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A B S T R A C T

In cement-based matrices, polyethylene terephthalate (PET) fibers are prone to alkaline hydrolysis, limiting their 
structural applicability in strain-hardening cementitious composites (SHCC). This study evaluates two mitigation 
strategies: (i) reducing matrix alkalinity through clinker substitution and (ii) applying enforced carbonation 
curing. Three limestone calcined clay cement (LC 3 ) matrices containing 50%, 35%, and 25% clinker by weight 
were prepared to generate systems with decreasing alkalinity levels. PET-reinforced LC 3 composites were sub-
jected to accelerated steam-curing aging (40 ◦ C, 100% RH) for 14, 28, 60, and 90 days to assess fiber degra-
dation, fiber-matrix bond performance via single-fiber pull-out tests, and strain-hardening behavior via uniaxial 
tension tests. A subset of specimens additionally underwent enforced carbonation curing (20% CO 2 , 70% RH, 24 
h) before steam curing to evaluate its effectiveness in preserving fiber integrity.

Results revealed a strong dependence of PET stability on matrix composition: severe degradation occurred in 
LC 3 -50, moderate in LC 3 -35, and minimal in LC 3 -25. Enforced carbonation effectively mitigated degradation 
across all matrices, with particularly pronounced benefits in higher-alkalinity systems (LC 3 -50 and LC 3 -35). In 
LC 3 -25 composites, enforced carbonation was unnecessary and even detrimental, impairing matrix integrity, 
fiber-matrix bond strength, and strain-hardening performance. These findings suggest that approaches to miti-
gate fiber degradation must be tailored to the matrix composition. While enforced carbonation is crucial for high-
clinker SHCC, where fibers are most at risk, it can be counterproductive in low-clinker systems. Overall, this 
research offers valuable insights for designing durable, sustainable SHCC reinforced with PET fibers.

1. Introduction

The imperatives of performance, durability, and sustainability are 
increasingly interconnected, and addressing them collectively is now an 
essential aspect of modern materials design. Considering these aspects 
separately is inadequate: a material optimized for social, economic, and 
environmental sustainability is of little value if it cannot perform reli-
ably over time, while even the most durable and high-performance 
material may face limited adoption if sustainability considerations are 
ignored. Ensuring the long-term acceptance and success of advanced 
construction materials, therefore, requires balancing these imperatives. 

Among high-performance materials, strain-hardening cementitious 
composites (SHCC) exemplify the inherent tension among performance, 
durability, and sustainability at the material level. These fiber-
reinforced composites exhibit exceptional tensile ductility and tight

crack-width control, achieving mechanical performance that signifi-
cantly surpasses that of conventional concrete [1–6]. These character-
istics enable their use in applications including the repair, retrofitting, 
strengthening, and protection of existing structures [7–11]. At the 
structural scale, the relatively small volumes required for these appli-
cations make SHCC an environmentally and economically reasonable 
alternative to conventional concrete solutions, and superior perfor-
mance remains the primary objective. However, at the material scale, 
SHCC still face notable sustainability and durability challenges related 
to its fundamental composition [1,12,13].

The fine-grained matrix typically requires elevated Portland cement 
(PC) content, resulting in a higher embodied CO 2 footprint. Further-
more, the high PC content promotes continued hydration and progres-
sive matrix densification by raising the proportion of reactive phases. 
This aging process can reduce pseudo-ductility, i.e., tensile strain
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capacity that is critical for SHCC functionality [14,15]. In addition, 
SHCC often rely on high-performance fibers that impose significant 
economic constraints, while the long-term durability of the composite 
depends on the sustained performance of these fibers under various 
environmental exposures [16–19]. Addressing these limitations could 
improve the sustainability and durability of SHCC while maintaining 
their superior performance, enabling broader applications, including 
new constructions.

Nonetheless, employing a fine-grained matrix is essential for effec-
tively embedding discrete polymer microfibers and ensuring proper 
crack bridging. Additionally, the absence of coarse aggregates in SHCC is 
necessary to reduce the matrix's fracture toughness, enabling easier 
crack propagation. These microfibers have diameters in the tens of mi-
crometers, lengths of less than 20 mm, and are incorporated at dosages 
of 2-3 vol%. Under tensile loading, these fibers serve to bridge newly 
formed cracks, facilitating the transfer of stress from the crack flanks to 
adjacent intact matrix regions. Provided that the fiber crack-bridging 
capacity exceeds the matrix cracking strength, successive microcracks 
continue to develop, leading to multiple cracking phenomena and 
strain-hardening behavior. This mechanism enables significant inelastic 
deformations and confers exceptional pseudo-tensile ductility and 
energy-absorption capabilities under both quasi-static and dynamic 
loading conditions.

To achieve strain-hardening performance, high-performance poly-
meric fibers such as polyethylene (PE) and polyvinyl alcohol (PVA) are 
commonly employed owing to their superior tensile strength and 
Young's modulus [17–23]. While effective, these fibers entail high pro-
duction costs, complex manufacturing processes, and substantial 
embodied energy and carbon emissions, further raising sustainability 
concerns for SHCC [24]. By contrast, polypropylene (PP) and poly-
ethylene terephthalate (PET) fibers are more cost-effective due to 
simpler production pathways [25]. Despite their lower strength and 
Young's modulus – and their greater propensity for plastic deformation – 
our recent work demonstrates that PP fibers can still deliver robust 
strain-hardening when embedded in deliberately compliant, low-clinker 
matrices engineered to have reduced matrix strength [26].

The present study builds on these insights by evaluating PET fibers as 
a sustainable, cost-effective substitute for PE and PVA in SHCC. PET is 
the most widely produced and recycled synthetic fiber globally [27], 
and offers cost competitiveness comparable to PP, while offering 
improved wettability that can enhance fiber-matrix bonding and me-
chanical performance [24,28]. A critical limitation of PET, however, is 
its susceptibility to alkaline degradation in cementitious environments – 
manifested as progressive diameter reduction, molecular-weight 
decline, and surface pitting, collectively expediting tensile strength 
loss – which compromises long-term performance [29–34]. Our previous 
research demonstrated that PET fibers immersed in cement pore solu-
tions at a pH of 12.5 undergo rapid degradation [35]. Specifically, 
tensile strength reductions of about 7.6%, 11.7%, 13.6%, and 24.7% 

were recorded after 7, 14, 28, and 60 days of exposure, respectively. The 
pronounced strength loss observed during the early stages of exposure 
underscores PET fibers' high susceptibility to alkaline environments and 
raises important concerns about the long-term durability of 
PET-reinforced cementitious materials. Comparable durability con-
straints also affect other appealing options, including natural and glass 
fibers, limiting their practical deployment in cementitious materials 
despite their favorable mechanical, economic, and environmental cre-
dentials [36–38].

To address these challenges and harness the substantial sustainabil-
ity advantages of PET fibers, this study explores two strategies to reduce 
their degradation in SHCC:

(i) developing low-alkalinity (low-clinker) matrix formulations; and
(ii) applying enforced carbonation curing.

Besides mitigating alkali-induced degradation of PET fibers in SHCC,

these methods also aim to stabilize matrix aging, helping to preserve the 
composite's strain-hardening properties.

1.1. Low-alkalinity matrix design

Partial replacement of PC with pozzolanic materials is an effective 
route to low-carbon, low-alkalinity binder systems [39–41]. Conven-
tional PC matrices attain high alkalinity through portlandite (Ca(OH) 2 ) 
release during hydration, which elevates pH, and from alkali oxides (e. 
g., Na 2 O, K 2 O) in the anhydrous cement. Lowering PC content propor-
tionally lowers the concentration of these alkalis. In parallel, pozzolanic 
additions – typically amorphous siliceous or aluminous phases – further 
decrease alkalinity by consuming portlandite via pozzolanic reactions 
[42]. Accordingly, supplementary cementitious materials (SCMs) such 
as fly ash, silica fume, metakaolin, and natural pozzolans enable the 
development of low-alkalinity binders.

A particularly promising low-carbon cementitious binder is lime-
stone calcined clay cement (LC 3 ), a ternary system capable of replacing 
≥50 wt% of PC [43–45]. LC 3 leverages the combined benefits of calcined 
kaolinitic clay and natural limestone – both abundant and economical 
resources – to substantially reduce PC usage while maintaining favor-
able mechanical properties and durability. Importantly, LC 3 offers 
considerable environmental advantages, including improved embodied 
energy metrics and a reduced carbon footprint, thereby elevating the 
sustainability profile of cement-based construction materials [46–48]. 

Beyond sustainability advantages, substituting PC with limestone 
and calcined clays in LC 3 , and, more broadly, incorporating fine mineral 
additives into blended cements confer anti-aging properties to the ma-
trix, which are especially beneficial for SHCC. These effects mainly 
result from the “filler effect," which triggers two complementary 
mechanisms that stimulate hydration and ensure long-term stability 
[49–51]:

(a) Nucleation enhancement, where the fine particles in SCMs provide 
additional nucleation sites, accelerating early-stage clinker hy-
dration; and

(b) Dilution effect, where at a fixed water-to-binder ratio, replacing 
cement with SCMs increases the effective water-to-cement ratio 
and available pore spaces, facilitating the precipitation of hy-
drates and pozzolanic phases and, in turn, raising the ultimate 
degree of hydration.

