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A B S T R A C T

This study investigates the use of wind turbine blade (WTB) waste in mortar, with emphasis on how particle size 
affects hydration, mechanical performance, and alkali-silica reaction (ASR) expansion. Mechanically shredded 
WTB waste, composed mainly of glass fiber and epoxy resin, is used in mortar in different particle sizes: from 
0.063 mm to larger than 8 mm. Experiments assessed the physical and chemical interactions of the different WTB 
waste fiber sizes with the cementitious matrix using isothermal calorimetry, X-ray diffraction, and scanning 
electron microscopy. Flexural and compressive strength, as well as ASR expansion of all the WTB waste- 
reinforced mortar were also determined. The results show that smaller WTB fractions (0.063–2 mm) con
tained more exposed glass surfaces, exhibited higher reactivity, and improved compressive strength while 
reducing porosity. However, these finer fractions also caused faster and greater ASR expansion. In contrast, 
larger WTB fractions (>8 mm), which more often retained epoxy resin on the fiber surface, showed lower early 
ASR expansion but introduced more defects and higher porosity, resulting in reduced compressive strength. The 
intermediate fraction (2–8 mm) displayed mixed powder-like and fiber-like behavior. WTB size strongly governs 
the balance between mechanical performance and ASR-related durability, showing that this waste stream can 
only be incorporated safely when its particle-size-dependent effects are carefully considered.

1. Introduction

Over the past two decades, wind energy has emerged as key tech
nology for the green energy transition, experiencing substantial growth 
in installed capacity [1] – and with it, the rise of wind turbine blade 
(WTB) waste also rises [2]. Utilizing WTB waste in cement and concrete 
matrices offers potential solutions for the growing global problem of 
WTB disposal [3–6]. This approach mitigates adverse environmental 
consequences associated with incineration and landfilling, while also 
reducing the expenses incurred by producers and suppliers of WTB due 
to fewer fines for landfilling. Previous studies have identified three 
primary methods for incorporating WTB waste into cement/concrete 
matrix: fiber reinforcement, aggregate replacement, and cement 
replacement [7]. Given that the recycling process of WTB typically 
yields fiber-like products after mechanical shredding [8,9], these fibers 
can be utilized as reinforcement in cementitious matrices. However, 
while previous studies have explored the incorporation of WTB waste in 
concrete matrices [3,7], this study uniquely investigates the influence of 

WTB fiber size on alkali-silica reaction (ASR) mitigation, a previously 
underexplored area.

Even though incorporating WTB waste into concrete may enhance its 
structural integrity and physical characteristics [10,11], its durability 
properties have not been thoroughly studied in the existing literature. 
This is especially true when considering the potential contribution of 
partially reactive SiO2 from the glass fiber included in WTB waste 
becoming reactants to alkali-silica reaction (ASR) in laboratory condi
tions [12]. ASR is a deleterious process in concrete, leading to significant 
structural issues. This reaction occurs between alkali and hydroxide ions 
(Na⁺, K⁺, and OH⁻) in the concrete's pore solution and poorly crystalline 
and therefore reactive silica minerals present in aggregates (e.g. opal, 
flint) [13–16]. The interaction produces expansive reaction products 
(the so-called ASR-gel) that induce internal pressure, resulting in 
cracking of both aggregates and the surrounding cement paste [16]. 
These cracks compromise the concrete's integrity and facilitate the 
ingress of other harmful agents, potentially triggering further degrada
tion mechanisms such as sulfate attack, chloride penetration, 
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freeze-thaw damage, and accelerated carbonation. Effective preventive 
measures against ASR expansion and damage include using non-reactive 
aggregates, low-alkali binders, and controlling the moisture content in 
the concrete [17]. However, these solutions are not always feasible, 
particularly due to the limited availability of non-reactive aggregates. In 
this context, using fiber reinforcement in a cementitious matrix has 
proven to be an effective way to mitigate the harmful effects of ASR 
[18–20].

The mechanical shredding process of WTB waste yields fiber-like 
products, offering the potential to be used to reinforce the cementi
tious matrix. The WTB waste fiber contains fibers of different sizes 
(different widths and different length) after the shredding process. The 
shredding process can be easily scaled up for industrial applications, 
making it a viable solution for large-scale concrete usage. Fibers can 
mitigate the expansion and shrinkage of the matrix by providing addi
tional reinforcement, facilitating cracking control, and toughness of the 
brittle composite material [21–23]. In general, WTB waste consists of 
two major components: glass fiber and epoxy resin, although some blade 
waste may contain also other fibers and resins [24,25]. Previous studies 
show that glass fiber may react with the pore solution of the cementi
tious matrix, forming Ca/Na-silicate gels and lead to increased expan
sion [26]. The presence of epoxy resin in WTB waste fiber may 
contribute to a decrease of the matrix expansion due to reduced ASR gel 
formation, because the resin is tightly bound to the glass fiber, 
enhancing its alkaline resistance in the cementitious matrix [27].

More specifically, WTB waste is a composite material with a high 
content of organic molecules in the epoxy, and inorganic mineralogical 
profiles (main oxides are SiO2, CaO, and Al2O3) similar to construction 
materials. The high silicate, aluminum, and calcium content (from glass 
fiber) in WTB waste react potentially with the pore solution in the 
cementitious matrix. Shi et al. [28] reported that waste glass (with 
particle size of 40–700 μm) exhibited very high pozzolanic activity. 
Similarly, the glass fiber in WTB waste may be reactive. The dissolution 
process of waste glass under an alkaline environment has been presented 
in a previous study [29]. The waste glass contributed to more dissolution 
of Ca and Al, into the pore solution of the cement matrix. Therefore, it is 
important to assess if epoxy resin can reduce the reactivity of the glass 
component of WTB waste in cementitiopus systems.

This study focuses on understanding the effect of different sizes of 
WTB waste fiber on their contribution as supplementary cementitious 
materials and its effectiveness in reducing ASR-related expansion of the 
reinforced mortars. The impact of different fiber sizes on the hydration 
process and the ASR expansion of the matrix were studied. The role of 
fiber size in affecting hydration and durability remains unclear. Smaller 
fibers may interact differently with the matrix compared to larger ones, 
potentially influencing both the chemical reactions and mechanical 
properties.

The experiments in this study have been conducted in cementitious 
materials containing WTB waste fibers of different sizes to answer the 
main hypothesis: 

Hypothesis 1. The glass fraction in WTB waste can react in alkaline 
cementitious systems, while the epoxy resin may hinder glass dissolu
tion. Because different WTB fiber sizes provide different extents of 
exposed glass surface, their reactivity in alkaline environments is ex
pected to differ. To examine this hypothesis, alkali dissolution and 
reactivity tests were conducted on the WTB waste.

