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A B S T R A C T

The sustainable management of end-of-life wind turbine blades (WTB) represents a critical environmental 
challenge due to their complex composite structure and non-biodegradable nature. This study investigates the 
incorporation of shredded wind turbine blade (SWTB) waste into concrete as a multifunctional component. By 
utilizing the particle size distribution of SWTB (0.063–80 mm), the waste was integrated to simultaneously 
function as a partial cement replacement, aggregate substitute, and fiber reinforcement. A particle packing-based 
mix design approach using the Modified Andreasen and Andersen (MAA) model was employed to optimize the 
concrete skeleton. Four mixtures with SWTB contents of 0%, 1%, 3%, and 5% by total mass were evaluated. 
Experimental results demonstrate that while SWTB increases water and superplasticizer demand, the optimized 
packing structure maintains high mechanical performance, with 28-day compressive strengths exceeding 
45 MPa. Even at the highest replacement level, this structural-grade performance was achieved alongside a 
simultaneous replacement of 10.2% vol. aggregate, 4.4% vol. cement, and 2.6% vol. fiber. Isothermal calo
rimetry revealed that epoxy residues do not retard hydration, while the fibrous fraction provided a significant 
toughening mechanism, increasing residual flexural strength by up to 250%. Durability assessments confirmed 
that SWTB does not trigger alkali-silica reactions (ASR). The findings suggest that the proposed design approach 
enables high-volume valorization of SWTB without compromising the structural integrity of the concrete, 
providing a scalable alternative to the landfilling of WTB waste.

1. Introduction

Concrete is a fundamental construction material and ranks second 
only to water in terms of global usage, with annual consumption close to 
30 billion tonnes and global demand expected to increase by nearly 50% 
by 2050 [1,2]. Moreover, concrete production typically relies on a 
volumetric distribution of approximately 15% cement, 63% natural 
aggregates and 22% water, the demand for which is substantial [3]. 
Cement production is responsible for approximately 7–8% of global 
anthropogenic CO₂ emissions [4–6]. In addition, natural aggregates 
constitute approximately 60–80% of the total volume of concrete. In 
2015, approximately 48.3 billion tonnes of natural aggregates were 
consumed worldwide and the every 5-year growth was estimated as 
more than 5% [7,8].

Several studies have focused on identifying alternative materials that 
can be used as cement and aggregate replacements to reduce the envi
ronmental impact of concrete [9,10]. One of the most widely studied 
approaches involves the incorporation of various waste materials into 

concrete. Islam et al. (2022) [11], studied the use of waste poly
propylene as an aggregate replacement in concrete and found that 
aggregate replacement levels of up to 10% by volume can be considered 
feasible for the production of eco-efficient concrete. Yıldızel et al. (2023) 
[12], used waste tyres as fiber reinforcement in concrete and reported 
enhanced ductility. Zepper et al. (2024) [13], developed an approach for 
quantifying the main phases of basic oxygen furnace (BOF) slag to 
support its high-end utilization as a cement alternative. Taha and 
Alnahhal (2025) [14], investigated the combined use of recycled con
crete aggregates and recycled concrete powder in concrete together with 
basalt fibers and ground granulated blast furnace slag. Their results 
demonstrated that optimized mix proportioning can enhance mechani
cal performance and durability when waste materials are incorporated 
into concrete.

Wind energy is a widely adopted sustainable energy source; how
ever, wind turbine blades (WTB) typically have a service life of around 
20 years. Following their end-of-life (EoL), WTBs are commonly incin
erated or landfilled [15,16]. Considering that the first wind farms were 
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built in the 1990s, the WTB waste stream is expected to increase 
significantly in the coming years. Annual global WTB waste is projected 
to reach approximately 200,000 tonnes by 2033 and 500,000 tonnes by 
2050, with Europe contributing about 325,000 tonnes per year by 2050; 
cumulatively, total WTB waste is expected to amount to around 43.4 
million tonnes worldwide by that time [17–19]. This situation increases 
the need for recycling and repurposing EoL WTBs. While reuse of whole 
wind turbine blades is not possible due to design constraints, certain 
blade components or size-reduced waste composites may be reused [20].

Modern wind turbine blades consist of composite materials, espe
cially glass or carbon fiber reinforced polymers (GFRP, CFRP), with fi
bers embedded in a resin matrix at volume fractions of 12–60%. Their 
composite nature makes recycling challenging, and although thermal 
and chemical methods have been explored, they are not yet viable at an 
industrial scale [20,21]. Mechanical recycling offers an alternative route 
for waste WTB valorization, with being the most widely applied method 
owing to its energy efficiency and low cost. However, mechanical 
recycling produces outputs with a wide range of particle sizes and 
shapes. In addition, the resulting material contains both organic and 
inorganic compounds within its structure [22–24].

The incorporation of EoL WTBs into concrete offers dual benefits. It 
contributes to mitigating the environmental impacts associated with the 
landfilling of waste WTBs, and it enables a reduction in the ecological 
footprint of concrete through the partial replacement of its constituents, 
such as cement, aggregates, and fibers [25]. Many researchers have 
investigated the use of mechanically recycled WTBs in concrete in 
different roles. Tao et al. [24] categorized these roles based on 
replacement and reinforcement concepts.

Mechanical recycling of WTBs is commonly carried out using 
methods such as cutting, grinding, shredding, and crushing. Selective 
methods, particularly cutting, allow for the production of particles with 
more controlled sizes and morphologies. Yazdanbakhsh et al. [26] et al. 
used needle-shaped cut WTBs as aggregates in concrete and reported 
strength loss but improvement in toughness. In addition, Hofmeister 
[27] and Baturkin et al. [25] incorporated cut, cube-shaped WTBs as 
coarse aggregate replacements in concrete and reported compressive 
strength reductions in concrete of approximately 26% and 50%, 
respectively. Revilla-Cuesta et al. [28], selectively crushed the WTBs to 
achieve fibrous output. They used the WTB waste up to 6% by total 
concrete volume and observed a strength reduction at the highest dose 
of WTB use only. Fu et al. [29] produced macro fibers by cutting the 

wind turbine blade waste to have same length fibers to incorporate in 
concrete. They observed that increasing the fiber content to 1.5% 
resulted in a 30% increase in flexural strength.