These effects intensify as PC substitution increases. In the authors’ 
prior work, an LC 3 -25 system consisting of 25 wt% PC and 75 wt% 

calcined clay and limestone, achieved complete clinker hydration and 
pozzolanic reaction within 28 days, owing to the pronounced “filler 
effect”. This was confirmed by the absence of unreacted clinker phases 
and portlandite in XRD-Rietveld analyses [52]; thereby conferring 
anti-aging characteristics from a hydration perspective and ensuring 
mechanical stability beyond 28 days [35].

1.2. Enforced carbonation

Although reducing PC content with SCMs effectively lowers matrix 
alkalinity, this alone is often not enough to prevent alkali-sensitive fiber 
degradation in SHCC. Even at lower PC levels, alkaline hydrolysis can 
occur if the matrix provides sufficient activation energy to initiate and 
progress fiber deterioration [42]. Moreover, extensive clinker substitu-
tion can compromise matrix strength and weaken the fiber-matrix 
interface, thereby diminishing the strain-hardening response of SHCC 
[26]. Balancing mechanical performance, durability, and sustainability, 
therefore, requires complementary strategies.

Carbonation of cementitious systems has been extensively studied, 
with early investigations primarily focusing on its detrimental effects on 
steel-reinforced concrete. By reducing pore solution pH – sometimes to 
values as low as 8.3 [53,54], below the depassivation threshold of
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reinforcing steel – carbonation promotes the initiation and progression 
of steel corrosion, thereby compromising structural durability. More 
recently, however, its potential benefits have been recognized in 
cementitious systems without metallic reinforcement. In such matrices, 
dissolved CO 2 reacts with calcium-bearing phases to form CaCO 3 , 
thereby enabling permanent mineral sequestration and positioning 
cement-based materials as viable carbon capture and storage (CCS) 
systems [54–57]. Enforced carbonation further strengthens this poten-
tial by facilitating the recycling of end-of-life concrete, reactivating 
cementitious fines for use as SCMs, and valorizing reclaimed aggregates 
as fillers [58–62], thereby directly supporting circular economy goals in 
the construction sector.

In SHCC, the role of enforced carbonation remains largely unex-
plored. Yet, it holds significant promise for enabling the use of 
economically and environmentally sustainable, but alkali-sensitive, fi-
bers such as E-glass, natural fibers, and PET. Many fibers within these 
types create preferential pathways in the matrix, acting as conduits that 
facilitate deeper CO 2 diffusion. This enhances CO 2 sequestration by 
enabling more extensive and uniform CO 2 ingress while reducing the 
reliance on energy-intensive pressurization, hence improving the overall 
sustainability profile of SHCC [63]. A limited yet growing body of 
research [63–65] reports environmental, economic, and mechanical 
benefits of enforced carbonation in SHCC systems, along with mechan-
ical improvements attributed to CaCO 3 deposition at the fiber-matrix 
interface, thereby strengthening bonding. While recognizing the docu-
mented benefits of carbonation curing of cementitious composites in 
terms of mechanics and the environment, this study delves deeper by 
assessing its effectiveness as a targeted mitigation strategy against the 
alkaline degradation of environmentally favorable fibers, such as PET, 
while maintaining the long-term mechanical integrity of SHCC. 
Demonstrating the viability of this approach could facilitate broader 
adoption of alkali-sensitive fibers in the construction sector.

2. Materials

2.1. Raw materials

Commercially produced, locally accessible raw materials were used 
in this study. Portland cement CEM I 52.5 R (Holcim Pur 5 R) with rapid 
strength development was sourced from Holcim GmbH, Lägerdorf, 
Germany. An industrially calcined clay with low kaolinite content (~25 
wt% before calcination) was provided by Liapor GmbH & Co. KG, Hal-
lerndorf, Germany. Limestone powder (“Saxodol 90 LE”) was supplied 
by sh Minerals GmbH, Heidenheim/Brenz, and high-purity gypsum by 
Grüssing GmbH, Germany. Fine quartz sand (60-200 μm; Strobel 
Quarzsand, Germany) served as the aggregate.

To ensure uniform fiber dispersion and maintain fresh-mix work-
ability, a viscosity-modifying agent (Unterwasser-Compound 100, 
Sika®, Germany) and a polycarboxylate ether (PCE)-based super-
plasticizer (MasterGlenium ACE 460, Master Builders Solutions, Ger-
many) were incorporated. Appendix A provides the chemical 
composition (Table A1), mineralogical characteristics (Table A2), and 
physical properties (Fig. A1) of all mixture constituents.

ADVANSA GmbH (Germany) supplied PET fibers. For fiber-matrix 
bond evaluation via single-fiber pull-out tests, continuous PET fila-
ments (ADVA®Tow) were manually cut to the required lengths, and for 
reinforcing SHCC, 18 mm chopped PET fibers (ADVA®Shortcut) were 
used. The fiber's physical and mechanical properties, obtained from the 
manufacturer [66] and supplemented with the experimental data from a 
prior study conducted on the same batch of PET fibers utilized herein 
[35], are summarized in Table 1.

2.2. Mixture design

Three SHCC matrices were formulated – LC 3 -50, LC 3 -35, and LC 3 -25
– containing 50, 35, and 25 wt% Portland cement clinker, respectively.

The remaining binder fraction comprised calcined clay and limestone at 
a fixed 2:1 mass ratio. To ensure adequate sulfation, 3 wt% gypsum 

(relative to the PC content) was added to each mix; this dosage has been 
previously validated for all three compositions [52].

A constant water-to-binder ratio (w/b) of 0.40 – intentionally higher 
than typical for SHCC – was adopted for two reasons: (i) the resulting 
higher porosity facilitates crack initiation, which is beneficial when 
employing low-strength and compliant fibers such as PET; and (ii) 
increased pore volume provides ample space for hydrate and pozzolanic 
product precipitation, promoting a higher overall degree of hydration, 
thereby supporting long-term matrix stability and mitigating aging 
effects.

The sand-to-binder ratio (s/b) was limited to 0.23 to reduce matrix 
fracture toughness and facilitate the propagation of multiple cracks 
[67]. PET fibers were incorporated at a fixed dosage of 2.5 vol% in all 
mixtures. The detailed mixture compositions (in kg/m 3 ) are provided in 
Table 2.

The mixing procedure for SHCC specimens used in compression and 
uniaxial tension, and for fiber-free mortars prepared for single-fiber pull-
out tests, followed the standardized protocol established in a prior study 
[68].

3. Experimental methods

3.1. Compression test

Compressive strength development of carbonated (C) and non-
carbonated (NC) LC 3 -based PET-reinforced SHCC was evaluated in 
accordance with EN 196-1 [69]. Compression tests were conducted 
using a load-controlled EU 20 hydraulic testing machine (Germany) at a 
constant loading rate of 2.4 kN/s on cubic specimens measuring 40 × 40
× 40 mm. To ensure statistical robustness, at least six specimens were 
tested for each curing condition and age (as detailed in Section 3.4).

3.2. Single fiber pull-out test

Single-fiber pull-out (SFPO) specimens were produced using a 
custom mold adapted from prior studies, with minor modifications [70,

Table 1
Physical and mechanical properties of PET fibers from the manufacturer's 
datasheet [66]; values in parentheses are the authors' measurements reported 
previously [35].

Fibers PET

Manufacturer, country ADVANSA, Germany
Brand name ADVA® Shortcut, ADVA®Tow 

Length (mm) 18 (shortcut), long (tow)
Diameter (μm) 18, (17 ± 0.69)
Tensile strength (MPa) N.A, (584.8 ± 34.8)
Young's modulus (GPa) N.A, (12.3 ± 6.9)
Fiber elongation (%) 34, (31.8 ± 3.3)
Density (g/cm 3 ) 1.37
Color Semi-dull white
Melting point ( ◦ C) ~250

Table 2
Various LC 3 -PET SHCC mixture compositions, in kg/m 3.