Hypothesis 2. Differences in the dissolution behavior of WTB waste 
may affect the hydration process of cement differently depending on 
fiber size. To address this hypothesis, isothermal calorimetry was per
formed on cement pastes containing different sizes of WTB waste, and 
the formed gels were further characterized by scanning electron mi
croscopy (SEM).

Hypothesis 3. At the same fiber content in the cement matrix, smaller 
fibers with higher specific surface area may promote greater expansion, 

whereas longer fibers with lower specific surface area and a greater 
crack-bridging capacity may help restrain expansion.

These three hypotheses define the research framework of the present 
study and address key knowledge gaps related to the influence of WTB 
waste fiber size on hydration, microstructure, and ASR behavior in 
cementitious materials. Based on this framework, hydration products 
were characterized by powder X-ray diffraction (XRD), while X-ray 
computed tomography (XCT) and SEM were used to assess mortar 
microstructure. In addition, flexural strength, compressive strength, and 
ASR expansion were evaluated.

2. Materials and Methods

2.1. Materials and sample preparations

CEM I 52.5 R (Aalborg White, Denmark) was used as a Portland 
cement. WTB waste was sourced from Spain (PreZero). Before use in this 
study, the blade waste underwent a mechanical size-reduction process. 
According to the supplier preparation protocol, the blades were first cut 
into pieces, and metallic elements were removed. The material was then 
subjected to primary shredding using a twin-shaft pre-shredder, fol
lowed by secondary shredding using a crossflow shredder (chain mill) 
equipped with different screen sizes of 5, 15, 30, and 60 mm. This 
processing route generated heterogeneous fiber-like composite frag
ments containing glass fibers and epoxy resin. The overall processing 
route of the WTBW, from blade sections to shredded, sieved, and ground 
materials, together with the corresponding experimental workflow, is 
illustrated schematically in Fig. 1. The chemical composition of WTB 
waste and cement is listed in Table 1. The loss on ignition (950℃) of 
WTB waste and cement is listed as well. Then the content of the resin 
part is around 55 wt%, and the density of the WTB waste is around 
1.66 g/cm3. XRD diffractograms of cement and WTB waste are shown in 
Fig. 2, where the WTB waste shows a small amount of calcite, which is 
the filler material during the blade production [30,31]. The hump of 
WTB waste is the amorphous silicon compound.

Fig. 3 shows the WTB waste fiber passing by the sieves 63μm, 500 
μm, 2 mm, and 8 mm with four different groups (63–500 μm, 500 
μm~2 mm, 2–8 mm, and >8 mm). The fiber size in the study refers to 
the sieving size of the WTB waste fiber. The secondary electron scanning 
electron microscopy (SE-SEM) micrographs of each fiber group are also 
shown in Fig. 3 under each photograph of the fibers. SEM micrographs of 
the smaller WTB waste fibers show not attached epoxy resin particles 
around the glass fibers, while the large WTB waste fibers show more 
epoxy resin sticking to the fiber surface.

The mix design of the control samples and WTB waste-reinforced 
samples are listed in Table 2. The mortar mix design follows ASTM 
C1260 [32] and utilizes a concentration of 0.5 vol% of cement as fibers. 
Specially, standard steel fiber (6 cm × Φ1 mm) was also used as a 
control sample with fiber. The steel fibers were made of cold-drawn 
carbon-stell wire with a characteristic tensile strength of 1800 MPa, 
hooked ends (type 1 according to EN 14889–1: 2006 [33]). For this 
reason, the steel-fiber mixture (S8) shows a higher fiber mass than the 
WTB-based mixtures. This difference is expected and reflects the much 
higher density of steel fiber (7.85 g/cm3) compared with WTB waste 
(approximately 1.66 g/cm3). Deionized water was used as the mixing 
water for all paste and mortar mixtures. The same water source was used 
throughout all experiments. The sand used in the mortar was a 0/4 mm 
concrete sea sand (Class E) supplied by NCC Industry A/S, Denmark. 
According to the supplier declaration, the sand had a density of 
approximately 2.60 g/cm³ and a water absorption of about 0.2%. The 
“W” represents the samples with WTB waste fiber, and the number af
terwards represents the sieved size. The “S” represents the sample with 
steel fiber. The paste samples mix design for XRD and Isothermal calo
rimeter was the same as mortar samples without sand.

Mixture S8, containing steel fibers, was designed as a reference 
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mixture for selected tests rather than as a fully parallel comparator 
across all experimental evaluations. Because steel fibers differ funda
mentally from WTB waste fibers in density, stiffness, morphology, and 
reinforcing mechanism, and because their strength contribution is sub
stantially higher, S8 was used only where such a comparison was 
considered meaningful, particularly in the ASR assessment. The mortar 
composition adopted in this study was selected to provide a controlled 
cementitious matrix consistent with the ASR-related test program and 

suitable for isolating the effect of WTB waste fiber size. Therefore, the 
mixture design was not intended to represent an optimized sustainable 
mortar mix design or a direct equivalent of ordinary structural concrete, 
but rather a standardized matrix for investigating the feasibility of 
incorporating WTB waste as a fiber-type addition and for evaluating its 
influence on hydration, microstructure, mechanical behavior, and ASR 
expansion.

2.2. Testing methods

Alkali dissolution test
The WTB waste was ground down, and the mean diameter particle 

size was d50 = 23 μm. The alkali dissolution test was performed as 
described in [34]. Leaching of powdered WTB waste was carried out by 
mixing the powder with NaOH solutions with concentrations of 0.01, 
0.1, and 1 M, in a solid to liquid (S/L) ratio of 0.05 g/ml up to 28 days. 
The dissolution process was carried out in a 500 ml plastic bottle and the 
slurry was placed on a shaking table with a constant speed of 200 rpm at 
room temperature (20℃). The leaching slurry was extracted and acidi
fied at regular intervals after 10 mins, 1 h, 6 h, 1 day, 3 days, 7 days, 10 
days, 14 days, 21 days, and 28 days then filtered. pH of the leachates 
were measured by senSION MM 374, the pH meter was calibrated by 
standard buffer solutions at pH of 10 before measurement. Then the 
leachates were analyzed for Ca, Si, Al, and Mg concentration by induc
tively coupled plasma emission spectroscopy (Agilent 5800 ICP-OES) 
with SPS 4 Autosampler.

2.2.1. Isothermal calorimeter

2.2.1.1. Hydration process. According to the mixture proportion in 

Fig. 1. Processing route and experimental use of WTBW in this study, showing blade sections, factory shredding, shredded WTBW, sieving into different size 
fractions, powder grinding, and the corresponding experimental methods applied to each material form.