Selective recycling of WTBs has been reported to be time-consuming 
and labor-intensive [29,30]. Therefore, non-selective mechanical recy
cling is more widely applied and involves size reduction through 
shredding without control over particle size or shape, resulting in a 
mixed output of flakes, fibers, and fine powder. The operational 
simplicity of the process, its relatively low energy demand, and its 
ability to efficiently recycle large volumes of waste within a short period 
make non-selective shredding more widely adopted than other alter
native recycling methods for WTBs. Such recycling products are 
described in the literature as WTB fiber fluff, fiber clusters, or fiber
–powder mixtures [30–32]. Shredded wind turbine blade waste (SWTB) 
is widely incorporated into concrete in various roles depending on its 
size and morphology, and sieving is commonly employed after shred
ding to classify the material into specific fractions. It has been reported 
that the fibrous fractions of SWTB enhance split tensile and flexural 
strength, improve the ductility of mortar and concrete, and reduce 
shrinkage and ASR-related cracking [24], [33–37]. Powder SWTB has 
also been investigated as a cement replacement, filler, and sand substi
tute in the literature. At replacement levels of approximately 5%, 
powdered SWTB used as a filler in mortar has been reported to have only 
a marginal influence on strength. At higher dosages, increased water 
demand leads to reduced workability. While high levels of cement 
replacement with SWTB tend to reduce strength by lowering the clinker 
content, limited replacement levels may contribute to hydration due to 
the Si- and Al-rich phases present in SWTB [25], [38–40].

This study aims to utilize SWTB, which exhibits a wide variety of 
shapes and sizes, by enabling different size fractions to simultaneously 
assume multiple roles within concrete. This multipurpose use refers to 
the ability of SWTB to function concurrently as aggregate replacement, 
cement replacement, and fiber reinforcement due to its size and 
morphological diversity. The concrete mixtures were designed with 
SWTB contents of 0% 1%, 3%, and 5% by total concrete mass. Within 
these mixtures, SWTB simultaneously acted as aggregate replacement at 
volume fractions of 0%, 2.6%, 6.2%, and 10.2%, as cement replacement 
at 0%, 0.9%, 2.6%, and 4.4%, and as fiber reinforcement at 0%, 0.5%, 
1.6%, and 2.6%. In order to mitigate potential losses in performance 
associated with SWTB incorporation, a particle packing–based mix 
design approach was adopted in this study. The Modified Andreasen and 

Fig. 1. Particle size distribution and schematic illustration of the shape characteristics of SWTB.
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Andersen (MAA) model, which is commonly used in high-performance 
concrete design [41–43], was applied to optimize the particle size dis
tribution of the mixtures. This approach aimed to achieve a dense 
packing structure with low porosity, thereby helping to maintain the 
mechanical performance of concrete despite the high total SWTB con
tent. The concrete mixtures were evaluated to assess the overall effects 
of SWTB in its different functional roles within concrete. The influence 
of SWTB used as a cement replacement was examined through hydration 
heat release and paste strength measurements. Fresh and hardened 
concrete properties were evaluated to assess the overall impact of SWTB. 
The mechanical and fracture performance of concrete were also exam
ined to clarify the contribution of SWTB when acting as fiber rein
forcement and aggregate replacement. Like other GFRP wastes, the use 
of SWTB in concrete may pose a risk of alkali–silica reaction (ASR) due 
to its high glass content [44]. The durability performance of the con
cretes were evaluated through drying shrinkage measurements for 120 
days and ASR testing. Microstructural examinations were performed on 
the specimens.

2. Raw materials

In this study, SWTB obtained from Spain (PreZero Gestion De Resi
duos SA) was used. The material originates from mechanical recycling of 
WTB waste. The EoL WTBs were first subjected to a pre-treatment pro
cess to remove wooden components present in the internal structure. 
Subsequently, the blades were cut into smaller sections. The cut blade 
segments were then transported via automated conveyor belts to an 
industrial shredder, where a non-selective mechanical shredding process 
was applied. During this process, SWTB particles with various sizes and 
irregular shapes were generated. After shredding, the material passed 
along a conveyor belt equipped with magnetic separation to remove 
potential metallic residues originating from internal blade components. 
At the end of this process, the final SWTB was collected. The particle size 
of received SWTB ranges from 0.063 mm to 80 mm.

Cem I 42.5 N, supplied by Heidelberg Benelux (the Netherlands), was 
used as the binder. Natural river gravel and river sand were used as 
coarse and fine aggregates, respectively, both sourced from the 
Netherlands. The sand has a particle size range of 0.075– 4.6 mm, while 
the gravel ranges from 8 to 16 mm. The superplasticizer used in this 
study was Sika ViscoFlow− 37, supplied by Sika Belgium, to reach an 
adequate workability.

2.1. Particle size distribution, aspect ratio, water absorption and density

Laser diffraction (Fritsch Analysette 22) was used to determine the 
particle size distribution (PSD) of the fines: cement and the powder 
fraction of SWTB. The PSD of the coarser fractions was determined ac
cording to EN 933–2 [45] using a set of sieves, with a √2 ratio selected 
between sieve sizes. Particle size distribution and schematic illustration 
of the shape characteristics of SWTB is given in Fig. 1. Because of the 
heterogeneous particle shape of SWTB, optical microscopy combined 
with ImageJ software was used in addition to PSD analysis to determine 
the length and aspect ratio of the fibrous particles. The aspect ratios of 
the fibrous SWTB fractions were measured for fibers across different size 
ranges. The particle size distribution of all raw materials is given in 
Fig. 2. The water absorption of SWTB and natural aggregates was 
measured in accordance with EN 1097–6 [46], while the specific density 
of SWTB was determined using a helium pycnometer (AccuPyc II 1340). 
SWTB has a density of 1.79 g/cm³ and a water absorption of 22.97%. For 
the natural aggregates, the supplier provided the density values, while 
water absorption was determined in the same way as for SWTB. Physical 
properties of raw materials are given in Table 1. The average aspect ratio 
of fibrous SWTB was found to be around 19. Table 2 presents the aspect 
ratios of the fibrous SWTB fraction across different size groups.