Raw ingredients LC 3 -50-PET LC 3 -35-PET LC 3 -25-PET

Cement 584 404 286
Limestone 187 245 282
Calcined clay 375 490 564
Gypsum 18 12 9
Quartz sand 262 259 257
Fibers 34 34 34
Water 467 462 458
Superplasticizer 4 5 6
VMA 4 4 4
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71]. The mold comprised two horizontal support plates with a 4 
mm-thick spacer inserted between them to define the fiber embedding 
length. The assembly was secured with lateral screws. PET fibers were 
aligned equidistantly across the support plates and fixed at both ends 
using adhesive tape. Two mm-thick top plates were then mounted above 
the support plates. As the spacer was two mm shorter than the support 
plates, a four mm-deep cavity was formed for matrix pouring. All mold 
surfaces in contact with the matrix were wax-coated to ease demolding, 
and the cavity ends were sealed with tape to prevent matrix leakage. The 
matrix was then cast into the cavity, and the molds were sealed in plastic 
bags for 24 h to allow the matrix to harden. The following day, before 
demolding, one side of the protruding fibers was cut using a sharp blade, 
while the other protruding side defined the free fiber length. The 
hardened matrix beam, containing fibers protruding from one side only, 
was then demolded and cut into 4 × 4 × 4 mm 3 cubic specimens using a 
precision thin saw. Each specimen contained a single, centrally 
embedded fiber, prepared for individual pull-out testing. The complete 
preparation process and mold configuration are illustrated in Fig. 1. 

The SFPO tests were conducted using a 10 N load cell mounted on a 
Zwick/Roell Z1445 testing machine, operated under displacement 
control at a constant rate of 0.05 mm/s. To anchor the fiber during 
testing, a small paper frame was used to clamp the free fiber end, 
effectively reducing the free length from 4 mm to 2 mm. The matrix 
block was affixed to a plastic mounting block and attached to the upper 
grip of the testing machine using a high-speed UV adhesive, which cured 
within 10-15 s under UV light. Meanwhile, the paper frame holding the 
fiber was mechanically fastened to a clamp on the lower side. The whole 
experimental setup is illustrated in Fig. 2.

Twenty specimens were prepared per fiber-matrix combination and 
curing condition. Owing to occasional handling losses or testing in-
consistencies, 16-18 valid tests were typically obtained; in the least 
favorable cases, at least eight valid results were analyzed.

3.3. Uniaxial tension test

Uniaxial tensile tests on LC 3 -based, PET-reinforced SHCC were per-
formed on dumbbell-shaped specimens (total length 250 mm; gauge

length 100 mm). The cross-section tapered smoothly from 24 × 40 mm 

in the gauge to 40 × 40 mm in the clamping regions. Detailed geometry 
and setup are provided elsewhere [72,73]. Tests were carried out under 
displacement control at a rate of 0.05 mm/s using an Instron 8802 
universal testing machine equipped with custom-built mechanical grips 
to ensure rigid boundary conditions.

For in-situ crack monitoring, specimens were coated with a white 
base and fine black speckle pattern, and imaged using a stereo DIC 
system (Carl Zeiss GOM Metrology GmbH) with synchronized illumi-
nation. Acquisition was triggered at an applied load of 500 N; images 
and load-displacement data were recorded at 2 Hz using Aramis Pro-
fessional software. Axial strain was computed from two virtual exten-
someters spanning the gauge section by tracking speckle displacements 
across successive frames. Crack widths were evaluated with virtual 
calipers at each visible crack within the gauge length, whereas the 
number of cracks was manually counted at the point of ultimate tensile 
strain.

A minimum of three to four replicates were tested for each matrix/

Fig. 1. Schematic diagram showing the mold used and the fabrication process of single fiber-pullout specimens.

Fig. 2. Testing configuration in Zwick/Roell 1445 for SFPO test.
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fiber combination and curing condition to ensure statistically reliable 
mechanical performance data.

3.4. Curing methods and duration of test samples

Fig. 3 summarizes the curing regimes used to simulate accelerated 
aging of LC 3 -PET SHCC. For the non-carbonated (NC) series, specimens 
were kept in molds for 1 day, then demolded and seal-cured at 22 ◦ C for
5 additional days (total age 6 days). Thereafter, they were placed in a fog 
chamber at 40 ◦ C and 100% RH for 14, 28, 60, or 90 days, yielding test 
ages of 20, 34, 66, and 96 days, respectively.

For the carbonated (C) series, two additional steps preceded fog 
curing. After 1 day in molds and 3 days of sealed curing at 22 ◦ C, 
specimens were unsealed and preconditioned in a ventilated oven at 
40 ◦ C for 1 day to partially remove free water and open the pore 
structure for deeper CO 2 ingress. They were then carbonated for 1 day in 
a chamber at 20 ◦ C, 70% RH, and 20% CO 2 , followed by fog-chamber 
curing under the same conditions and for the exact durations as the 
NC series.

The chosen preconditioning and carbonation parameters (tempera-
ture, duration, humidity, and CO 2 concentration) were selected in the 
absence of standardized guidelines in the literature. While it is well 
established that these parameters markedly influence carbonation rate, 
no universally standardized protocol exists. The determination of 
optimal conditions is highly contingent on various complex variables, 
including specimen geometry (e.g., volume and surface-area-to-volume 
ratio), mixture composition, and the degree of hydration at the time of 
treatment [74,75]. Nonetheless, identical drying and 
carbonation-curing conditions were applied to all composite variants, 
namely LC 3 -50-PET, LC 3 -35-PET, and LC 3 -25-PET, to ensure methodo-
logical consistency and comparability, despite the variations in binder 
composition and resultant hydrated microstructures. Consequently, 
carbonation was only partial in the denser, higher-clinker systems 
(LC 3 -50 and LC 3 -35), as elaborated in Section 4.1. Achieving complete 
carbonation in such systems would likely require more aggressive

conditions, such as extended exposure times, higher CO 2 concentrations, 
or elevated pressure. However, due to the lack of protocols linking 
binder composition to optimal carbonation parameters, the present 
study did not pursue parameter optimization. Instead, the focus was 
placed on evaluating the effectiveness of carbonation curing in miti-
gating PET fiber degradation in LC3-based composites, a phenomenon 
reflected in the mechanical performance even under partial carbonation 
conditions, as discussed in Section 4.

One informed decision in this context was the implementation of 
early-age carbonation (i.e., on day 5), motivated by previous findings 
indicating that PET fibers can lose nearly 8% of their tensile strength 
within the first seven days of exposure to an alkaline environment [35]. 
Accordingly, carbonation curing was applied before 7 days of hydration 
to protect the PET fibers.

3.5. Carbonation depth quantification

Following uniaxial tension testing, dumbbell-shaped specimens were 
dry-cut within the undamaged gauge region using a precision diamond 
saw, and cutting debris was removed with compressed air. The freshly 
exposed cross-sections were sprayed with phenolphthalein and thy-
molphthalein indicators to distinguish C from NC zones by color change. 
The carbonation depth was measured manually using edge distances A1, 
A2, B1, and B2 (Fig. 4), which were used to quantify the proportions of 
non-carbonated (X NC ) and carbonated (X C ) cross-sectional area.

4. Results and discussion

4.1. Carbonation depth and qualitative pH mapping

Fig. 5 shows the proportions of X NC and X C for NC- and C-series 
composites post-uniaxial tension tests on dumbbell-shaped samples. 
Ideally, X NC and X C fractions within the same matrix type should not 
vary with curing age, since all samples were carbonated simultaneously 
before steaming. However, some scatter appears, evident in Fig. 5(a–c, 
d), reflecting the natural heterogeneity of cementitious matrices and 
inevitable fabrication tolerances. It's important to note that the method 
used to estimate these quantities assumes a rectangular NC core, which 
slightly overestimates X NC and underestimates X C . This deviation from a 
perfect rectangle is evident in the specimens' actual cross-sections 
(Fig. 6).

While NC LC 3 -50-PET and NC LC 3 -35-PET remained completely non-
carbonated, NC LC 3 -25-PET exhibited moderate carbonation despite not 
being subjected to carbonation curing. This likely resulted from natural 
carbonation that occurred after removal from steam curing and before 
testing. The relatively open microstructure of the LC 3 -25 matrix facili-
tated natural carbonation by allowing easier ingress of atmospheric CO 2 . 
In contrast, for the C samples, a clear composition-dependent trend 
emerged: LC 3 -50-PET exhibited the lowest X C ; LC 3 -35-PET exhibited 
somewhat deeper CO 2 ingress; and LC 3 -25-PET was carbonated entirely. 
This pattern corresponds to the degree of microstructural densification 
across various matrices, which shows a positive correlation with clinker 
content. Microstructural analysis using mercury intrusion porosimetry

Fig. 3. Curing conditions and durations of specimens for accelerated aging.

Fig. 4. A schematic diagram illustrating the method for measuring the 
carbonated cross-section (X C ) and non-carbonated cross-section (XNC) in 
dumbbell-shaped SHCC specimens.
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(MIP) reported in a previous study (see Figs.15 and 16 in Ahmed et al. 
[52]) indicates that the LC 3 -50 matrix is denser due to its higher clinker 
content, which limits CO 2 diffusivity. This emphasizes that achieving 
complete carbonation in denser matrices like LC 3 -50 requires more 
thorough pre-conditioning, such as longer drying times or higher tem-
peratures, as well as more intense carbonation efforts, including 
extended exposure or increased pressure.