Table 1 
Materials compositions (wt%).

Group Na2O MgO Al2O3 SiO2 SO3 K2O CaO TiO2 Fe2O3 Others LOI*

WTB waste 0.86 0.74 5.46 24.85 / 0.25 11.02 0.31 0.18 0.37 55.97
Cement 0.29 0.93 5.27 19.32 3.56 0.33 64.16 / 3.25 0.44 2.45

LOI*=Loss on ignition at 950℃

Fig. 2. XRD diffractograms of WTB waste (black) and unhydrated cement 
(red line).
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Table 2, the heat evolution of the pastes (without the sand fraction) was 
measured with an isothermal calorimeter (I-Cal Flex, Calmetrix). In total 
4.64 g of cement paste was used for each test group. Cumulative heat 
release and hydration exothermal rate are obtained and analyzed to 
study the hydration of WTB waste fiber reinforced cement matrix.

2.2.1.2. Rapid, Relevant and Reliable (R3) test. The Rapid, Relevant and 
Reliable (R3) test is used to assess the reactivity of powdered WTB waste 
(D50 = 23μm). The R3 test was followed by ASTM C1897-20 [35]. Here, 
the cumulative heat of the reaction was measured in an isothermal 
calorimeter. All the pastes are injected into the sample container after a 
2-minute mixing period. Heat flow and hydration heat data are 
continuously recorded for 7 days (168 h) at 20 ◦C instead of 40◦ C. All 
the paste ingredients, including the mixing solutions, were stored 
overnight at the same temperature as the test. The mix design of R3 test 
can be found in Table 3. The compositions of the potassium solution are 
listed in Table 4.

2.2.2. Powder X-ray diffraction
Powder X-ray diffraction (XRD) analysis of WTB waste powder and 

WTB waste containing paste samples was conducted using a X Pert PRO 
instrument, which emitted Co-Kα radiation (40 kV, 30 mA). The scan
ning range for 2θ was set between 10 and 70◦. The paste samples were 
crushed into powders and immersed in a 2-propanol solution for 24 h. 
Then the paste samples were dried under 40 ◦C for 24 h for the hydration 
stoppage process. All the samples (including raw WTB waste powder) 
were subjected to measurements with a step size of 0.05◦ and a counting 

time of 1 s per step.

2.2.3. Micro-computed tomography (XCT)
A ZEISS Xradia 520 Versa scanner was employed to perform µXCT on 

− 28 days old mortar cubic specimens (25 × 25 × 25 mm³), incorpo
rating 0.5% vol. of cement by WTB waste of the various sizes. Five 
specimens were investigated in total, each one representative of the 
groups illustrated in Table 2. Beam energy was set at 140 kV (10 W). A 
high-energy filter was used to optimize the X-ray beam transmission. 
The pixel size was equal to 35.2 µm, since the scan field-of-view (FOV) 
contained the entire specimen volume. The exposure time was 1.3 s. 
Binning was set to 1.0. A total of 1601 projections were acquired. A filter 
back-projection algorithm was applied for image reconstruction. The 
acquired 16-bit image data were converted to 8-bit, reducing the 
computational processing time. Avizo (ThermoFisher Scientific) was 
employed for 3D volume rendering applications, data visualization, and 
phase segmentation. Pore size distribution at the various systems, con
taining different WTB waste sizes was particularly studied.

2.2.4. Mechanical properties
Following a 28-day curing period at 20 ◦C and 95% relative hu

midity, flexural strength testing was conducted on the mortar bars (40 ×

40 × 160 mm³) by EN 196–1 [36]. The recorded strength value for each 
mix was determined based on the average of three samples. The testing 
involved applying a constant loading rate of 50 N/s until the fracture 
load was reached. The compressive strength testing was conducted on 
the remaining parts after the flexural strength test. The testing involved 

Fig. 3. Sieved fibers with different sizes photogram and SE-SEM micrographs.

Table 2 
Mortar samples.

Sample ID PC (g) Sand (g) WTB fiber (g) Steel fiber (g) Water/Cement Note

> 8 mm 2–8 mm 500um-2mm 63um-500um

Ref 440 990 / / / / / 0.47 Control sample
W8 440 990 9.05 / / / / 0.47 ​
W2 440 990 / 9.05 / / / 0.47 ​
W0.5 440 990 / / 9.05 / / 0.47 ​
W0.063 440 990 / / / 9.05 / 0.47 ​
S8 440 990 / / / / 42.94 0.47 Control sample with steel fiber

Table 3 
Mix design of R3 test (unit:g).

WTB waste Sand Ca(OH)2 CaCO3 Potassium solution

WTB 1 3 0.5 5.4
Ref-sand 1 3 0.5 5.4

Table 4 
Potassium solution (unit:g).

Potassium hydroxide Potassium sulfate Water

Mass 0.4 2 100
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applying a constant loading rate of 2400 N/s until the fracture load was 
reached.

2.2.5. Scanning electron microscopy
Post 28-day strength test, the remaining complete mortar parts were 

drilled to Ø 1 cm × 0.5 cm cylinders, which were impregnated with low- 
viscosity epoxy resin and then polished. The microstructure of the pol
ished samples was coated by gold with 20 nm thickness and was 
examined by Quanta FEI FEG – 250 scanning electron microscopy (SEM) 
instrument with a Back-scattered Electron Detector (BSE). The compo
sition of the gels (around WTB waste fiber in the matrix) was determined 
by energy dispersive spectroscopy (EDS) based on the SE graphs. The 
clusters of Ca-Si-Al were normalized by OriginPro 2024 to obtain data 
for ternary phase diagrams (Ca-Si-Al).

2.2.6. ASR test
The ASTM C1260 was utilized to conduct ASR testing of mortars 

containing WTB waste. The ABMT is widely employed for evaluating 
ASR potential reactivity in laboratory conditions due to its rapid 
response within 16 days. Mortar specimens with 
25 × 25 × 285 mm³ dimensions are produced and de-moulded after 
24 h at 20 ◦C and 95% RH. Afterwards, they are subjected to a 24-hour 
curing period in water at 80 ◦C and subsequently, the specimens are 
immersed in a 1 M NaOH solution at 80 ◦C for 14 days. Moreover, 
extended exposure of the mortar bars in the alkaline solution (i.e., up to 
28 days) can be used to achieve a more reliable assessment of the ma
terials used.