2.2. Chemical composition

The compositions of cement and SWTB were analyzed using an XRF 
spectrometer (PANalytical Epsilon 3 range) on fused beads. Prior to the 
analysis, the samples were finely milled, and the loss on ignition (LOI) 
was determined by heating them to 950 ◦C for 1 h. It can be seen that 
SWTB mainly consists of SiO₂ (38.33 wt%), CaO (16.85 wt%), and Al₂O₃ 
(11.12 wt%). While these three components represent the majority of 
the composition, the LOI at 950 ◦C was 31.7 wt%, indicating the high 
amount of organic material in SWTB. The organic fraction was further 
analyzed using thermogravimetric analysis (TGA) under a nitrogen (N₂) 
atmosphere over a temperature range of 20–850 ◦C and with FTIR 
(Perkin Elmer). According to the TGA results, the major decomposition 
of SWTB occurred between 310 ◦C and 420 ◦C. FTIR analysis revealed 
characteristic absorption peaks at approximately 1250 cm⁻¹ , corre
sponding to C–O–C stretching vibrations, and around 1500 cm⁻¹ , asso
ciated with aromatic C––C bonds. These bonds are indicative of epoxy 
resin, confirming that epoxy is the main organic component of the SWTB 
[47]. Chemical composition of raw materials can be seen in Table 3.

2.3. Concrete mix design

In this study, SWTB was incorporated into concrete without addi
tional sorting or sieving, thereby utilizing its full range of particle sizes 
and shapes as a multipurpose component (Fig. 1). The overall mix design 

Fig. 2. PSD of raw materials.

Table 1 
Physical properties of raw materials.

Materials Specific Density (g/cm3) Water Absorbtion (%) pH

Cem I 42,5 N 3.15 - -
SWTB 1.79 22.97 7 ± 1
Fine aggregate 2.65 2.61 -
Coarse aggregate 2.68 1.22 -
Superplasticizer 1.07 - 5 ± 1

Table 2 
Aspect ratios of the fibrous SWTB fraction across different size groups.

Fibrous SWTB fraction > 2000 µm 600 – 2000 µm 250 – 600 µm

Aspect ratio 16.60 17 23.70
Length (mm) 10.70 6.50 0.45
Cross Sectional length (mm) 1.04 0.51 0.02
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strategy followed three main steps: applying the MAA model, account
ing for the fibrous fraction in the mix calculations, and adjusting the 
water content to maintain a target water/cement ratio of 0.4, in accor
dance with the American Concrete Institute (ACI) design method.

The MAA method was used to design the packing of the powder and 
granular fractions, ensuring improved density and reduced porosity [41, 
42]. The fibrous fraction, although not physically added separately, was 
treated in the calculations as a distinct fiber addition to capture its 
reinforcing role in the composite. Finally, due to the high water ab
sorption of SWTB, the effective water content of the mixtures was 
adjusted following the ACI mix design method [48].

Through this combined approach, SWTB particles could act as 
cement replacement, fine and coarse aggregate replacement, and fiber 
reinforcement, depending on their size and shape. The main concept of 
the mix design strategy is the replacement of a portion of the concrete 
volume with SWTB. This approach is schematically illustrated in Fig. 3.

Four concrete mixes were designed to evaluate the influence of 
SWTB on concrete properties. All mixes were proportioned following the 
same design methodology to ensure consistency and comparability of 
the results. The SWTB contents of the designed concrete mixes were set 
at 0%, 1%, 3%, and 5% by total concrete mass. The concrete was 
designed to match the target curve of the Modified Andreasen and 
Andersen (MAA) model [49]: 

Ptarget
(
Di+1

i
)
=

(
Di+1

i
)q

− Dq
min

Dq
max − Dq

min
(1) 

where Dmin and Dmax represent the minimum and maximum particle size 
and q is the particle size distribution modulus. In the MAA method, the 
distribution modulus governs the workability of the mix. The target 

slump was set to consistency class S3. For vibrated concrete, the q value 
is typically around 0.35. However, Hüsken and Brouwers [50] reported 
that higher q values tend to decrease the average packing density. To 
mitigate potential workability loss associated with the incorporation of 
SWTB, various q values were empirically tested. Ultimately, q = 0.25 
was selected as an optimal value, maintaining adequate workability 
while avoiding a reduction in packing density. Once the target compo
sition is determined, the mix composition can be calculated by: 

Pmix
(
Di+1

i
)
=

∑n

j=1
αj ∗ Di+1

i (2) 

where, n is the number of the fines and aggregates used in the concrete 
composition. ∀j∈[1; n], αj is the proportion of the jth component in the 
mix. The αj are the variables to determine. Afterwards, the residual sum 
of squares (RSS) and the coefficient of determination (R²), which 
quantifies the fitting degree between the target and actual packing 
curves are calculated. A denser particle packing structure is achieved 
when R² approaches to 1, indicating a strong agreement between the 
target and actual packing curves [51].

A Python program developed by the author that computes the pro
portions αi, ∀i ∈ [1; n] that minimize the R2. To execute the program, the 
initial bounds for the material proportions need to be set. Their sum 
must equal 100%, and each individual proportion should lie within the 
range of 0–100%, as expressed by: 

∀i ∈ [1;n], αi ∈ [0%;100%] and
∑n

i=1
αi = 100% (3) 

The target and mix curves of the granular concrete mix design are 

Table 3 
Chemical composition raw materials (unit: %wt.).

CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Rest LOI

CEM I 42,5 N 67.86 14.75 3.60 3.13 1.38 4.46 0.82 1.77 2.16
SWTB 16.85 38.33 11.12 1.16 - - - 0.82 31.70

*LOI= Loss on ignition at 950◦C

Fig. 3. Schematic illustration of the concrete design approach. V₁ represents the total concrete volume, and V₂ denotes the portion selected for replacement. (a) 
Reference concrete with the predefined replacement volume (V₂) indicated, (b) SWTB fractions occupying the replacement volume, and (c) Concrete incorporating 
SWTB, where particles function in multiple functional roles.

C. Duyal et al.                                                                                                                                                                                                                                   Construction and Building Materials 521 (2026) 146102 

4 



shown in Fig. 4.
The program provided optimized proportions for each component 

after execution. However, the algorithm provided the results in terms of 
apparent volume. Since concrete mixtures are typically prepared by 
weight, where mass-based measurements are more accurate and prac
tical, these proportions were converted to mass values. This was ach
ieved by multiplying each volume fraction by the specific density of the 
corresponding material, as shown by [51]: 

∀i ∈ [1;n], mi = αi ∗ ρapp
i (4) 

where, mi is the mass amount and, the ρapp
i is the apparent density of 

material.
Once the granular fractions were optimized, the fibrous fraction of 

SWTB was incorporated into the mix design. To ensure consistency, 
additional constraints were applied, such as defining minimum or 
maximum allowable proportions for certain components. For SWTB, the 
total content was fixed at 0%, 1%, 3%, and 5% of the total concrete 
mass, and the mixes were denoted as C− 0, C− 1, C− 3, and C− 5, 
respectively. The designed concrete mix proportions are presented in 
Table 4. Within this range, about 10% of the SWTB particles were of a 
suitable size for cement replacement; however, the actual cement 
replacement was restricted to a maximum of 2.5% by mass. The 
remaining fine fraction was incorporated as a micro-filler, contributing 
to the overall packing density. These constraints were embedded in the 
program, which iteratively adjusted the proportions until all re
quirements were met. A schematic representation of workflow is pre
sented in Fig. 5.

As SWTB acts as a multifunctional component in the mixtures, its 
replacement and reinforcement levels are summarized in Table 5. The 
quantitative allocation of SWTB among cement replacement, aggregate 

substitution, and fiber reinforcement was first established for the 
mixture with the highest SWTB dosage (C− 5), representing the 
maximum incorporation level investigated in this study. This mixture 
was used as the reference case to define the role-based distribution of 
SWTB according to its particle size distribution (PSD) and morphological 
characteristics, before proportionally scaling the same distribution to 
the remaining mixtures.

Particle size distribution analysis indicated that approximately 20% 
of the total SWTB mass fell within the particle size range suitable for 
cement replacement. However, utilizing the entire cement-sized fraction 
as a binder substitute would have resulted in a relatively high level of 
cement substitution, which may affect performance. Therefore, cement 
substitution was intentionally limited to a maximum of 2.5% by mass of 
cement. Under this constraint, only 10.5% of the total incorporated 
SWTB in mixture C− 5 was assigned to the cement replacement role. The 
corresponding volumetric contribution was calculated by converting 
this mass fraction into volume using the measured specific density of 
SWTB (1.79 g/cm³) and normalizing it with respect to the total concrete 
volume (1 m³).

Once the cement replacement level was established, the remaining 
SWTB was allocated to aggregate substitution based on its size fractions. 
The corresponding aggregate substitution proportions were determined 
using the Python program applied in the mix design. Approximately 
58% of SWTB fell within the sand-sized fraction, while about 22% cor
responded to the coarse aggregate range. Their volumetric contributions 
were determined by converting the respective SWTB masses into volume 
and expressing them relative to the total concrete volume.

In parallel, morphological analysis showed that approximately 40% 
of the total SWTB mass consisted of elongated particles with an average 
aspect ratio of about 19. This fibrous portion was quantified indepen
dently by converting the corresponding mass into volume and normal
izing it to the total concrete volume. Since fibrous particles are 
distributed across multiple size intervals, the reinforcement fraction 
may partially overlap with the size-based aggregate fractions and is 
therefore reported separately as a morphology-based reinforcement 
indicator.

Once the functional distribution was defined for C− 5 mix, the cor
responding replacement and reinforcement levels in mixtures C− 1 and 
C− 3 were obtained by proportional scaling of the total SWTB content 
while maintaining the same relative allocation among functional roles. 
The reference mixture C− 0 contained no SWTB and served as the 

Fig. 4. Target curve, granular components, and resulting mix curves for the initial stage of the concrete design.

Table 4 
Concrete recipes for 0%, 1%, 3% and 5% of SWTB for 1 m3 concrete (unit: kg).

C¡0 C¡1 C¡3 C¡5

Cem I 42.5 N 503.20 496.50 483.50 470.90
Fine aggregate (sand) 740.80 717.70 672.60 628.50
Coarse aggregate (gravel) 963.20 951.20 927.80 905.00
SWTB 0.00 24.00 70.70 116.50
Superplasticizer (SP) 0.06 0.07 0.13 0.16
Water 201.30 203.20 206.80 210.40
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baseline for comparison. 2.4. Mixing procedure and sample fabrication

The mixing procedure has a significant influence on the fresh and 
hardened properties of concrete, particularly when incorporating SWTB. 

Fig. 5. Workflow of the overall concrete mix design.

Table 5 
Total incorporation of SWTB in concrete and its distribution according to functional roles.

