.24 11.09 9.92
Ul 14.03 11.89 10.87
U2 13.45 13.17 13.67

U3 14.38 12.38 11.82
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Figure 8. First derivative of the cumulative pore volume results for (a) M and (b) U mixtures.
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3.5. Change in Internal Relative Humidity

Figure 10 illustrates the impact of RTPFs on the relative humidity of cement paste.
The graphs show the values for internal relative humidity and first derivative determining
the rate change in RH in time. The relative humidity change for the duration of test was
less than 10% for the M mixtures and 20% for the U mixtures, indicating greater self-
desiccation. Namely, the water content decrease was reflected in reduced water availability
for hydration, resulting in desaturation of the finer pores and thus reduced RH [53].
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Figure 10. Autogenous shrinkage and internal relative humidity with first derivative in time for (a) M
and (b) U mixture.

The M mixtures exhibited no substantial variations in relative humidity are attributable
to the incorporation of fibres within the observed timeframe. During the testing period,
the high RH in the cement paste indicates sufficient water content and the presence of the
RTPF did not disturb the process.

Moisture variations in internal RH for U mixtures from 12 to 24 h, as indicated by
dRH/dt curves, are directly associated with the faster ongoing hydration process. Despite
observable moisture loss, mixtures with RTPFs exhibited higher internal RH compared to
the reference UQ. The results indicate that RTPFs slowed the process of water consumption
and resulted in a higher RH of the paste of approximately 6% at the end of the test period,
compared to the reference mixture UOQ.

Although the changes are small, the fibres tend to change the water content at the
micro level, i.e., along the fibre surface, which reduces water loss and ultimately leads to
higher RH. In U3 mixtures, higher internal humidity was sustained relative to other U
mixtures, particularly UQ, due to the additional water introduced into the system.

3.6. Autogenous Shrinkage

Autogenous shrinkage results are shown in Figure 10, representing the mean value
where the time zero is defined based on the setting time determined using the isothermal
calorimetry method, as shown in Table 4. The results obtained indicate that the influence of
RTPF varies, depending on the w/c ratio.
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In the M mixtures, a swelling peak is observed, which is further increased by the
presence of RTPFs. The peak swelling values for M1 and M2 mixtures were 41% and 108%
greater compared to MO, respectively, while the value for the M3 mixture was approximate
to the reference, although with a certain time delay. Bleed water reabsorption is the most
likely cause of the initial expansion, mostly associated with water-to-cement ratios above
0.30 [56]. The final autogenous shrinkage values for M1, M2, and M3 mixtures were 41%,
23%, and 12% lower compared to MO.

In the U mixtures, a swelling peak was not observed but the trend for the mixtures
with RTPF changes compared to that of UO. That is, up to 36 h, the value of autogenous
shrinkage is similar, but after 36 h, there is a decrease in the value of autogenous shrinkage
in mixtures with RTPE. The shrinkage value after 7 days for U1, U2, and U3 was 15%,
27%, and 34% lower compared to UQ, respectively. The highest difference with the U3
was attributable to the additional water, while the values for Ul and U2, although less
significant, still improved in terms of the autogenous shrinkage value after 7 days.

3.7. Compressive Strength

The results of the compressive strength tests are shown in Table 6. The results are
given for 24, 72, and 168 h as well as for 28 days.

Table 6. Compressive strength values for M and U mixtures.

Compressive Strength (MPa)

Mixture ID 24 h 72 h 168 h 28 Days
Mo 257+1.1 55.8 £1.2 58.9 £2.0 693 £1.3
M1 16.6 + 0.8 39.1£09 47004 582=+£13
M2 26.5+0.3 49.7 £ 0.6 599 +1.8 64.8 £ 3.4
M3 275+ 0.7 512+ 09 576 £ 1.1 65.8 £ 0.5
uo 724 +£0.3 81.1+1.2 93.8 +3.2 116.2 £ 2.4
U1l 724 +£0.7 82.0£19 91.7 £2.6 108.1 £3.4
U2 725+£25 81.5£1.0 90.2 £0.9 109.4 £2.2
U3 65.6 £ 0.7 81.7 £29 927 +17 104.6 £2.3

For the M mixtures, the influence of RTPF was more pronounced, especially for M3
(higher water content), which showed a continuous decrease, with a 35% drop after 24 h.
M1 and M2 mixtures showed an increase of 3% and 7%, respectively. After 28 days, M1,
M2, and M3 achieved a decrease of 6.5%, 5%, and 16% compared to the MO.

For the U mixtures with RTPF, no significant changes were observed after 24 h, except
for U3 (higher water content), which deteriorated by 10%. After 28 days, U1, U2, and U3
showed a decrease of 7%, 6%, and 10%, respectively, compared to the UO.

The results on compressive strength presented in the literature are not unambiguous,
i.e., there is no uniform trend in the influence of the RTPF. Rather, the effects of the remaining
rubber content and the changes in porosity as well as modified interfacial transition zone,
which affect the changes in compressive strength, are more significant, i.e., the influence of
the cement matrix is greater than the influence of the RTPF [7,14,16].