Fig. 4. Alkali dissolution testing with 0.05 S/L ratio (a) Si; (b) Al; (c) Ca; (d) Mg; (e) pH record.
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3. Results and discussion

3.1. Characterization of raw WTB materials

3.1.1. Alkali dissolution test
The dissolution of ground WTB waste powder (D50 = 23 μm) in so

dium hydroxide (NaOH) solutions at different concentrations with fixed 
solid-to-liquid (S/L) ratio of 0.05 was studied, and the results are shown 
in Fig. 4. These figures represent the release of silicon (Si), aluminum 
(Al), calcium (Ca), and magnesium (Mg) up to 28 days. The increasing 
concentration of NaOH leads to a faster breaking of Si-O and Al-O bonds, 
and hence highest Al and Si concentrations for 1 M NaOH solution, 
which is associated with the dissolution of Si and Al from glass fiber in 
WTB waste [37]. The pH variation during the tests was also measured to 
better understand the dissolution process.

Silicon (Si) Dissolution
The release of Si increased with higher NaOH concentrations, 

showing an initial rise and stabilizing after 7–10 days (in Fig. 4(a)). At 
1 M NaOH, the Si concentration reached approximately 2000 mg/L by 
day 10, while lower concentrations of NaOH (0.1 M and 0.01 M) showed 
slower and lower dissolution rates. The higher NaOH concentration 
promotes the breaking of Si–O bonds in the glass fibers of WTB waste, 
releasing Si into the solution as Si(OH)₄. This dissolved Si(OH)₄ may 
later contribute to hydration reactions in cement-based materials.

Aluminum (Al) Dissolution
The release of Al followed a similar pattern to Si, but with a delayed 

start (Fig. 4(b)). The Al concentration in 1 M NaOH increased continu
ously, reaching around 250 mg/L after 28 days. The pH of the initial 
solution significantly influences the Al dissolution. The 0.1 M and 
0.01 M NaOH show very low concentrations of Al dissolution. The Al 
dissolution from WTB waste may need minimum pH around 13.5.

The release of Al is attributed to the breakdown of Al–O bonds in the 
WTB waste. Once released, Al forms Al(OH)₄⁻ ions in the alkaline solu
tion. Together with Si, these dissolved species are key components for 
forming aluminosilicate gels during hydration reactions in alkali- 
activated or cementitious systems.

Calcium (Ca) Dissolution
Unlike Si and Al, the dissolution of Ca peaked early in the process and 

then decreased over time (Fig. 4(c)). Ca reached its maximum concen
tration (~30 mg/L) within 1 h in 1 M NaOH and then gradually 
decreased as the test progressed. Coinciding with Ca precipitation in the 
form of calcium hydroxide (Ca(OH)₂) and possibly aluminosilicate gels. 
These reactions remove Ca²⁺ from the solution, contributing to the 
observed decrease in Ca concentration. The dissolved Ca, along with Si 
and Al, may also participate in forming hydration products like C(N)-A- 
S-H gels, which are responsible for binding and strength development in 
the cementitious binders.

Magnesium (Mg) Dissolution
The behavior of Mg was different from Si, Al, and Ca (Fig. 4(d)). Mg 

showed the highest concentrations at lower NaOH concentrations 
(0.01 M and 0.1 M), while very little Mg was released in 1 M NaOH. The 
limited release of Mg in highly alkaline conditions is due to its low 
solubility at elevated pH, as the precipitation of Mg(OH)₂ is favored (Ksp 
= 1.5 × 10⁻¹¹). Additionally, the small amount of Mg in the WTB waste 
limits its overall release into the solution.

pH Variation
The initial pH of the solutions, determined by the NaOH concen

tration, was 13.74 for 1 M NaOH, 12.56 for 0.1 M NaOH, and 11.6 for 
0.01 M NaOH (Fig. 4(e)). The pH varies at 10 min, 6 h, and 10d for 1 M 
NaOH. For 0.1 M and 0.01 M NaOH, a gradual decrease in pH was 
observed over time. This drop is attributed to the consumption of OH⁻ 
ions during the dissolution of WTB waste and the precipitation of re
action products like Ca(OH)₂ and aluminosilicate gels.

It needs to be noted that Ca concentration at 0.05 S/L (shown in 
Fig. 4) starts to decrease after 1 h of the alkali dissolution process. 
Firstly, the decrease in Ca concentration is related to forming portlandite 

(Ca(OH)2) and possible aluminosilicate gels as mentioned. Sufficient 
Ca2+ and OH- lead to the precipitation of the Ca(OH)2, simultaneously, 
Ca2+, Si(OH)4, and Al(OH)4⁻ lead to the precipitation of the amorphous 
gels [38]. Mg shows an adverse trend of dissolution compared to Si, Al, 
and Ca elements. The higher pH of the dissolving solution leads to a 
lower release of Mg2+ into the aqueous environment [39]. Simulta
neously, only limited Mg2+ ions are identified in the dissolving solution 
because of the limited Mg source from WTB waste. The results indicate 
that higher NaOH concentrations accelerate the dissolution of Si, Al, and 
Ca from WTB waste, providing essential components for hydration re
actions in cementitious systems. The findings highlight the dissolution 
mechanism of how the alkalinity of the pore solution influences WTB 
waste in cementitious composites.

3.1.2. Rapid, Relevant and Reliable (R3) test
Fig. 5 shows the normalized cumulative heat release of WTB waste 

fibers (mixed with the potassium solution, portlandite, and calcite 
powder) and sand reference sample (mixed with the potassium solution, 
portlandite, and calcite powder) are measured by an isothermal calo
rimeter (R3 test) for 14 days at 20◦C. Fig. 5, shows the heat release curve. 
After 40 h, the heat release curve increases, and this is due to the 
pozzolanic reactivity of WTB. The glass fiber content in WTB starts to 
contribute to the hydration process under normal temperatures (20◦C) 
[40]. As mentioned in the alkali dissolution test, WTB waste dissolves 
sufficient Ca2+, Si(OH)4, and Al(OH)4⁻, leading to the precipitation of 
the amorphous gels. This proves the pozzolanic reactivity of WTB in the 
cement/concrete matrix as a potential supplementary cementitious 
material. The Ref-sand shows very limited heat release of mixing solu
tions (from the portlandite).

3.2. Characterization of WTB waste-containing composites

3.2.1. Isothermal calorimetry
Fig. 6 shows the normalized heat flow and total heat release of WTB 

waste in the cement matrix. Fig. 7 shows the time to reaction peak 
(TTRP) and height of the peak (HOP) based on the calorimetric results in 
Fig. 6. TTRP refers to the time from the beginning of the test to the 
second exothermic peak (related to the formation of reaction products), 
and HOP is the heat flow of the second exothermic peak [41].