Sample ID Amount in total concrete Amount per component

Used SWTB (mass %) Used SWTB (vol%) Fiber 
reinforcement (vol%)

Aggregate replacement (vol%) Cement replacement (vol%)

C− 0 0.0 0.0 0.0 0.0 0.0
C− 1 1.0 1.0 0.5 2.1 0.9
C− 3 3.0 4.0 1.6 6.2 2.6
C− 5 5.0 7.0 2.6 10.2 4.4

Fig. 6. Mixing procedure of concrete.
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Due to its heterogeneous morphology, including elongated fibrous par
ticles and epoxy-rich polymeric surfaces, SWTB may form localized 
clusters during mixing. The hydrophobic nature and relatively low 
surface energy of the epoxy further enhance fiber–fiber interaction, 
facilitating agglomeration. To minimize this effect, SWTB was intro
duced during the dry-mixing stage to allow mechanical separation prior 

to water addition. Cement and sand were first dry mixed, followed by 
the addition of SWTB. Coarse aggregate was then incorporated to further 
assist physical dispersion, and finally water and superplasticizer were 
added. Mixing time depended on the SWTB content. The overall pro
cedure is summarized in Fig. 6.

Following the mixing process, specimens were cast in two different 
types molds for each recipe. Cubic molds (150 × 150 × 150 mm³) were 
utilized for compressive and splitting tensile strength testing. Simulta
neously, prismatic molds (100 × 100 × 500 mm³) were prepared to 
evaluate the elastic modulus, flexural performance with three-point 
bending test, crack mouth opening displacement (CMOD), and drying 
shrinkage. The selected mold dimensions comply with the standards 
recommended for fiber-reinforced concrete (FRC) testing [52]. Before 
casting the specimens, a slump test was performed in accordance with 
ASTM C143 [53] to evaluate the effect of SWTB incorporation on con
crete workability. After casting, the samples were kept in their molds for 
2 days to limit early moisture loss and ensure stable initial hydration. 
Subsequently, specimens designated for mechanical testing were cured 
in water at 20 ± 2 ◦C until the testing ages of 7 and 28 days. Shrinkage 
measurements were initiated immediately after demolding.

2.5. Testing methods of concrete, cement paste and mortar

The multifunctional behavior of SWTB was evaluated through fresh 
property, mechanical performance, and durability tests on concrete, 
cement paste, and mortar to assess its simultaneous roles as cement 
replacement, aggregate substitution, and fiber reinforcement. Prepared 
samples and their abbreviations can be seen in the Table 6. To represent 
the concrete mixtures with 0%, 1%, 3%, and 5% SWTB by mass, cor
responding cement paste samples were prepared and labeled as P− 0, 
P− 1, P− 3, and P− 5. The cement replacement levels in these pastes were 
0.0%, 0.5%, 1.5%, and 2.5% by mass, respectively. Mortar samples with 

Table 6 
Prepared samples and their abbreviations.

SWTB in concrete (% mass) Concrete Mortar Cement Paste

0 C− 0 M− 0 P− 0
1 C− 1 M− 1 P− 1
3 C− 3 M− 3 P− 3
5 C− 5 M− 5 P− 5

Table 7 
Designed paste samples (unit: g).

Component P¡0 P¡1 P¡3 P¡5

Cem I 42.5 N 100.0 99.5 98.5 97.5
SWTB powder 0 0.5 1.5 2.5
Water 40 40 40 40

Table 8 
Mix designs of mortar samples for accelerated mortar bar test (unit: g).

Component M¡0 M¡1 M¡3 M¡5

Cem I 42.5 N 549 546 543 541
Fine aggregate (Sand) 1235 1217 1186 1156
SWTB 0 12 37 61
Water 258 257 255 254

Fig. 7. Experimental setups (dimensions in mm): (a) CMOD test setup, (b) EMod test setup, and (c) concrete specimen with a preformed notch and clip gauge for the 
CMOD test.
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0%, 1%, 3%, and 5% SWTB by mass, named M− 0, M− 1, M− 3, and 
M− 5, were prepared to evaluate alkali–silica reactivity (ASR). The mix 
proportions of the cement paste and mortar samples are given in Table 7
and Table 8, respectively. Designed concrete recipe is given in the 
Table 4.

2.6. Mechanical tests

The compressive strength (fc) was measured on 150 mm cubic 
specimens at 7 and 28 days. Curing conditions followed EN 12390–2 
[54], while compressive testing was carried out in accordance with EN 
12390–3 [55] at a constant loading rate of 10 kN/s. The splitting tensile 
strength (fct) was determined in accordance with EN 12390–6 [56]. 
Prior to testing, each specimen was prepared with two hardboard 
packing strips, as specified in the standard.

CMOD test was conducted on prismatic concrete specimens at 28 
days of curing, using a three-point bending configuration in accordance 
with EN 14651 [57]. For the CMOD test, a central notch was cut at the 
bottom of each specimen, measuring 4.5 mm in width and 18.6 mm in 
depth. A clip gauge was then attached at the notch mouth to record crack 
opening during the three-point bending test. The flexural tensile 
strength (fR) was also determined from the CMOD test using: 

fR =
3Fl

2bh2
sp

(5) 

where F is the applied load, l is the span length, b is the specimen width, 
and hsp is the distance between the notch tip and the top of the specimen.

The secant modulus of elasticity (EMod) was determined in 
compression according to EN 12390–13 [58]. Testing was performed on 
100 × 100 × 500 mm³ prisms with the compressive load applied to the 

100 × 100 mm² faces. To minimize boundary effects, axial strain was 
recorded at the mid-height of the specimen using two LVDTs with a 
200 mm gauge length. Repeated loading cycles were applied as specified 
in the standard, with a 10 kN preload stress (σp) and a lower stress limit 
defined as σa= fc /3. The EMod was calculated using: 

E =
Δσ
Δε =

σa − σp

εa,3 − εp,2
(6) 

where εa,3 and εp,2 represent the deformations measured by the LVDTs at 
the third and second plateaus of the repeated load cycles, corresponding 
to stresses σₐ and σₚ, respectively. Fig. 7 provides a schematic repre
sentation of the CMOD controlled bending and EMod test setups.

Cement paste specimens were prepared in 25 × 25 × 25 mm³ cubic 
molds, and their 28-day compressive strength was measured.