The rationale for employing both indicators stems from the distinct 
yet overlapping pH-sensitivity ranges of the two substances (cf. Fig. 6). 
Although this approach does not allow for precise pH quantification, the 
dual-indicator method proved effective for rapid qualitative assessment 
of internal alkalinity in these matrices after accelerated aging. For 
instance, in the NC LC 3 -25-PET, faint blue coloration indicated a pH 

range of approximately 9.3-10.5, consistent with lower alkalinity 
resulting from elevated PC replacement and consumption of portlandite 
via pozzolanic reaction. Conversely, C LC 3 -25-PET exhibited no color 
change with either indicator, indicating complete carbonation and a pH 

below 8.2. Meanwhile, the pH levels of C and NC LC 3 -35-PET and LC 3 - 
50-PET specimens consistently exceeded 10.5, as evidenced by more 
intense color shifts.

Furthermore, a comparison of Fig. 6 with Fig. B1 in Appendix B, 
which shows prismatic cross-sections of various LC 3 mortars without 
fibers, suggests that the incorporation of PET fibers promotes deeper 
CO 2 penetration. Visual inspection indicates that the fibers may serve as 
pathways facilitating CO 2 ingress into the matrix, consistent with 
mechanisms reported in previous studies [63]. This phenomenon be-
comes particularly pronounced when contrasting LC 3 -25-PET with the

corresponding fiber-free LC 3 -25 mortar. Under identical carbonation 
conditions and matrix composition, LC 3 -25-PET exhibits complete 
carbonation, whereas the LC 3 -25 specimen retains an NC core.

This comparison remains qualitative due to differences in specimen 
geometry: the fiber-reinforced samples in Fig. 6 have a dumbbell shape 
with a smaller cross-section (40 × 24 mm 2 ), whereas the mortars in 
Fig. B1 are prismatic (40 × 40 mm 2 ). Nevertheless, the differences in 
carbonation depth appear more strongly associated with fiber presence 
than with specimen geometry. This is further supported by the carbon-
ation front morphology: fiber-free mortars show a relatively uniform 

front consistent with the specimen shape, while fiber-reinforced samples 
display a more irregular front, likely reflecting localized CO 2 ingress 
along randomly distributed fibers.

Although qualitative, these observations suggest that PET fibers may 
facilitate CO 2 transport and promote deeper carbonation in cementitious 
composites, without needing energy-intensive preconditioning and 
carbonation processes to achieve similar carbonation depths in fiber-free 
mortars.

4.2. Compression test

Fig. 7 shows the development of compressive strength in the inves-
tigated LC 3 -based composites across various curing durations. Addi-
tionally, Table C1 in Appendix C presents tabular data indicating the 
percentage decrease relative to NC LC 3 -50-PET, thereby highlighting 
differences in mixture composition and curing regimes (NC vs. C). 

Among various matrix compositions, compressive strength increases

Fig. 5. Quantification of carbonated (X C ) and non-carbonated areas (X NC ) over time for various LC 3 -PET composites: (a–c) non-carbonated (NC) samples; (d–f) 
carbonated (C) samples.
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with higher clinker content: LC 3 -50-PET surpasses LC 3 -35-PET, which in 
turn surpasses LC 3 -25-PET. In other words, greater PC replacement de-
creases matrix strength. These findings are consistent with our prior 
research, which emphasized that the advantages of incorporating

calcined clay and limestone – specifically, the increase in strength 
attributed to the “filler effect” – diminish beyond approximately 30 wt% 

replacement of PC [52].
Furthermore, across all compositions, the only-hydrated specimens 

(NC series) exhibited higher compressive strengths than their carbon-
ated counterparts (C series). Moreover, the NC-C strength gap widened 
as clinker content decreased during the transition from LC 3 -50-PET to 
LC 3 -35-PET and further to LC 3 -25-PET. This is attributed to the extent of 
carbonation in the composites. In the LC 3 -50-PET and LC 3 -35-PET 
samples, the carbonation process was incomplete, resulting in a purely 
hydrated core that is stronger than the surrounding carbonated shell. 
Consequently, the sample retains most of its strength. If complete 
carbonation had been achieved, lower compressive strength values 
would likely have been recorded.

Interestingly, carbonation-induced strength loss was more pro-
nounced in diluted blends than the reduction attributable solely to 
clinker replacement, as indicated by the percentage decrease relative to 
NC LC 3 -50-PET (Table C1). Reducing the clinker content from LC 3 -50 to 
LC 3 -35 (a 30% decrease) resulted in a 9.7-24.2% reduction in 
compressive strength across the examined curing ages. In contrast, the 
carbonated counterpart, C LC 3 -35-PET, exhibited substantially greater 
reductions of 35.6-41.8%. This decline exceeds that observed for NC 
LC 3 -25-PET, which contains 50% less clinker than LC 3 -50-PET but shows 
a strength reduction of only 24.8-37.3%. The effect is further amplified 
by additional dilution of the cementitious system with calcined clay and

Fig. 6. Phenolphthalein and thymolphthalein applied to cut surfaces of C and NC LC 3 -based PET-reinforced SHCC samples (gauge region) for qualitative pH 

evaluation and carbonation depth measurement.

Fig. 7. Compressive strength of LC 3 -50-PET, LC 3 -35-PET, and LC 3 -25-PET 
composites after 14, 28, 60, and 90 days of steam curing (NC, purple shade) and 
with prior carbonation curing (C, gray shade). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the Web version 
of this article.)
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limestone, as C LC 3 -25-PET exhibits a 64.0-69.8% reduction in 
compressive strength relative to NC LC 3 -50-PET across the examined 
curing periods.

The observed reduction in compressive strength due to carbonation 
is mainly attributed to changes in the hydrate phase assemblage and the 
intrinsic pore-solution chemistry characteristic of LC 3 binders. In-
teractions with CO 2 notably impact both [57,75]. In cement-based sys-
tems, carbonation triggers a sequence of decalcification reactions that 
modify key hydration products, leading to the precipitation of calcium 

carbonate as the dominant carbonation byproduct. These chemical 
transformations are accompanied by microstructural densification, 
driven by the differing molar volumes of hydrated vs. carbonated phases 
[75–77]. Specifically, carbonation of residual anhydrous clinker phases 
– such as alite (C 3 S) and belite (C 2 S) – increases solid volume and 
microstructural densification [78]. Similarly, carbonation of portlandite 
(CH) causes densification due to calcite's (36.9 cm 3 /mol) larger molar 
volume compared to portlandite (33.0 cm 3 /mol) [75]. Conversely, the 
decalcification of C-(A)-S-H and ettringite (AFt) during carbonation 
leads to microstructural shrinkage, known as decalcification shrinkage 
[77,79,80]. The three LC 3 -based matrices investigated in this study 
contain limited residual anhydrous clinker phases and portlandite, due 
to the “filler effect” and pozzolanic reactivity of the SCMs, respectively, 
but are rich in C-(A)-S-H and ettringite phases [52]. Consequently, net 
decalcification shrinkage predominates, diminishing microstructural 
densification and compressive strength in the carbonated regions. 
Furthermore, as the PC content decreases from LC 3 -50 to LC 3 -35 and 
LC 3 -25 matrices, these adverse effects become more pronounced, 
resulting in greater strength loss upon carbonation.

A closer examination of the effect of curing age on compressive 
strength development reveals that, across all matrix variants, both the 
NC and C series attained near-final strength values by 14 days, with 
minimal changes observed thereafter. This behavior is indicative of the 
composites’ anti-aging characteristics. Minor deviations, such as the 
slightly lower 60-day strength observed in NC LC 3 -50-PET, are more 
plausibly attributable to experimental uncertainties than to intrinsic 
material behavior. The anti-aging response is primarily attributed to the 
accelerated curing conditions employed, wherein steam exposure 
enhanced both clinker hydration and pozzolanic activity. These effects 
are particularly prominent in SCMs-rich blends, which inherently pro-
mote rapid hydration kinetics due to their pronounced “filler effect”. 
Importantly, this strength-stabilization trend appears unaffected by 
prior carbonation curing, indicating that accelerated steam curing drives 
near-complete consumption of reactive phases in both C and NC 
specimens.

Although these results indicate a strong anti-aging response, further 
investigation, such as Quantitative X-ray Diffraction (QXRD) and Ther-
mogravimetric Analysis (TGA) under the same curing conditions, is 
needed for definitive proof. However, these analyses are beyond the 
scope of the current study.

Regarding PET fiber degradation in different LC 3 -based matrices and 
the possible mitigating effect of carbonation curing, compressive 
strength results do not reliably reflect these influences. Therefore, the 
following sections analyze these aspects in more detail using single-fiber 
pull-out and uniaxial tensile tests, which directly measure how PET 
degradation or preservation affects the fiber-matrix bond and crack-
bridging ability.