As can be seen in Fig. 6, W0.063 shows the lowest normalized heat 
flow in the acceleration/deceleration period. At the same time, W0.063 
also has the highest total heat release after a 7-day calorimetric 

Fig. 5. Pozzolanic activity of WTB waste.
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experiment. This is due to the small particle size of the W0.063 fiber. The 
finer particle size of WTB waste leads to a more specific surface area of 
glass content in an alkaline environment in cement. The glass content 
may consume the alkalinity of the pore solution [42]. This leads to a low 
heat flow at the early hydration process but contributes to the total heat 
release after 7 days. This is in line with R3 test results that WTB waste 
starts to generate heat after 7 days.

Generally, TTRP and HOP decrease with the fiber fractions from 
Fig. 7, and WTB-containing samples show longer TTRP than the control 
sample. Because the WTB waste may absorb extra water, leading to a 
delay in the hydration process [31]. However,W8 shows the fastest 
TTRP with the highest HOP. This is due to the sieving size of fibers (>
8 mm), which results in less water absorption and the pH value of the 
pore solution. In other words, less alkaline pore solution contact with 
WTB (>8 mm) leads to more available alkalis for cement hydration. This 
will accelerate the hydration process of the cement matrix. Also, the 
available alkalis may lead to higher ASR in the late hydration state. 
While WTB fibers in W2, W0.5, and W0.063 have higher specific surface 
area than W8, more alkalis are needed for the dissolution of glass con
tent. Consequently, the delay hydration peaks are observed. The finer 
WTB particles will continue to the late hydration process as mentioned. 
The heat release is more obvious up to 7 days.

3.2.2. X-ray diffraction (XRD)
Fig. 8 shows the XRD patterns of the 28-day pastes. There is a small 

difference between the control samples and the WTB waste-containing. 
All peaks generally occur at the same positions irrespective of different 
samples. This means fiber fractions will not impact the types of cement 
hydration products during the first month of hydration. The typical 
portlandite peak dominates in all paste samples. The extra Ca(OH)2 may 
provide enough alkalinity for the further reaction of glass content in the 
WTB waste fiber. This may be reflected in the strength in a very late 

curing age. Simultaneously, the remaining C3S and C2S will continue to 
the late hydration process under an ambient environment. Besides, no 
distinct peak of calcite from the embedded WTB waste fibers is identi
fied. This is due to the small percentage of the encapsulated WTB waste 
fibers compared to cementitious materials.

3.2.3. Micro-computed tomography (XCT)
Representative 2D orthoslices originating from the reconstructed 

XCT data are illustrated in Fig. 9(a) for all specimens imaged. A detailed 
illustration of the phase segmentation process is also given (Fig. 9(b)). 
UC and CM&W stand for un-hydrated cement, cement matrix, and 
waste.

Three main phases were distinct, based on the grayscale intensity 
distribution, including the low-intensity region associated with the 
porosity and air voids, the medium-intensity region linked with the 
hydrated cement matrix, sand particles, and glassy fibrous content of the 
WTB waste, and the high-intensity region associated with the un- 
hydrated cement particles. The porosity/voids spatial distribution 
within the five specimens is illustrated in Fig. 10.

Porosity variations can be observed between the five systems. Large 
distinct pores are detected in systems W0.5, W2, and W8, while the 
reference and W0.063 specimens display a more uniform size distribu
tion. A detailed quantitative analysis was performed to determine the 
pore size distribution. The results are presented in Fig. 11. Both the total 
number of pores (Fig. 11a), cumulative pore volume (Fig. 11b), and pore 
frequency histogram (Fig. 11c) are given. A relative correlation can be 
observed between the fiber size used in the batch and the total number 
of pores. The reference specimen contains the largest number of pores, 
with W0.063 following. A completely inverse trend is observed for the 

Fig. 6. WTB waste in cement (a) Normalized heat flow; (b)Normalized total heat release.

Fig. 7. Time to reaction peak and height of the peak of WTB waste in cement.

Fig. 8. XRD of WTB-containing cement pastes at 28 days.
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Fig. 9. Illustration of (a) characteristic 2D views of the tomograms acquired for the various specimens along with (b) phase segmentation protocol, including a 
characteristic line scan example (based on 16-bit data). UC and CM&W stand for un-hydrated cement, cement matrix, and waste.

Fig. 10. Representative 3D views of porosity/air void spatial distribution for the five mortar specimens subjected to X-ray imaging.

Fig. 11. Distribution of (a) Cumulative number of pores, (b) cumulative pore volume, and (c) pore frequency histogram among the five specimens.
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cumulative pore volume. Fig. 11(b) shows the evolution of pore volume, 
which can be divided into three stages. The first stage (only pores lower 
than 0.5 mm3 are considered) is characterized by a linear growth rate of 
the pore volume with the reference and W0.063 specimens being the 
most porous while the W2 exhibits the lowest pore volume. A second 
stage (0.5 mm3 < pore volume < 2 mm3) can be distinguished, where 
the first differences among the five systems are spotted. The linear 
growth rate of cumulative pore volume persists for the specimens con
taining larger-size fibrous elements, i.e., W0.5, W2, and W8, while a 
growth rate decay is observed for the reference and the W0.063 speci
mens. The last stage (2 mm3 < pore volume < 5 mm3), including the 
largest volumes, indicates an intensified behavioral shift among the five 
specimens. The reference and W0.063 specimens show no further 
growth of the cumulative pore volume within this range (further in
crease can be spotted when pores larger than 5 mm3 are considered). On 
the contrary, a linear growth rate of the cumulative pore volume persists 
for W05, W2, and W8 specimens. Fig. 11(c) illustrates the differences in 
the pore frequency histogram among the five systems. Small-sized 
(equivalent diameter < 0.5 mm) pore distribution is relatively uniform 
among the specimens, with more than 40% of the pores having an 
equivalent diameter (ED) less than 0.1 mm. Medium-sized pores (ED is 
between 0.5 and 1.0 mm) lie within a range of 2.5% - 4% of the pore 
population, while the corresponding range for large-sized pores (ED >
1 mm) is 0.04% - 0.12%. To sum up, the cumulative pore volume is 
higher for the specimens containing larger-sized fibrous elements (W0.5, 
W2, and W8), even though these specimens contain fewer pores.

This behavior is attributed to the presence of isolated large pores (ED 
> 1.0 mm) in the specimens containing large-sized fibrous elements 
(W0.5, W2, W8), which is not observed for the specimens containing 
either small-sized fibrous elements (W0.063) or no WTB waste (refer
ence). The mean pore volume index, defined as the ratio between the 
cumulative pore volume and total number of pores was employed to 
enhance comparison between the five different systems studied. The 
results are presented in Fig. 12 and the detailed porosity values are 
presented in Table 5. It is worth noting that the mean pore volume index 
grows with increasing size of the embedded fibrous elements until a 
peak is reached (W2 specimen), followed by a decay as the size of the 
embedded waste further rises (W8 specimen).