2.7. Shrinkage

The free drying shrinkage of concrete prisms was measured in 
accordance with EN 12390–16 [59] under drying conditions at 20 ± 2 
◦C and 60 ± 2% relative humidity. Measurements were initiated 
immediately after demolding, without prior water curing, to capture the 
early-age drying response. Length changes were recorded using gauge 
studs fixed to the four longitudinal faces of the prismatic concrete 
specimens and measured with a three-digit sensitive gauge. Measure
ments were conducted over a period of 120 days on a logarithmic time 
scale.

2.8. Alkali silica reactivity testing

The potential for alkali–silica reaction (ASR) was evaluated in 
accordance with ASTM C1260 using the accelerated mortar bar test [60]

Fig. 8. Calorimeter data showing (a) Normalized heat flow; (b) Normalized total heat release; (c) Time to reaction peak (TTRP) and normalized height of peak 
(HOP); (d) Initial and final setting time.
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on produced mortar specimens (Table 8). After initial curing, mortar 
bars were immersed in a 1 N NaOH solution at 80 ◦C. Their length 
change was monitored over a 14-day period using a three-digit sensitive 
gauge.

2.9. Isothermal calorimetry

The cement paste of the concrete was investigated using paste sam
ples prepared according to the mixture proportions in Table 7. Heat 
evolution was monitored with an isothermal calorimeter (TAM Air). 
After a 5-minute mixing period, the pastes were placed in the sample 
containers, and heat flow and cumulative heat release were continu
ously recorded for 7 days (168 h). Since the calorimeter requires a short 
stabilization period, the first 45 min of data were excluded from the 
analysis.

2.10. SEM

Following the 28-day compressive strength tests, representative 
samples were collected from the C− 5 concrete mixture. Similarly, 
specimens were obtained from the M− 5 mortar mixture 90 days after 
the ASR tests to examine microstructural features. To preserve the pore 
structure, a low-viscosity epoxy resin was used to impregnate the 
capillary pores and voids. The samples were subsequently sectioned and 
polished for analysis. Microstructural characterization was performed 
using a Phenom ProX scanning electron microscope (SEM) equipped 
with energy-dispersive X-ray spectroscopy (EDS).

3. Results and discussion

3.1. Hydration process

The proportions for the SWTB cement substitute were determined 
based on the equivalent cement content within the concrete paste 
(Table 7) to ensure an accurate comparison of the hydration effects. The 
subsequent analysis of heat flow and cumulative heat release, presented 
in Fig. 8, characterizes the early-age reaction kinetics.

Fig. 8(a) presents the normalized heat flow curves of cement pastes 
containing different levels of SWTB powder replacement. For all mix
tures, the main hydration peak associated with the acceleration period 
occurs between 10 and 20 h. An increase in SWTB content does not lead 
to any noticeable retardation in hydration kinetics. However, the 
magnified inset shows that mixtures with lower SWTB contents exhibit 
slightly higher heat flow values at the main hydration peak.

Fig. 8(b) displays the cumulative heat release over a 7-day period. An 
overall decline in total heat release was observed with increasing SWTB 
content, which is primarily attributable to the dilution effect [40]. 
Particularly after 120 h, the P− 3 and P− 5 mixes show lower cumulative 
heat relative to the reference paste. These results indicate that while 
SWTB powder does not chemically retard hydration, its role as a partial 
cement substitute reduces the overall reaction intensity due to the lower 
clinker content in the system. The resinous phase in SWTB is nonreactive 
in a cementitious environment, which reduces the effective binder 
content and limiting the supply of calcium ions required for the gener
ation of C-S-H and other hydrates. While this lowers the total heat 
evolution, at lower replacement levels, the glassy phase of the SWTB 
powder appears to partially compensate for the dilution. This slight 
enhancement in early hydration aligns with the corresponding 
compressive strength results.

Fig. 8(c) illustrates the evolution of the time to reach the reaction 
peak (TTRP) and the normalized height of the hydration peak (HOP). 
While the TTRP remains relatively stable, showing only a minor 
decrease from 18.64 to 18.40 h with higher SWTB content, the HOP 
exhibits a more pronounced decline from 1.46 mW/g to 1.10 mW/g. 
This reduction is primarily attributed to the lower reactivity of SWTB 
compared to cement, which subsequently diminishes the overall 

hydration response [25].
Fig. 8(d) presents the setting time results derived from the isothermal 

calorimetry data [40,61]. The results indicate that increasing the SWTB 
powder content does not significantly influence either the initial or final 
setting times. The initial set occurs between 3.16 and 3.06 h, while the 
final set shows only a marginal change from 18.64 to 18.40 h. This 
behavior suggests that the epoxy residues in the SWTB powder do not 
impart a quantifiable delay in cement hydration.

3.2. Workability

The workability of fresh concrete containing SWTB was evaluated by 
slump testing, with three measurements performed for each mix prior to 
casting. A consistent reduction in slump was observed with increasing 
SWTB content, a trend frequently reported in the literature [32,34,62]. 
This behavior is comparable to that of fiber-reinforced concrete, in 
which fibrous additions increase the total surface area and enhance the 
internal shear resistance of the mix. Consequently, the reduction in free 
water limits both lubrication and cement hydration, leading to a 
decrease in overall workability [30]. The irregular shape and high 
aspect ratio of the SWTB further promoted mechanical interlocking, 
intensifying the loss of workability. Although the superplasticizer 
dosage was adjusted during mixing, the reduction in slump remained 
evident. Beyond a certain dosage, the superplasticizer reached a satu
ration point and did not produce further improvement in workability. 
Moreover, the loss of workability associated with SWTB is largely 
attributed to mechanical interlocking and particle interaction, which 
cannot be fully compensated by additional chemical admixture.

Visual inspection confirmed that none of the mixes exhibited segre
gation or bleeding. The average slump values are presented in Table 9, 
and the relationship between superplasticizer (SP) demand, SWTB 
dosage, and slump is illustrated in Fig. 9.