4.3. Single fiber pull-out test (SFPO)

Although SFPO experiments are conceptually straightforward, the 
resulting force-displacement responses are challenging to interpret – 
particularly when the intrinsic properties of the embedded fiber evolve 
over time. Alkaline attack on PET within the matrix induced progressive 
physico-mechanical changes, notably reductions in fiber diameter and 
tensile strength [35], whose severity increased with exposure duration. 
Since the fiber is embedded, its diameter cannot be accurately measured

before testing, and any post-test thinning may be influenced by chemical 
degradation, plastic deformation, and Poisson's effect during pull-out. 
As a result, absolute pull-out force values (P) were used to assess 
fiber-matrix interaction, rather than relying on derived parameters such 
as in-situ tensile stress (σ) or interfacial bond strength (τ).

Four distinct failure mechanisms were identified during the SFPO 

experiments. The combination of variable matrix strength arising from 

different compositions and variations in the degree of PET degradation 
in the embedded zone strongly influenced their occurrence. A schematic 
representation of these four failure cases is shown in Fig. 8, based on 
trends observed in all corresponding force-displacement curves, which 
are compiled in Appendix D: Fig. D1 (PET fiber pull-out from LC 3 -50, NC 
and C series); Fig. D2 (LC 3 -35, NC and C series); and Fig. D3 (LC 3 -25, NC 
and C series).

Case 1 represents the pure fiber pull-out mode. The initial segment of 
the P-δ curve reflects the compliance of both the fiber and the testing 
setup [81]. This phase concludes at the point where debonding and 
interfacial cracking begin, marked by a slope change. The maximum 

load corresponds to complete debonding between the fiber and the 
matrix, known as the peak debonding load (P d ), marking the formation 
of a fully developed interfacial crack [82]. Thereafter, the force de-
creases to the load corresponding to initiation of fiber pull-out (P p ), 
representing friction-based sliding resistance along the debonded 
interface, which diminishes progressively as the embedded fiber length 
decreases, eventually reaching zero upon complete fiber pull-out [83]. 

Case 2 represents the pure fiber rupture mode. The fiber-matrix 
interfacial zone plays a critical role in governing the fiber failure 
mechanism during SFPO tests. Specifically, the interplay between 
chemical adhesion and frictional bonding at the interface, relative to the 
fiber's intrinsic tensile strength, determines whether failure occurs by 
fiber pull-out or fiber rupture. When the embedment length is suffi-
ciently large, or the matrix strength exceeds that of the fiber, the 
interfacial resistance may surpass the fiber's tensile capacity, increasing 
the likelihood of rupture before complete interfacial debonding occurs. 
In this case, the peak load corresponds to the in-situ load-bearing ca-
pacity of the fiber (P f ). This value is typically lower than the fiber's direct 
(ex-situ) tensile strength because matrix hardening can induce damage 
to the relatively soft fibers. Furthermore, even slight fiber inclination 
can introduce stress concentration or notching at the junction between 
the embedded and free fiber segments during pull-out, further weak-
ening the fiber and promoting premature rupture [70].

Case 3 describes a mixed failure mode involving partial debonding at 
the fiber-matrix interface, followed by sudden fiber rupture before 
complete debonding/pull-out. This behavior was frequently observed in 
specimens with moderate PET degradation, which facilitated debonding 
initiation due to a slight reduction in diameter and triggered rupture due 
to loss of fiber load-bearing capacity. Consequently, the peak load in this 
case, corresponding to the fiber's in-situ load-bearing capacity (P f ), was 
lower than that in the pure fiber rupture mode as in Case 2, reflecting 
degradation-induced fiber weakening.

Severely degraded fibers also exhibited mixed failure modes, cate-
gorized as Case 4. In Case 4(a), a portion of the embedded fiber ruptured 
within the matrix block, after which the residual fiber segment was 
pulled out. In this case, the pull-out resistance was minimal compared to 
the fully intact 4 mm embedded fiber, and both the fiber failure load (P f ) 
and pull-out load (P p ) were significantly lower than in earlier cases. A 
rarer sequence, Case 4(b), involved interfacial debonding followed by 
partial pull-out and subsequent rupture. Finally, Case 4(c), more 
frequently observed, involved degradation-induced diameter reduction 
that promoted partial debonding, followed by rupture within the 
embedded matrix region due to diminished load-bearing capacity, and 
eventually a residual pull-out phase. Variations in the occurrence of 
these failure modes likely reflect spatial differences in degradation 
severity, matrix heterogeneity, and normal experimental scatter (e.g., 
slight fiber misalignment).

Fig. 9 presents representative P-δ curves from the pull-out
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experiments. The load is expressed in Millinewtons (mN) due to the 
small magnitude of the recorded values. Additionally, the graphs 
include ex-situ PET tensile load-bearing capacity from single fiber ten-
sile tests reported in our previous study [35]. The representative curves 
were selected based on two criteria: (i) the dominant failure mode in 
each tested series (Cases 1-4), as indicated in the legend of each graph; in 
cases where two modes occurred with equal frequency, the represen-
tative curve for pure fiber pull-out or rupture was selected, and (ii) 
within the dominant mode, the curve that most closely matched the 
mean values summarized in Table 3.

NC LC 3 -50-PET specimens showed a continuous decline in fiber-
matrix interfacial performance with age, mainly due to ongoing alka-
line degradation of the embedded PET. The in-situ fiber capacity (P f ) 
decreased by 11.8%, 58.6%, and 63.6% after 28, 60, and 90 days of 
steam curing, respectively, compared with the values at 14 days. 
Interestingly, this degradation progressed more slowly in NC LC 3 -35-
PET specimens, consistent with the system's lower alkalinity. In fact, P f 
remained nearly unchanged for the first 14 and 28 days; only then did it 
decrease by 7.2% and 30% at 60 and 90 days. A similar trend was 
observed for the pull-out load (P p ) in these specimens.

Remarkably, no observable degradation was detected in any metrics 
(P f , P d , or P p ) across all ages in their carbonated counterparts, i.e., C LC 3 - 
50-PET and C LC 3 -35-PET. In addition, these specimens predominantly 
transitioned from the fiber-rupture mode observed in their NC coun-
terparts to a pure fiber-pull-out failure mode. This shift is attributed to a 
loss of matrix strength due to carbonation (as discussed in compression 
test results), which manifested locally as reduced confinement/density 
in the fiber-matrix channel, thereby lowering interfacial bond strength

and favoring debonding/pull-out.
It is important to note that the pull-out specimens were likely fully 

carbonated due to their small dimensions [84], or, at the very least, the 
fiber-matrix channel spanning the full specimen thickness – which 
provides CO 2 ingress/egress – was thoroughly carbonated in all LC 3 

blends regardless of matrix composition.
In general, many studies report densification of the fiber-matrix 

interface upon carbonation [84–89]. However, the findings of the pre-
sent study demonstrate that this is not always true; rather, the effect is 
composition-dependent. As discussed earlier, in matrices rich in 
C-(A)-S-H and AFt but deficient in portlandite and residual unhydrated 
clinker, carbonation does not produce net densification. This is reflected 
in the bond responses across all mixtures and is most clearly demon-
strated by LC 3 -25, where PET does not degrade due to the matrix's low 

alkalinity, enabling a direct comparison of C and NC states. In NC 
LC 3 -25, failure is typically governed by pull-out, consistent with the 
matrix's intrinsically low strength. After carbonation, both P d and P p 
decrease substantially relative to NC, indicating carbonation-induced 
microstructural rarefaction rather than fiber degradation.

Fig. 10 (b-g) shows scanning electron microscopy (SEM) micro-
graphs of fiber ends extracted after SFPO tests from the matrix-
embedded portions of the fibers, compared with the as-received PET 
fiber in Fig. 10 (a), illustrating the extent of PET degradation. The 
degradation is categorized into three levels: (i) limited degradation – 
characterized by localized surface pits (micro-spalling); (ii) significant 
degradation – where pitting covers the entire fiber surface; and (iii) 
severe degradation – featuring extensive pitting along with a noticeable 
reduction in fiber diameter. If none of these signs are present, it suggests

Fig. 8. Schematic illustration of various pull-out responses and PET fiber failure modes observed in the experimental data.
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that PET did not degrade.
The SEM micrographs reveal that degradation occurs only in the PET 

fibers within the NC series of the LC 3 -50 and LC 3 -35 matrices. The 
observed surface pitting results from the attack of strong alkali hy-
droxides, present in the pore solution, on the PET polymer chains. This 
chemical attack breaks down PET into terephthalic acid salts (pre-
cipitates/film forming) and ethylene glycol (soluble) [90,91]. This 
degradation is progressive: the longer PET fibers are exposed to the 
alkaline environment, the more pronounced the surface pitting be-
comes. This continuous breakdown of polymer chains proceeds from the 
surface inward, resembling a peeling effect, which explains the observed 
reduction in fiber diameter after severe pitting.