3.2.4. Scanning electron microscopy
Representative SEM micrographs of 28d mortar samples are shown 

in Fig. 13. W8 shows a large area of epoxy resin with a cluster of glass 
fibers. This is associated with the large size of WTB waste containing 
more epoxy resin coating than the smaller sizes. This has been proven by 

SEM of WTB waste in different sizes (Section 2.1, Fig. 3). The epoxy resin 
surrounds the inner part of the glass fiber preventing the attack from the 
alkali pore solution. Thus, glass fibers with perfect round shape can be 
observed both in W8 and W2. However, the glass fiber in W0.063 has no 
protection from the resins. The glass fiber exposes to the alkali pore 
solution directly, leading to a fast dissolution of glass fiber. Therefore, 
the glass fibers in WTB waste lose the round shapes. This can be due to 
polishing artifacts, but the broken glass fibers can be found not in one 
spot under the SEM graphs.

Fig. 14 shows EDS maps of mortar samples at 28 days. W8, W2, and 
W0.5 illustrate the typical shapes of glass fiber from WTB waste. The 
overlap of Ca, Al, and Si is the location where the fiber is. WTB waste 
fiber shows a higher Al content than the cement matrix. In addition, the 
sand can be easily distinguished by the overlap of Si and O. It is worth 
noting that the Ca content in WTB waste shows more brightness than in 
the gel matrix. At the meantime, Si content in WTB waste is more intense 
than in the gel matrix. Those are all in line with XRF results (Table 1).

To further understand how WTB waste influences the formation of C- 
S-H gels, Fig. 15 exhibits the EDS dots and a ternary graph of Ca, Si, and 
Al. Each sample has 25 EDS dots on the amorphous gels near the WTB 
waste fiber. As can be seen from the ternary graph, W8 shows large 
ranges of Ca distribution, which represents a low Ca content in the 
amorphous gels. This finding is associated with the epoxy resin 
confinement effect induced on the embedded glass fibers, as mainly 
observed in the systems containing large-size WTB waste. The epoxy 
resin acts as a protective barrier to the confined glass fiber, decelerating 
glass dissolution. On the contrary, W0.063 and W0.5 contain high Ca 
content in the gels. This is due to the fast dissolution of glass fiber in 
WTB waste. As proved in Section 3.1.1, Ca in WTB waste can be released 
to alkali solutions very fast. This phenomenon is highly related to the 
particle size of WTB waste. The smaller size of WTB waste results in the 
fast dissolution of glass, which leads to a high Ca release. Ca can be 
captured by silicate monomers, generated via dissolution of the cement 
particles, forming Ca-rich amorphous gels.

Fig. 12. Mean pore volume index variation for the five systems studied via X-ray imaging.

Table 5 
Porosity by XCT (vol%).

Ref W0.0063 W0.5 W2 W8

Porosity 1.45 1.45 1.84 1.80 1.83
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3.3. Properties of WTB-waste containing composites

3.3.1. Strength
Fig. 16 (a) shows the flexural and compressive strength of WTB 

waste-containing mortars at 28 days. The flexural strength of Ref, 
W0.063, W0.5, W2, and W8 are shown in Table 6. W2 exhibits the 
highest flexural strength among the samples, exceeding the flexural 
strength of W8, which contains larger-size fibers. This paradox can be 
linked to the orientation of the embedded WTB fiber in the samples. 
Additionally, some fibers may be perpendicular to the tensile stress 
distribution, and no significant contribution is expected to resist the 
tensile forces [43]. This results in a limited improvement in flexural 
strength. However, they can help in controlling crack propagation in 
other directions. The compressive strength of Ref, W0.063, W0.5, W2, 
and W8 are shown in Table 6. Generally, the compressive strength is 
expected to increase with smaller sizes of WTB waste fibers. As 
mentioned in Section 3.2.4, the smaller size of WTB fibers tends to 
dissolve more Ca into the pore solution. However, other factors can also 
affect the material strength, including the fiber length and, as already 
mentioned, fibre orientation. Thus, it shouldn’t be a paradox to note that 
W2 sample shows the highest compressive strength among the samples. 
Longer fibers can act as crack-bridging agent, and thus, contribute to a 
higher compressive strength, due to the increased toughness of the 
samples (as shown in Fig. 16 (b)).

3.3.2. ASR tests
Because WTB waste contains glass-rich phases, its incorporation into 

cementitious materials raises a potential alkali–silica reaction (ASR) risk 
under alkaline exposure. Therefore, beyond mechanical performance, 
the ASR test is essential for assessing the durability-related feasibility of 
using WTB waste in mortar. The results of ASR kinetics and expansion 
amplitude, according to the specifications outlined in ASTM C1260, for 
all the mixtures developed in the laboratory are highlighted in this 
section. The expansion kinetics and final expansion amplitudes were 
analyzed for mortar samples incorporating four different ranges of 
WTB’s particle sizes; the control mixture (Ref); and a second reference 
incorporation steel fibre (SF). The measured expansions over a 28-day 
exposure period in a 1 M NaOH solution are presented in Fig. 17. 
[37–41]

At 14 days, mixtures containing the finest WTB particles (W0.063 
and W0.5) exhibited the highest expansion values (both reaching 
0.17%), demonstrating a rapid ASR reaction, likely due to their 

increased surface area and enhanced reactivity. The W2 mixture initially 
exhibited lower expansion than the control (N) until 9 days; however, an 
accelerated increase in expansion amplitude was observed thereafter, 
reaching 0.16% at 14 days, comparable to the most reactive mixtures. 
This suggests a delayed onset of ASR expansion, potentially due to the 
epoxy protection slowing the initial dissolution of silica from WTB waste 
but later contributing to substantial expansion.

The W8 mixture showed an expansion amplitude of 0.13% at 14 
days, closely resembling the control sample (N = 0.14%). However, its 
expansion kinetics changed significantly between 14 and 28 days, 
exhibiting a steeper increase than all other mixtures, ultimately reaching 
0.21%—one of the highest final expansion values recorded. This delayed 
but pronounced ASR reaction suggests that while larger WTB particles 
initially suppress ASR, their long-term behavior results in significant 
expansion, possibly due to a gradual breakdown of the protective epoxy 
matrix and increased exposure to the alkaline solution. At 28 days, W2 
recorded the highest expansion (0.23%), indicating a steep increase 
beyond 14 days, further confirming its delayed yet aggressive ASR 
development. Similarly, W8, which initially followed the control's 
expansion trend, experienced an expansion acceleration, surpassing 
both the control and the finer WTB mixtures. Notably, the steel fibre- 
reinforced mixture (S8) exhibited the lowest expansion, stabilizing at 
0.10% from 14 to 28 days. The better performance of the SF mixture is 
attributed to its mechanical restraint on expansion stresses.