The fresh density decreased slightly between the mixes with higher 
and lower SWTB contents. This reduction is attributed to the lower 
density of SWTB relative to other concrete components, as well as the 

Table 9 
Fresh properties of concrete mixes with different SWTB contents.

Sample Slump (mm) Fresh Density (kg/dm3) Air content (%vol.)

C− 0 175 ± 5 2.34 ± 0.02 3 ± 0.01
C− 1 140 ± 3 2.33 ± 0.01 2.5 ± 0.01
C− 3 57 ± 2 2.32 ± 0.02 1.6 ± 0.02
C− 5 27 ± 2 2.28 ± 0.02 7. ± 0.01

Fig. 9. Effect of SWTB content on slump and superplasticizer (SP) demand.
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higher water and admixture demands in mixtures with high SWTB 
dosages [28]. Simultaneously, the air content decreased as the SWTB 
dosage increased, which can be explained by the filler effect of the fine 
SWTB fractions resulting from the particle-packing-based mix design 
(Table 9).

3.3. Mechanical properties

In this subsection, the mechanical properties of the hardened con
crete mixes are presented.

3.3.1. Strength
The compressive strength (fc) of all concrete mixtures was evaluated 

at curing ages of 7 and 28 days. These results are presented in Fig. 10 and 
summarized in Table 10. A consistent trend was observed across all 
mixtures, with average compressive strengths exceeding 35 MPa at 7 

days and 45 MPa at 28 days. While the reference mixture exhibited the 
highest strength, the inclusion of SWTB generally led to a strength 
reduction. Notably, the extent of this decrease became less pronounced 
at higher SWTB contents.

In contrast, an opposite trend was observed in the cement paste 
specimens. The 28-day compressive strengths of the pastes closely 
aligned with the calorimetric findings: partial replacement of cement 
with small amounts of SWTB powder resulted in a measurable increase 
in strength.

Despite the replacement of significant portions of both the aggre
gates (10.2%) and cement paste (2.5%) with SWTB, which exhibits 
lower load-bearing capacity and limited reactivity, the concrete mix
tures maintained a high level of mechanical performance. The reference 
mixture reached an average 28-day compressive strength of 57.57 MPa, 
while the C− 5 mixture achieved 51.3 MPa. This corresponds to a 
strength reduction of approximately 11%, indicating that the designed 
mixtures retained substantial compressive strength. This sustained per
formance can be attributed to the optimized mix design with a densely 
packing skeleton of concrete, resulting in a reduced porosity in the 
matrix [63].

The splitting tensile test results are summarized in Table 10 and 

Fig. 10. Compressive strength of concrete samples at 7 and 28 days, and 
cement paste samples at 28 days.

Table 10 
Mechanical properties of concrete samples.

Sample 
ID

Sample 
No

Compressive Strength 
(MPa)

Compressive Strength 
(MPa)

Split Tensile 
Strength (MPa)

Split Tensile 
Strength (MPa)

Flexural Strength 
(MPa)

Elastic Modulus 
(GPa)

​ ​ (7d) (28d) (7d) (28d) (28d) (28d)
C− 0 1 48.42 59.34 2.96 4.23 6.17 38.10

2 50.37 59.73 3.11 4.35 5.94 40.20
3 45.93 53.65 3.40 4.12 - 40.50
Average 48.24 57.57 3.16 4.23 6.06 39.60
St. Dev. 2.23 3.40 0.22 0.12 0.16 1.31

C− 1 1 41.48 50.18 3.44 3.82 5.52 39.10
2 39.92 46.86 3.16 3.67 5.46 36.80
3 42.26 47.24 3.21 3.45 5.28 38.40
Average 41.22 48.09 3.27 3.65 5.42 38.10
St. Dev. 1.19 1.82 0.15 0.19 0.12 1.18

C− 3 1 35.23 44.72 2.71 3.81 5.93 33.90
2 36.56 44.36 3.32 3.95 5.81 36.50
3 39.33 46.55 3.65 3.69 5.80 36.70
Average 37.04 45.21 3.23 3.82 5.85 35.70
St. Dev. 2.09 1.17 0.48 0.13 0.07 1.56

C− 5 1 37.12 47.84 3.32 4.11 6.42 31.60
2 41.35 52.73 3.03 3.83 6.21 32.00
3 40.52 53.35 3.41 3.87 6.15 29.10
Average 39.66 51.31 3.25 3.94 6.26 30.90
St. Dev. 2.24 3.02 0.20 0.15 0.14 1.57

*Flexural strength values for C− 0 are based on two tested specimens.

Fig. 11. Split tensile strength of concrete samples at 7 and 28 days.
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illustrated in Fig. 11. The results at 7 days showed no significant vari
ation between the SWTB-containing mixtures and the control sample. 
However, the effects of SWTB incorporation became more pronounced 
in the 28-day tests. This can be attributed to the continued hydration 
process, which enhances the interaction between the SWTB fibers and 
the concrete matrix over time, thereby strengthening the fiber–matrix 
bond.

At 28 days, the control mixture reached a split tensile strength (fct) of 
4.27 MPa, while the SWTB mixtures showed slightly lower values of 
3.6 MPa (C− 1), 3.8 MPa (C− 2), and 3.9 MPa (C− 5). Although the 
incorporation of SWTB reduced tensile strength relative to the control, a 
gradual increase was observed within the SWTB series as the SWTB 

dosage and therefore the fiber content increased. This suggests that the 
reinforcing action of the embedded fibers progressively mitigated the 
negative influence of SWTB on tensile performance. Even though the 
reference sample exhibited the highest strength, its failure mode was 
more brittle, resulting in the specimen fracturing into two distinct 
pieces. The fracture patterns of all mixtures are presented in Fig. 12. The 
contribution of the fibers to mechanical behavior was further evaluated 
through CMOD and toughness assessment.

3.3.2. Elastic modulus
The EMod results of the prepared concrete samples are presented in 

Fig. 13(a) and Table 10. All mixtures exhibited average EMod values 

Fig. 12. Fracture of concrete specimens at the 28-day split tensile test: (a) Control, (b) C− 1, (c) C− 3, and (d) C− 5.