4. Discussion

This study investigated the influence of RTPFs on the early-age properties of cement
paste mixtures under two contrasting hydration regimes defined by w/c of 0.4 (M mixtures)
and 0.22 (U mixtures). The results show that RTPFs influence the response through two
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coupled mechanisms: moisture redistribution and microstructural modifications associ-
ated with ITZ formation and fibre-induced heterogeneity. The balance between these
mechanisms depends strongly on water availability.

The earliest effect of RTPF can be seen in the workability results (Figure 5), which
are determined by the consistency of the mixtures shortly after mixing. At this point,
when free water is still abundant, regardless of the w/c, the dominant influence of RTPF is
as an elongated inclusion which increases internal resistance and friction, increasing the
probability of contacts and network formation, thereby decreasing the workability [57-60].
The restrictive effect of the RTPF on the workability of the mixtures was not mitigated even
in the M3 and U3, indicating that the additional water was not sufficient to counteract the
influence of the fibres” physical role.

The effect persists during setting. The M mixtures with RTPF showed accelerated
initial setting determined by Vicat, as shown in Table 4, and were attributable to the formed
mechanical bonds, indicating setting time, as determined with Vicat forming earlier than
chemical bonds, as determined with isothermal calorimetry, because hydration reactions
were influenced primarily by water availability. In U mixtures, the use of a superplasticizer
resulted in a clear delay in the heat flow peak, enhancing the divergence between physical
and chemical setting indicators.

The influence of water redistribution due to the incorporation of RTPF was further
showed in Figure 11, where a heat release change was observed compared to the reference
mixtures. Mixtures containing RTPF retained more water, resulting in higher internal RH,
as seen in Figure 10. However, this retained water was not readily available for cement
hydration, leading to a slower hydration reaction and reduced heat release. Consequently,
the degree of hydration was also lower at a very early age (Figure 7a,b). This behaviour is
consistent with the concept of non-classical internal curing, where fibres redistribute but
do not absorb or store significant amounts of water.
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Figure 11. Heat release change in relation to the reference for (a) M and (b) U mixtures.

By the end of the first 24 h, differences in hydration and microstructural development
between the M and U mixtures begin to differentiate due to variations in their w/c ratio. In
M mixtures (w/c = 0.40), internal RH remains high (>90%), which limits moisture gradients
and prevents mobilisation of fibre-retained water. As a result, RTPF has only a marginal
effect on heat evolution and DoH and primarily act as physical inclusion. In U mixtures
(w/c = 0.22), strong self-desiccation (change of 20%) drives water consumption from the
system. Here, RTPF mixtures maintain RH by up to 6% higher than UO, delaying RH
drop and modifying calorimetry acceleration peaks. The U3 mixture, containing additional
water, exhibits delayed but greater cumulative heat, indicating water release once RH
gradients become sufficiently strong.
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When correlating RH and autogenous shrinkage values, mixture M1, which shows

lower autogenous shrinkage, also shows lower slope compared to M0, as shown in Figure 12.

This indicates that the dependent variable, i.e., autogenous shrinkage, progresses at a slower

rate, but with strong correlation for both.
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Figure 12. Autogenous deformation and relative humidity correlation for (a) M and (b) U mixture.

The effect of pre-wetted RTPF in M2 also shows a reduced slope compared to MO,
though the effect is less pronounced than in M1. Despite a very strong correlation obtained,
the data points show increased variability, particularly in the region of higher RH.

Furthermore, the reference mixture M0 and M3 mixture with additional water exhibit
nearly identical slopes (7.18 and 7.24), indicating a similar rate of change. The lower RH
in U mixtures prevented initial autogenous swelling, meaning autogenous deformation
manifested solely as shrinkage. Mixtures with RTPF (U1, U2 and U3) obtained a slower
progression of autogenous shrinkage, as higher RH levels in the very early stage promote
the delay of self-desiccation.

The hydration process is similarly characterised by a slower progression, as seen in
Figures 7 and 11, which in turn leads to a reduction in autogenous shrinkage. Despite the
changes in heat release and the degree of hydration reaching comparable levels by the end
of the test period, the autogenous shrinkage remains lower in mixtures containing RTPFE.