4. Further discussions and perspectives

4.1. Dissolution of WTB waste under a cementitious environment

Fig. 18 illustrates the dissolution processes of wind turbine blade 
(WTB) waste when exposed to an alkaline solution (as a model for 
alkaline pore solutions of cementitious matrix). Fig. 18 demonstrates the 
transformation of materials as the pH level increases and includes a 
detailed representation of the WTB waste particle and the chemical 
species dissolved from it.

According to the alkali dissolution test (Section 3.1.1), the test was 
simulated under different pH levels to simulate behavior of WTB waste 
under different pore solutions of cementitious materials. As the alkaline 
solution begins to act on the WTB waste particle, ions such as Ca2+, 
Mg2+, Si(OH)4, and Al(OH)4⁻ start to dissolve from the exposed glass 
fiber. At higher pH, more of the WTB material dissolves, releasing 
additional Ca2+, Mg2+, Si(OH)4, and Al(OH)4⁻ ions into the alkaline 

Fig. 13. SEM micrographs of each mortar sample at 28 days (1) Sand; (2) Broken glass fiber; (3) Completed glass fiber; (4) Epoxy resin.
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solution (comparable to the pore solution of the cementitious matrix). 
As dissolution progresses, this facilitates the formation of calcium- 
aluminum-silicate-hydrate C(N)-A-S-H gels, possibly the formation of 
Ca(OH)2 (in GEMS simulations, ultimately it transfers to C(N)-A-S-H 
gels) (In Supplementary Materials). Simultaneously, more Mg(OH)2 is 
also formed as the pH increases. The R3 test also shows the reactivity of 
WTB waste materials under the environment of the pore solution in 
cementitious materials. This further proves that higher pH can lead to 
more dissolution of glass content in the WTB waste. The presence of OH- 

ions in the solution promotes further breakdown of the glass fiber, 
leading to more extensive dissolution and release of calcium, silicate and 
aluminate ions. The pH increase promotes higher dissolution of WTB 
waste and more formation of C(N)-A-S-H gels and Mg(OH)2, high
lighting more dynamic interaction between WTB waste and the alkaline 
solution.

Fig. 19 illustrates the relationship between fiber size and the disso
lution of glass content, specifically focusing on the release of Ca2+, Si 
(OH)4, and Al(OH)4⁻ ions from WTB waste in an alkaline solution. This 
indicates an inverse relationship between fiber size and the dissolution 

of glass content: smaller WTB waste fiber size has a more intensive 
shredding process, leading to greater exposure of glass fibers and more 
extensive interaction with the alkaline solution. This results in increased 
dissolution of Ca2+, Si(OH)4, and Al(OH)4⁻ ions from the glass fibers. It 
can be seen from the SEM graphs that the smaller WTB waste fiber 
almost loses the round shape under the alkali attack from the pore so
lution. In the contrary, larger WTB waste fiber size has more epoxy resin 
(shown in the SEM graph) encapsulating the glass fiber, reducing their 
exposure to the alkaline solution. Consequently, the dissolution of Ca2+, 
Si(OH)4, and Al(OH)4⁻ ions are lower.

Overall, the dissolution of Ca2+, Si(OH)4, and Al(OH)4⁻ ions from 
WTB waste are strongly dependent on the size of the WTB waste fibers. 
This relationship is critical for understanding the reactivity and material 
stability in the pore solution of cementitious materials. These findings 
prove Hypothesis 1 that WTB waste shows material properties as SCMs 
(fine particle) under an alkaline environment.

Fig. 14. EDS mapping graphs of mortar samples at 28 days (a) Ref; (b) W0.063; (c) W0.5; (d) W2; (e) W8. (Red dash circles are the positions of WTB waste fiber).
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4.2. Effect of WTB waste size on cement hydration

Fig. 20 shows the effect of WTB waste fiber size on the cement 

hydration process, with correlations on the calcium (Ca) atomic ratio in 
the formed gels (from SEM EDS) and calorimetric heat release.

As fiber size increases, there is a notable change in both the Ca 

Fig. 15. EDS dots and ternary graph of Ca, Si, and Al.

Fig. 16. (a) Flexural and compressive strength of mortars at 28 days; (b) Broken cubic mortars after compressive strength test at 28 days.
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atomic ratio range and the height of the hydration peak. Small WTB 
waste fiber size has a high Ca atomic ratio range in formed gels. This is 
due to smaller particles having a higher surface area and more exposed 
glass fiber, leading to the more extensive dissolution of calcium ions as 
explained in Section 4.1. The higher dissolution rate of calcium ions 
consumes more OH- ions at the early hydration process, simultaneously, 
the more exposed epoxy resin particle also consumes OH- ions due to the 
ring-opening reaction, both resulting in a decrease in heat release. This 
slightly delays the hydration reaction causing a lower height of peak. 
The small WTB waste fiber size shows a powder-like rather than a fiber- 
like behavior in the cement matrix. On the contrary, large WTB waste 
fiber size leads to less dissolution of calcium ions due to the epoxy 
wrapping around the glass fiber. The reduced dissolution rate of calcium 
ions leads to less consumption of OH- ions at the early hydration process. 
A resulting higher hydration reaction leads to a higher height of peak. As 
can be seen from Fig. 7, there is a tiny increase from W0063 to W2 in 
TTRP, but a decrease in W8. These findings reveal Hypothesis 2 that the 
encapsulation of large-size fiber fraction accelerates the cement hydra
tion process, compared to smaller-size waste.

4.3. Effect of WTB waste size on matrix performance

Fig. 21 illustrates the impact of fiber size on porosity, further to ASR 
expansion and compressive strength in a cement matrix. The figure in
cludes data for different fiber sizes (0.063–0.5 mm, 0.5–2 mm, 2–8 mm, 
and >8 mm), showing matrix porosity, expansion, and compressive 
strength.

Porosity in the cement matrix affects its mechanical properties, with 
lower porosity typically leading to higher strength. Lower porosity 
values are observed with the incorporation of small WTB waste fiber 
sizes (0.063–2 mm). The bridging effect of small fibrous elements seems 
to be more vital than porosity and pozzolanic activity. The small WTB 
waste fiber sizes (0.063–2 mm) show typical powder behavior. The 
pozzolanic activity of WTB waste leads to more dissolution of glass fiber 
and the formation of gels. Pozzolanic reactions occur when siliceous 
materials (e.g., glass fibers) react with calcium hydroxide in the pres
ence of water to form amorphous gels, which contribute to the strength 
of the cement matrix. The formed gels lead to a higher ASR expansion 
with smaller WTB waste fiber sizes.