In contrast, the LC 3 -50 and LC 3 -35 matrices from the C series showed 
no apparent signs of alkaline degradation, indicating that carbonation

effectively reduced the pH of the pore solution in these systems. How-
ever, traces of scratching damage and localized fibril peeling were 
visible on the surfaces, suggesting a friction-dominated failure mode, i. 
e., pure pull-out. Similar scratch marks were also observed, to a lesser 
extent, on PET fibers pulled out from the NC LC 3 -25 matrix, where no 
pitting or diameter reduction was evident. Yet confirming again the 
notion that a low-clinker matrix can protect alkali-sensitive fibers from 

degradation due to its inherently low alkalinity, even without 
carbonation.

Notably, C LC 3 -25 exhibited a mineral coating on the fiber surface, 
particularly at longer curing ages, which is presumed to be calcium 

carbonate. This suggests that PET may act as a nucleation template for 
carbonate precipitation, with interfacial sliding occurring at the coating-
matrix interface rather than directly at the fiber-matrix interface.

Fig. 9. Representative pull-out response curves, with the dominant cases highlighted in legends for each fiber-matrix pairing from the C and NC series cured for 
different durations.
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Elucidating the mechanisms and implications of this phenomenon 
warrants further investigation but lies beyond the scope of the present 
work.

4.4. Uniaxial tensile tests

The strain-hardening response of the investigated composites is 
shown in Fig. 11. At 14 days, the NC LC 3 -50-PET specimens exhibited a 
distinct strain-hardening response following the onset of the first crack 
(matrix tensile strength). By 28 days, mechanical performance metrics, 
such as first-crack stress, ultimate tensile strength, and strain capacity, 
all declined moderately relative to 14 days. With further curing, per-
formance nearly completely diminished due to progressive PET degra-
dation in the LC 3 -50 matrix. This age-dependent loss aligns with the 
fiber-matrix bond loss reported over time in Section 4.3. Since attaining 
strain-hardening behavior requires that the fiber-bridging capacity 
exceed the matrix cracking strength [92,93], the concurrent loss of PET 
diameter and tensile capacity due to severe alkaline hydrolysis elimi-
nated this disparity, thereby worsening NC LC 3 -50-PET performance at 
later ages.

The gradual decline in the matrix tensile strength (i.e., first-crack 
stress) in LC 3 -50 is also linked to PET degradation. The formation of 
surface pits and the associated reduction in diameter create dispersed 
defects (voids) that increase local porosity along the fiber pathways 
within the matrix. Due to the random distribution of fibers within the 
matrix, these defects are also system-wide, facilitating the early forma-
tion of microcracks due to local stress concentrations, thereby leading to 
matrix failure at lower stress levels [94].

In contrast, the carbonated LC 3 -50-PET specimens maintained stable 
first-crack stress, tensile strength, and strain capacity at all curing ages. 
This demonstrates that enforced carbonation effectively lowers matrix 
alkalinity, thereby preserving the integrity of PET fibers. However, 
strain hardening remained limited, with typically only 1-3 cracks 
forming (see Appendix E, Fig. E1). Post-test fracture analysis of the 90-
day specimens (Fig. 12) revealed a heterogeneous fracture structure: a 
carbonated outer shell in which PET fibers remained intact, and a non-
carbonated core in which fibers were strongly degraded and scarcely 
visible. This pronounced spatial inhomogeneity likely contributed to the 
restricted strain hardening at later ages. Notably, a similar suppression 
of strain hardening was also observed at early ages (14 and 28 days), 
despite less significant PET degradation and favorable fiber-matrix 
bonding. This unexpected response is also linked to the coexistence of 
two competing zones within a single specimen. In the NC core, 
continued hydration produced a denser, stronger matrix (compression 
test results), while the fibers showed a greater tendency toward rupture 
(fiber/matrix bond results) and, over time, degradation. In the C shell, 
the matrix is weaker, but the fibers remained intact and tend to fail

predominantly by debonding and pull-out. Hence, cracks can initiate 
more readily in the weaker C shell, but their propagation and multipli-
cation are impeded by the stronger, denser NC core, thereby limiting 
pseudo-ductile behavior.

The tensile responses of the LC 3 -35-PET composites from both the C 
and NC series exhibited comparable outcomes at 14 and 28 days. Beyond 
this age, only the NC specimens degraded, reflecting PET deterioration; 
however, the decline was substantially milder than in NC LC 3 -50-PET at 
60 and 90 days, consistent with the lower intrinsic alkalinity of the LC 3 - 
35 matrix. The performance of the C LC 3 -35-PET was stable across all 
age groups, thereby demonstrating the efficacy of carbonation in pro-
tecting alkali-sensitive fibers. Relative to C LC 3 -50-PET, the C LC 3 -35-
PET mixtures exhibited markedly better strain hardening response at all 
ages – more extensive multiple cracking (cf. Fig. E1), higher strain ca-
pacity, and adequate matrix/composite strengths. This outcome is 
attributable to deeper CO 2 ingress (cf. Fig. 5b), which preserved PET 
over a larger portion of the cross-section and left only a minimal NC 
core, thereby reducing the gap between the constituents’ C/NC prop-
erties within the specimen. Even within the residual NC core, slower PET 
degradation further narrowed the disparity in crack-bridging capacity 
between zones, in sharp contrast to the pronounced differentials 
observed in C LC 3 -50-PET counterparts. A representative 90-day C LC 3 - 
35-PET specimen illustrating these features is shown in Fig. 13.

The NC LC 3 -25-PET composites demonstrated consistent strain-
hardening performance across all curing ages under accelerated steam 

chamber conditions, with no indications of PET degradation or, in 
general, any decline in the mechanical response of the composites. This 
stability is attributed to the matrix's inherently low alkalinity, which is 
achieved by replacing 75 wt% of PC with limestone, calcined clay, and 
gypsum. The slight decrease in performance at 28 days is more plausibly 
attributed to fabrication variability than to fiber deterioration. These 
outcomes demonstrate that reducing the clinker content to lower matrix 
alkalinity is sufficient to produce PET-reinforced SHCC without CO 2 
curing. This constitutes a noteworthy advancement, offering a durable, 
simpler, lower-carbon pathway that balances performance and sus-
tainability while avoiding the need for additional complex treatments. 

On the other hand, the fully carbonated C LC 3 -25-PET composites 
also exhibited strain-hardening behavior with remarkable ductility and 
extensive multiple cracking. However, their matrix tensile strength and 
overall composite strength were consistently lower than those of their 
NC counterparts at all curing ages, as a consequence of the less dense 
microstructure and diminished fiber-matrix bond strength due to 
carbonation (as discussed in Sections 4.2 and 4.3, respectively). A visual 
comparison in Fig. 14 supports this explanation: the fractured surfaces of 
C LC 3 -25-PET showed dusty disintegrated material, whereas their NC 
counterpart retained intact fiber-matrix integrity even to the naked eye. 
The observations indicate that, in highly diluted cementitious blends,

Table 3
Summary of key parameters derived from single fiber pull-out tests of PET fibers within different LC 3 matrices after various steam curing durations, with and without 
prior carbonation curing (C and NC, respectively). Standard deviations are reported in parentheses.

Matrix Age In-situ load bearing capacity - P f [mN] Max. debonding force - P d [mN] Force at initition of pull-out - P p [mN]

C NC C NC C NC

LC 3 -50 14d 94.3 a (− ) 93.3 (9.3) 68.8 (16.1) 80.6 a (− ) 45.8 (15.6) 56.7 a (− ) 
28d 92.8 (20.3) 82.3 (12.2) 75.0 (17.6) Undefined 56.6 (24.8) Undefined 
60d 101.0 (21.9) 38.6 (9.3) 66.9 a (− ) 48.2 (7.2) 48.7 a (− ) 21.0 (15.7) 
90d 101.5 (19.7) 34.0 (5.5) 81.8 (22.2) 39.7 (5.2) 45.8 (20.6) 5.2 (4.5) 

LC 3 -35 14d Undefined 104.6 (12.2) 67.7 (16.5) 81.7 (23.7) 53.4 (15.8) 74.9 (19.4) 
28d 85.5 (14.3) 104.9 (11.1) 75.8 (16.5) 73.5 (11.8) 56.2 (14.0) 67.0 (9.1) 
60d 97.7 a (− ) 97.1 (12.2) 63.9 (16.5) 80.8 (16.3) 42.7 (8.7) 46.2 (30.8) 
90d 118.3 (9.0) 72.9 (33.8) Undefined 74.5 (24.6) 49.2 (28.7) 23.1 (15.4) 

LC 3 -25 14d 88.7 a (− ) 88.9 (16.0) 62.1 (14.2) 71.0 (11.9) 39.9 (8.5) 57.4 (10.7) 
28d Undefined 88.2 (19.6) 71.9 (12.4) 81.7 (17.1) 43.8 (19.7) 62.3 (14.0) 
60d 108.2 a (− ) 101.4 (15.6) 62.4 (29.2) 90.4 (15.6) 39.7 (16.3) 62.0 (16.6) 
90d 100.3 (14.0) 103.9 (17.2) 86.8 (20.7) 114.1 a (− ) 30.1 (19.6) 72.8 a (− )

a The mean values for specific metrics have limited reliability due to the limited samples (only one to three) exhibiting a given failure case.
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Fig. 10. SEM micrographs of as-received PET fibers (a) and pulled-out fibers from each fiber-matrix combination in the C and NC series at different curing 
ages (b–g).
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Fig. 11. Tensile stress-strain behavior of PET-reinforced SHCC with (C) and without (NC) prior carbonation curing assessed after 14, 28, 60, and 90 days of steam 

curing: (a–d) LC 3 -50 matrix, (e–h) LC 3 -35 matrix, and (i–l) LC 3 -25 matrix.