Microstructural investigations provide an explanation for the observed changes in
strength and shrinkage. MIP results revealed that RTPF increases total porosity and shifts
the pore size distribution towards larger pore entry radius, particularly in the M mixtures,
as seen in Figure 9. The proportion of coarse pores (>100 nm) was higher in RTPF-containing
mixtures, which is consistent with the presence of fibre-matrix interfacial zones and air
pockets generated during mixing. In the denser U mixtures, the relative changes in porosity
were smaller but still detectable, indicating that fibre-induced heterogeneity is partially
moderated by the compact matrix [35]. SEM observations further support this where local
discontinuities and more porous regions near RTPF and rubber residues are present. SEM
images of the M mixture exhibited a more porous structure and fewer unhydrated cement
particles (Figure 13a). U mixtures showed a less porous structure but had a higher content
of unhydrated cement particles (Figure 13d). The differences obtained were also confirmed
with the previous test, as shown in Table 5 and Figure 7. Different ITZ characteristics and
disturbances in cement matrix continuity were detected in the mixtures as ascribed to
rubber residue (Figure 13b,e) and RTPF (Figure 13c,f). The inclusion of rubber particles
introduces discontinuities due to impeded bonding and limited mechanical interlocking.
Rubber particles also attract air bubbles during mixing, increasing porosity and influencing
the matrix disruptions.
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Figure 13. SEM micrographs after 1 day for (a) MO and (d) UO; rubber residues in (b) M1 and (e) U2;
and RTPF in (c¢) M1 and (f) Ul.

In several SEM images, cracks were observed along the inclusion boundaries at the
interface transition zones (ITZs). While it indicates possible weaknesses or discontinuities
at the ITZ between the RTPF and the cement paste, caution is needed when interpreting
these features. The SEM observations can be influenced by sample preparation, particularly
polishing [54]. Due to the significant differences in hardness between the cement paste,
rubber, and fibres, erosion of the ITZ areas can occur, exaggerating or even creating cracks
that may not be representative of the actual microstructure of the material. Therefore,
although the presence of cracks appears as a recurring feature in the images, further
investigation using alternative methods would be required to confirm the integrity and
behaviour of the ITZs.

A similar ITZ was described around the polymer fibres which contribute to the overall
porosity of fibre-reinforced composites [29,35]. With flexible fibres, the mechanism of ITZ
formation involves a combination of factors that can lead to a more compact and denser
ITZ compared to rigid fibres due to bending and conforming to the surrounding cement
paste, reducing the gap between the fibre and the matrix. Furthermore, different wetting
properties would affect different ITZ properties [61].

Mixtures with RTPF exhibit a moderate reduction in compressive strength compared
to the reference M0/UO, which is more pronounced in the M group (up to ~16% at 28 days)
and smaller in the U group (<10%). The strength loss correlates with increased porosity
and coarser pore structures, rather than with any clear inhibition of hydration. Degree of
hydration estimated from calorimetry correlates well with compressive strength, indicating
that, at the paste scale, the main effect of RTPF is not to stop hydration but to redistribute
water in space and to introduce localised weak zones. The effect of additional water in
the M3 mixture was mostly visible as a temporary delay in strength development and an
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increase in porosity, indicating that simply increasing mixing water primarily raises the
effective w/c rather than providing targeted internal change, while the additional water in
U3 leads to delayed but enhanced heat release and a more sustained rate of strength gained
at early age.

5. Conclusions

This paper primarily focused on assessing the effects of recycled tyre polymer fibres
(RTPF) on hydration properties governing autogenous shrinkage during the early age.
Based on the results, the following conclusions can be drawn:

—  RTPFs decrease consistency and shorten setting time, by acting as long inclusions that
require wetting, and they increase internal fraction, restrict movement, and accelerate
network formation. These effects are more pronounced in low-w/c mixtures, where
the matrix is stiffer and more sensitive to fibre-induced hindrance.

—  The RTPFs retain a limited amount of water on their surfaces and in fibre bundles,
releasing it when strong moisture gradients develop, particularly in low w/c systems.
RTPF-containing mixtures maintained higher RH than the reference by up to ~6%
after several days.

—  RTPF alters hydration kinetics locally but does not suppress overall hydration.
Calorimetry showed modified acceleration peaks and cumulative heat, especially
in mixtures with pre-wetted RTPF and additional water. However, DOH values
converge towards those of the reference mixtures by 7 days.

—  RTPF inclusion resulted in lower autogenous shrinkage, with the effect being more
pronounced in mixtures with lower w/c. By prolonging higher internal RH and modi-
fying pore structure, RTPF lowers the rate and magnitude of autogenous shrinkage.
The beneficial effect is strongest when RTPFs are pre-wetted and additional water is
supplied by RTPFs, rather than simply added to the mixture.

—  Mixtures with RTPF indicate higher total porosity and coarsen the pore size distribu-
tion, particularly for M mixtures. RTPF-related ITZs formed and entrapped air, and
increased the volume of coarse pores.

—  Strength reductions are modest—up to ~16% at 28 days for M mixtures and below
10% for U mixtures—and correlate with increased porosity and coarser pores, not
with fundamental changes in bulk hydration. All U mixtures still achieve compressive
strengths above 100 MPa at 28 days.

The findings indicate that the incorporation of RTPFs had a positive effect on reducing
early-age autogenous shrinkage. This behaviour was achieved by two mechanisms: (a)
water redistribution during the early phase, causing slower self-desiccation, and (b) higher
total porosity as well as higher proportion of larger pores, which subsequently resulted in
lower compressive strength.
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