Medium WTB waste fiber sizes (2–8 mm) demonstrate a special 
powder-fiber behavior. On the one hand, the small-size particles in this 
range show the pozzolanic activity of glass content leading to more 
formation gels, and higher expansion of the matrix. On the other hand, 
the large-size particles in this range show the fiber behavior retaining 
the expansion of the matrix.

A high porosity value is observed with larger WTB waste fiber sizes 
(>8 mm). The incorporation of larger-size WTB waste fiber introduces 
more defects into the cement matrix. While the large-size WTB waste 
fiber has more epoxy resin around the glass fiber. This protects the glass 
from the attack of the alkaline environment, leading to better durability 
of the fiber. The larger WTB waste fibers (>8 mm, typically fiber 
behavior) retain more expansion of the matrix, indicating higher effec
tive mitigation of ASR.

From an engineering perspective, these results show that the suit
ability of WTB waste in mortar cannot be evaluated only by strength 
development, but must also consider the durability risk associated with 
ASR, which is strongly influenced by fiber size and the extent of exposed 

Table 6 
Strength results at 28 days (MPa).

Ref Std* W0.063 Std* W0.5 Std* W2 Std* W8 Std*

Flexural strength 9.06 0.23 9.37 0.69 9.36 0.40 9.82 0.29 9.73 0.14
Compressive Strength 68.47 4.32 70.30 1.27 67.02 0.29 72.72 4.59 67.53 3.04

Std* = Standard deviation

Fig. 17. ASR of WTB-waste containing mortar.
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Fig. 18. Effect of pH on the dissolution of WTB waste and precipitation.
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glass. This durability-oriented perspective is consistent with recent 
studies showing that WTB-derived recycled fractions can increase 
porosity and modify water-transport behavior in cementitious materials, 
even when their mechanical use remains feasible [44]. Overall 
description answers Hypothesis 3 that small WTB waste fibers 
(0.063–2 mm) demonstrate pozzolanic activity due to the exposed glass 
fibers, while larger WTB waste fibers (>8 mm) have glass fibers covered 
in epoxy resin, which contributes to improved durability of the matrix. 
Although the present study focuses on separated WTB size fractions in 
order to clarify size-dependent effects, the full unseparated shredded 
material is also relevant for practical application. In our parallel work, 
the as-received mechanically shredded WTB fiber was directly incor
porated into mortar at 0.5, 1, and 2 vol% and showed potential as a 
fiber-type recycled addition [31]. At the same time, we recognize that 
fractionation may generate a very fine powder fraction. Rather than 
treating this fraction as residual waste, our other work also investigates 
its use as a partial cement replacement at levels up to 15 wt%, which 
may provide an additional valorization route while contributing more 
directly to clinker reduction [5].

5. Conclusions

This study utilizes different sizes of wind turbine blade (WTB) waste 
as fiber reinforcement in mortar to investigate the alkali-silica reaction 
(ASR) expansion and the durability of the composite matrices. The re
sults show that WTB size strongly affects both the mechanical response 
and the ASR behavior of the mortar. Larger WTB fractions (>8 mm), 
which more often retained epoxy resin on the surface, showed lower 
early ASR expansion, likely because the resin layer limited direct 
exposure of the glass phase and the larger fragments provided some 
restraint against early expansion. However, these coarse fractions also 
introduced more defects and higher porosity, which negatively affected 
compressive strength. The results indicate that the practical challenge is 
not to treat WTB waste as a conventional reinforcing material, but to 
identify the size ranges and incorporation conditions under which this 
waste can be accommodated in cementitious mixtures without causing 
unacceptable detrimental effects. The following detailed conclusions 
can be drawn: 
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Fig. 19. Effect of fiber size on the dissolution of WTB waste.

Fig. 20. Effect of WTB waste fiber size on cement hydration.
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• The WTB waste shows the activity and different dissolution rates 
under a varying alkaline environment. The increased pH environ
ment promotes the dissolution of exposed glass fiber leading to 
additional release of Ca2+, Mg2+, Si(OH)4, and Al(OH)4⁻ ions into an 
alkaline solution. This will promote the formation of C(N)-A-S-H gels 
and Mg(OH)2.

• Smaller WTB waste fibers undergo a more intensive shredding pro
cess, leading to greater exposure of glass fibers and increased 
dissolution of Ca2+ ions due to extensive interaction with the alkaline 
solution. SEM images show that smaller fibers lose their round shape 
under alkali attack. Conversely, larger WTB fibers have more epoxy 
resin encapsulating the glass fibers, reducing their exposure to the 
alkaline solution and resulting in lower Ca2+ ion dissolution.

• As fiber size increases, both the Ca atomic ratio range and the height 
of the hydration peak decrease. Smaller WTB waste fibers have a 
higher Ca atomic ratio in formed gels due to their greater surface 
area and more exposed glass fibers, leading to more extensive cal
cium ion dissolution. This higher dissolution rate consumes more 
OH- ions early in the hydration process, with the exposed epoxy resin 
also consuming OH- ions, resulting in decreased heat release and a 
delayed hydration reaction, lowering the peak height. Conversely, 
larger WTB fibers, with epoxy encapsulating the glass fibers, exhibit 
less calcium ion dissolution and OH- ion consumption, leading to a 
higher hydration reaction and peak height.

• WTB waste fiber size influences both mortar performance and 
durability, and this risk is strongly governed by the size-dependent 
morphology of the waste, particularly the balance between 
exposed glass fibers and resin-covered surfaces. The finer fractions 
(0.063–2 mm) improved compressive strength and reduced porosity, 
but also caused higher ASR expansion, showing that better me
chanical performance does not necessarily mean better durability. 
The medium fraction (2–8 mm) showed an intermediate response, 
while the coarsest fraction (>8 mm) introduced more defects and 
increased porosity. The ASR results further indicate that finer frac
tions (W0.063 and W0.5) led to faster expansion, whereas coarser 

fractions (W2 and W8) showed delayed but still significant expan
sion. These findings highlight that WTB waste in cementitious ma
terials must be evaluated not only by strength, but also by ASR- 
related durability, since larger particle size does not necessarily 
reduce expansion risk.

The future application of shredded WTB waste in cementitious ma
terials is differentiated by the fiber size. Small WTB waste fibers 
(0.063–2 mm) are recommended for use as SCMs, while larger WTB 
waste fibers (>8 mm) are recommended for use as fiber reinforcement. 
There is a limitation that fresh density and occluded air content were not 
measured in the present experimental program. These parameters are 
relevant to the interpretation of pore structure and hardened perfor
mance and should therefore be included in future investigations.
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