Fig. 12. C LC 3 -50-PET specimen cured for 90 days, showing incomplete carbonation with severe PET degradation in the NC core and preserved PET in the C pe-
riphery, explaining the limited strain-hardening response.
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carbonation reduces microstructural densification and generates addi-
tional matrix defects, thereby weakening the matrix. This, in turn, fos-
ters easier crack initiation and propagation due to diminished matrix 
fracture toughness (cf. the crack patterns in Fig. E1). However, the 
weakened fiber-matrix bond constrained the crack-bridging capacity of 
PET fibers, resulting in a flat or even negative slope in the strain-
hardening phase. Consequently, in these composites, the ultimate 
strain capacity is not defined relative to the ultimate tensile strength, but 
rather at the point where the slope of the strain-hardening phase de-
viates markedly from the general trend. This deviation marks the 
termination of multiple cracking and the onset of softening through 
localized crack opening.

This comparison underscores a practical issue: the NC LC 3 -25-PET 
system doesn't promote PET degradation due to its inherently lower 
alkalinity and demonstrates superior performance compared to the C 
variant, which shows significant matrix weakening from carbonation. 
However, in practice, LC 3 -25-PET can naturally carbonate during ser-
vice, potentially leading to deterioration in mechanical performance, 
akin to that of C LC 3 -25-PET. Consequently, this risk should be consid-
ered when selecting LC 3 formulations for PET-reinforced SHCC. Perhaps 
LC 3 -50 and LC 3 -35 may be more suitable candidates under fully 
carbonated conditions, as the associated reduction in microstructural 
densification is expected to be less severe, thereby supporting improved 
strain-hardening behavior. Future investigations will assess this hy-
pothesis by fully carbonating these matrices with PET fibers inside.

Fig. 15 offers a comprehensive overview of the key mechanical 
performance metrics derived from uniaxial tensile tests. The findings 
demonstrate that all matrices exhibited an anti-aging response; how-
ever, the retention of tensile properties was critically dependent on the 
integrity of PET fibers. Specifically, in all matrices within the C series 
and the only NC series matrix, LC 3 -25-PET – where PET degradation was 
absent – parameters such as first crack stress (Fig. 15 (a)), tensile 
strength (Fig. 15 (b)), and tensile strain capacity (Fig. 15 (d)) remained 
stable against aging. In contrast, in NC LC 3 -50-PET and NC LC 3 -35-PET, 
PET degradation increasingly undermined crack-bridging capacity, 
resulting in a progressive reduction in tensile properties and, at 
advanced stages, a loss of strain capacity.

With respect to crack-width control (Fig. 15 (e)), most composites 
maintained crack widths within 150–250 μm, even in cases where severe 
PET degradation occurred at later ages in NC LC 3 -50-PET and NC LC 3 - 
35-PET. This range, as expected, is relatively high compared to typically 
reported data for SHCC, where crack widths are around ~50 μm for 
PVA-based systems [13] and ~100 μm for PE-based systems [95]. The 
larger crack widths in PET-reinforced composites are attributed to the 
intrinsically weaker bond between PET fibers and cementitious 
matrices, combined with the low Young's modulus of PET fibers. As a 
“large rupture strain” fiber [96], PET undergoes substantial plastic 
deformation before failure (as can be seen in Fig. 9), which reduces its 
efficiency in tightly controlling crack widths. However, in specialized 
applications such as impact loading, the energy absorption resulting

Fig. 13. C LC 3 -35-PET specimen cured for 90 days, showing near-complete carbonation with only a minimal NC core. This extensive carbonation preserved most PET 
fibers across the cross-section, thereby sustaining their crack-bridging capacity and enabling a pronounced strain-hardening response.

Fig. 14. C and NC LC 3 -25-PET specimens cured for 90 days. The fractured surface of C specimens exhibits a less-dense microstructure and reduced fiber crack-
bridging capacity compared to the NC specimens due to carbonation-induced strength loss in the LC 3 -25 matrix, which underpins the observed strain-
hardening response.
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from wider cracking is deemed acceptable. This is particularly relevant 
in damping protective layers, where high compliance can be advanta-
geous. In such contexts, these specialized formulations could serve as 
optimal and sustainable alternatives [19].

A notable exception to the overall trend in crack width was seen in C 
LC 3 -50-PET, especially at 14 days, where it displayed unusually wide 
cracks (800-900 μm). This anomaly is not fully understood, but it is 
likely related to incomplete carbonation, resulting in coexisting C/NC

zones within the same specimen. These zones exhibited markedly 
different responses due to carbonation-induced matrix alterations and 
the contrasting crack-bridging response of PET fibers.

Fig. 15 (c) presents the ratio of composite tensile strength to first-
crack stress as an indicator of the robustness of the strain-hardening 
behavior. A ratio greater than 1 indicates that the peak fiber-bridging 
capacity exceeds the matrix cracking strength, enabling stable multi-
ple cracking and strain hardening [92,93,97,98]; values close to 1

Fig. 15. Summary of key mechanical parameters from the tensile stress-strain behavior of PET-reinforced SHCC after 14, 28, 60, and 90 days of steam curing, with 
and without prior carbonation: (a) first-crack stress, (b) composite tensile strength, (c) ratio of tensile strength to first crack stress, (d) strain capacity, (e) average 
crack width at ultimate strain with corresponding crack density (per 100 mm gauge length), and (f) strain energy density up to ultimate strain.
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suggest limited multiple cracking, while ratios below 1 are characteristic 
of strain-softening FRC. As shown in Fig. 15 (c), NC LC 3 -50-PET 
exhibited ratios greater than 1 at early ages, consistent with the high 
crack density marked in Fig. 15 (e) and visually represented in the DIC 
crack patterns in Fig. E1. Similarly, NC LC 3 -35-PET and NC LC 3 -25-PET 
exhibited ratios greater than 1, corresponding to distributed multiple 
cracking. However, when PET fibers underwent severe degradation, 
their crack-bridging capacity was compromised. This is evident for NC 
LC 3 -50-PET at 60 and 90 days, where only a single crack formed, and the 
ratio approached 1. A similar trend was observed at later ages for NC 
LC 3 -35-PET, where the ratio began to decrease, accompanied by a 
reduction in crack density. An exception was observed for C LC 3 -25-PET, 
where the ratio remained only slightly above 1 despite the presence of 
highly saturated multiple cracking. This behavior is attributed to 
carbonation-induced reductions in matrix strength and fracture tough-
ness, which facilitate crack initiation, while the relatively low 

fiber-bridging capacity across cracks explains the nearly flat or slightly 
negative slope of the strain-hardening phase discussed earlier.

Finally, Fig. 15 (f) presents the strain energy density up to the ulti-
mate strain. Specimens subjected to PET degradation exhibited mark-
edly lower strain energy density, with reductions closely aligned with 
the extent of fiber deterioration. Conversely, composites in which PET 
fibers remained intact consistently demonstrated significantly higher 
strain energy density across all curing periods. This parameter is 
particularly significant for impact- and earthquake-resistant structures, 
as elevated strain energy density indicates an enhanced capacity to 
dissipate tensile energy prior to failure, facilitated by stable multiple 
cracking due to adequate fiber bridging capacity [17].

Preserving PET fiber integrity – whether through low-clinker matrix 
formulations or enforced carbonation curing – effectively maintains 
interfacial stress transfer and crack-bridging capabilities, thereby sus-
taining adequate strain energy density. A noteworthy example is C LC 3 - 
25-PET. While carbonation may reduce matrix strength and weaken the 
fiber-matrix interface, it can also induce more extensive multiple 
cracking, thereby increasing the tensile strain capacity. As a result, the 
decrease in tensile strength is counterbalanced by increased deform-
ability, yielding strain energy density values comparable to those of NC 
counterparts.

From an application standpoint, these findings indicate that the low-
clinker LC 3 -25-PET composite may continue to serve effectively as a thin 
strengthening layer for existing structures for protection against dy-
namic loading conditions, even after natural carbonation, as its key 
functional property – energy dissipation – remains intact. Nonetheless, 
this hypothesis necessitates direct validation through dynamic testing of 
both C and NC LC 3 -25-PET composites.

5. Summary and conclusions

In this study, a series of LC 3 -based PET-reinforced SHCC were 
designed and subjected to accelerated steam curing for 14, 28, 60, and 
90 days, with (C) and without (NC) prior enforced carbonation curing. 
The overarching objective was to mitigate alkaline degradation of PET 
fibers, as they are highly susceptible to alkaline hydrolysis when 
embedded in cementitious matrices, thereby sustaining the mechanical 
and durability performance of the composites. At each curing age, 
carbonation depth was quantified, and the composites were systemati-
cally evaluated through mechanical testing. The experimental program 

included compressive strength measurements, single fiber-matrix bond 
assessments, and uniaxial tensile testing to capture strain-hardening 
behavior, complemented by optical microscopy and ESEM imaging for 
microstructural investigations.

The following conclusions can be drawn:

• The severity and kinetics of PET degradation depend on matrix 
alkalinity, governed by PC content. In the high-clinker LC 3 -50 ma-
trix, elevated alkalinity accelerated degradation after 60 days of

steam curing. Reducing PC replacement to 65 wt% (LC 3 -35) 
decreased alkalinity and slowed degradation, while at 75 wt% (LC 3 - 
25), alkalinity was low enough to prevent PET degradation.

• PET degradation manifested as surface pitting, reduction in fiber 
diameter, and loss of load-bearing capacity. These deterioration 
mechanisms weakened the fiber-matrix interfacial bond, reducing 
crack-bridging capacity and ultimately suppressing strain-hardening 
behavior in SHCC. Consequently, highly alkaline NC LC 3 -50-PET and 
NC LC 3 -35-PET showed progressive loss of strain-hardening at later 
ages, whereas low-alkalinity NC LC 3 -25-PET retained stable tensile 
behavior.

• Carbonation curing effectively inhibited PET degradation across all 
matrices by lowering alkalinity and preserving fiber integrity.

• Carbonation penetration depth was composition-dependent: the 
dense LC 3 -50 matrix limited CO 2 diffusion, whereas the more porous 
LC 3 -35 and LC 3 -25 matrices allowed deeper ingress.

• In highly diluted blends, carbonation induced microstructural loos-
ening, reducing matrix strength and fiber-matrix bond. These effects 
increased with the level of PC replacement. As a result, in LC 3 -25, 
carbonation was unnecessary and even detrimental, as PET fibers 
were already stable in the low-alkalinity matrix, and additional 
carbonation impaired the strain-hardening performance.

• Both C and NC LC 3 matrices exhibited an anti-aging response under 
steam curing, stabilizing compressive and tensile strength as long as 
PET fibers remained preserved, a valuable trait for SHCC, where 
ongoing hydration often reduces strain capacity.

In essence, carbonation transforms higher-clinker LC 3 systems from 

environmentally unsustainable, PET fiber-degrading matrices into du-
rable, CO 2 -sequestering composites that preserve mechanical perfor-
mance. In contrast, in low-clinker, SCM-rich systems such as LC 3 -25, 
which are inherently environmentally sustainable, carbonation becomes 
counterproductive, reducing mechanical performance. These findings 
highlight the need for composition-specific design strategies: carbon-
ation curing is effective as a sustainability and durability tool in high-
clinker systems, while low-clinker matrices rely on their inherently 
low alkalinity to safeguard alkali-sensitive fibers like PET.

6. Future directions

As this study is a pioneering exploration of the carbonation process in 
highly diluted LC 3 -based SHCC reinforced with alkali-sensitive PET fi-
bers, it opens several avenues for future research exploration:

• Optimize composition-dependent carbonation protocols to ensure 
full carbonation across various LC 3 matrices, especially LC 3 -50, 
which was only partially carbonated under the current conditions.

• Verify the microstructural evolution caused by carbonation and 
measure CO 2 uptake in LC 3 binders with systematically varied 
clinker contents, employing advanced characterization methods 
such as QXRD, TGA/DTG, MIP, ESEM-EDX, and FTIR.

• Develop a predictive model of PET degradation by investigating fiber 
behavior in controlled-pore solution chemistries (varying pH) that 
replicate LC 3 environments.

• Conduct a comprehensive life cycle assessment (LCA) to evaluate the 
environmental and economic impacts of integrating carbonation 
curing into LC 3 -based SHCC with PET fibers and establish its role as a 
pathway toward sustainable and durable composites.
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Appendix A

In this appendix, chemical, mineralogical, and physical properties of binder constituents in LC 3 -based mixtures are listed.

Table A1
Chemical composition (wt.%) of the raw binder ingredients as determined by energy dispersive X-ray (EDX) analysis.

Chemical oxides Portland cement Calcined clay Limestone Gypsum

SiO 2 15.9 47.4 7.3 0.9
Al 2 O 3 4.1 24.8 1.9 3.3
Fe 2 O 3 2.8 8.9 0.8 0.1
CaO 71.2 8.6 75.4 43.2
MgO 0.7 2.8 14.1 1.1
SO 3 4.0 2.2 - 51.1
P 2 O 5 - - 0.2 0.1
K 2 O 0.4 3.6 0.4 0.1
Na 2 O 0.6 0.4 0.5 -
TiO 2 - 1.3 - -

Table A2
The mineral composition of raw binder materials determined by XRD-Rietveld analysis.

Portland cement Calcined clay Limestone Gypsum

Minerals Wt. [%] Minerals Wt. [%] Minerals Wt. [%] Minerals Wt. [%]

C 3 S 54 Quartz 18.8 Calcite 54 Gypsum 91
C 2 S 20 Mica 6.6 Dolomite 44 Anhydrite 6
C 3 A 7 Feldspar 4.9 Others 2 Calcite 3
C 4 AF 9 Anhydrite 1.8 - - - -
Calcite 5 Calcite 1.8 - - - -
Gypsum 2 C 3 A 0.4 - - - -
Bassanite 3 Amorphous 65.7 - - - -

Fig. A1. Particle size distribution of raw ingredients.
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Appendix B

This appendix presents images of prismatic cross-sections (40 × 40 mm 2 ) of NC and C samples, utilizing phenolphthalein indicators for LC 3 -50, 
LC 3 -35, and LC 3 -25 mortars (free of fibers).

Fig. B1. Prismatic cross-sections of LC 3 -50, LC 3 -35, and LC 3 -25 mortars (fiber-free), with phenolphthalein indicators showing carbonation depth and the shape of the 
carbon dioxide front.

Appendix C

In this appendix, the compression strength data are presented in tabular form.

Table C1
Average compressive strength of LC 3 -PET composites with (C) and without (NC) enforced carbonation, cured in a steam chamber at various ages. Values in parentheses 
represent the standard deviation. The percentage decrease (% dec.) is calculated relative to NC LC 3 -50-PET to highlight the effect of mixture composition and prior 
carbonation on compressive strength.

LC 3 -50-PET LC 3 -35-PET LC 3 -25-PET

NC (Ref) C % Dec. NC % Dec. C % Dec. NC % Dec. C % Dec.

14d 47.7 (5.4) 44.7 (2.8) 6.3 41.2 (1.8) 13.6 30.7 (2.7) 35.6 33.9 (3.2) 28.9 16.0 (1.9) 66.5
28d 53.6 (2.5) 46.9 (1.6) 12.5 40.6 (1.8) 24.2 31.5 (0.8) 41.2 33.6 (2.6) 37.3 16.2 (2.6) 69.8
60d 45.2 (3.9) 44.3 (2.3) 2.0 40.8 (1.0) 9.7 26.3 (1.1) 41.8 34.0 (1.6) 24.8 16.3 (0.6) 64.0
90d 51.9 (1.7) 45.0 (3.9) 13.3 42.2 (3.8) 18.7 31.2 (2.3) 39.9 33.3 (2.0) 35.8 16.3 (0.1) 68.6
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Appendix D

In this appendix, the force vs. displacement curves from all single fiber pull-out tests are presented.

Fig. D1. Single fiber pullout response of PET fibers from LC 3 -50 matrix after 14, 28, 60, and 90 days of steam curing: (a–d) without pre-curing carbonation (NC), and 
(e–h) with pre-curing carbonation (C).
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Fig. D2. Single fiber pullout response of PET fibers from LC 3 -35 matrix after 14, 28, 60, and 90 days of steam curing: (a–d) without pre-curing carbonation (NC), and 
(e–h) with pre-curing carbonation (C).

Fig. D3. Single fiber pullout response of PET fibers from LC 3 -25 matrix after 14, 28, 60, and 90 days of steam curing: (a–d) without pre-curing carbonation (NC), and 
(e–h) with pre-curing carbonation (C).
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Appendix E

In this appendix, the DIC crack pattern at ultimate strain is presented.

Fig. E1. DIC-derived crack patterns of the investigated composites subjected to accelerated steam curing for 14, 28, 60, and 90 days: (a) LC 3 -50-PET, (b) LC 3 -35-PET, 
and (c) LC 3 -25-PET, with (C) and without (NC) prior carbonation curing.

Data availability

Data will be made available on request.
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