Fig. 13. Elastic modulus results of concrete specimens: (a) measured elastic modulus values for C− 0, C− 1, C− 3, and C− 5 mixtures; (b) relationship between SWTB 
aggregate replacement level (vol%) and elastic modulus.
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exceeding 30 GPa, confirming their suitability for structural applica
tions [64]. However, a clear decreasing trend in elastic modulus is 
observed with increasing SWTB content, as illustrated in Fig. 13(a), 
which signifies a reduction in rigidity with higher SWTB dosage. The 
reference mixture (C− 0) recorded the highest modulus at 39.6 GPa, 
while the C− 5 mix showed the lowest value at 30.9 GPa. The data 
suggests an almost linear decline in modulus: each 1% increase in SWTB 
replacement corresponds to an approximate reduction of 1.687 GPa in 
the elastic modulus. This trend aligns closely with findings reported by 
[64]. The decrease in the elastic modulus can be attributed to the change 
in the stiffness balance of the composite upon SWTB integration.

It is widely known that replacing natural aggregates with recycled 
aggregates results in a reduction in the elastic modulus of concrete. This 
decrease is often more pronounced when the recycled aggregates 
contain higher proportions of lightweight constituents, such as plastic or 
rubber contaminants [65]. Fig. 13(b) shows that as the substitution of 
natural aggregate with SWTB increases, the elastic modulus of the 
concrete mixtures decreases. This observed trend is consistent with 
findings reported in the literature. The underlying main reason for this 
reduction is the substantially lower stiffness of the SWTB, compared to 
natural river aggregate. Furthermore, the non-granular shape of SWTB 
particles adversely affect the overall rigidity of concrete [66]. Moreover, 
the rough and defective surface morphology created by the mechanical 
shredding process weakens the interfacial transition zone (ITZ). The 
combination of the lower intrinsic stiffness of SWTB and the impaired 
ITZ collectively contributes to the observed reduction in the overall ri
gidity of the concrete.

3.3.3. Fracture behavior
The fracture behavior of the specimens was investigated using three- 

point bending tests on notched beams. The flexural strength results of 
the concrete mixtures are presented in Table 10 and Fig. 14 (a). For the 
C− 0 mixture, one specimen fractured prior to flexural testing; therefore, 
the reported flexural strength values for this mixture are based on two 
valid measurements. As the level of SWTB aggregate replacement 
increased, a reduction in concrete strength was also reflected in the 
flexural strength results. The control mixture (C− 0) exhibited a flexural 
strength of 6.0 MPa, while values of 5.4 MPa, 5.8 MPa, and 6.3 MPa 
were obtained for C− 1, C− 3, and C− 5, respectively. Although an initial 
decrease in flexural strength was observed with SWTB incorporation, 
higher SWTB dosages led to an improvement in flexural performance. 
This enhancement can be attributed to the increased number of mac
rofibers introduced into the concrete with higher SWTB contents.

The fracture process of the concrete specimens under flexural 
loading initiates with the formation of a primary crack at the tip of the 
pre-existing notch. As the applied load increases, this crack progres
sively propagates toward the loading point, undergoing an initiation 
phase, deepening, and a pronounced widening of the crack opening. The 
corresponding load–crack mouth opening displacement (P–CMOD) re
sponses are presented in Fig. 14(b). The multifunctional use of SWTB, 
naturally influences the elastic modulus and the fracture response of the 
resulting concrete. As demonstrated by Jiangjiang et al. [67] aggregates 
play a central role in concrete fracture mechanics, particularly in con
trolling crack propagation from the notch tip. Because natural aggre
gates typically exhibit the highest stiffness within the composite, they 
act as mechanical obstacles that help restrain crack growth. When ag
gregates with reduced stiffness or elongated, needle-like geometries are 

Fig. 14. Fracture properties of the concrete specimens (a) Flexural strength; (b) Load-CMOD curves of concrete beams; (c) Fracture toughness (KIC); (d) Fracture 
energy (Gf).
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introduced, these particles tend to fracture more easily under stress, 
which can facilitate crack advancement.

Although the SWTB aggregate fraction has a lower modulus than 
natural aggregates, the macrofiber fraction within the SWTB waste 
provides a competing toughening mechanism. The fiber bridging 
behavior enhances energy absorption during fracture and ultimately 
governs the material response. This effect is clearly reflected in the 
P–CMOD curves, where the C− 1, C− 3, and C− 5 mixtures sustain higher 
loads before failure than the control sample. These results suggest that 
the reinforcing contribution of the SWTB fibers compensates for, and 
even surpasses, the potential weakening associated with replacing stiff 
natural aggregates with lower-stiffness SWTB particles. This improve
ment is also evident when comparing the residual flexural strengths of 
the specimens at a CMOD opening of 0.5 mm. The residual tensile 
strengths were calculated in accordance with the recommended pro
cedures outlined by RILEM [68], and the fib Model Code [69]. When the 
CMOD reaches 0.5 mm, the corresponding residual flexural strength is 
denoted as fR,1. For beams tested under three-point bending, fR,1 is 
calculated as follows [68,70]: 

fR,1 =
3PR,1L
2bhsp

2 (7) 

where PR,1 is the load corresponding to a CMOD of 0.5 mm, and L and b 
are the span and the section width of the beam, respectively. For notched 
beams, hsp is defined as the distance between the notch tip and the top 
surface of the beam.

The reference mixture (C− 0) exhibited an fR,1value of 0.355 MPa. In 
contrast, the mixtures incorporating SWTB demonstrated significantly 
higher residual strengths: C− 1 reached 0.789 MPa, corresponding to a 
122% increase relative to the control; C− 3 achieved 0.882 MPa, rep
resenting an improvement of approximately 148%; and C− 5 attained 
the highest value, 1.242 MPa, which corresponds to an increase of 
nearly 250%. These results clearly indicate that higher SWTB dosages 
substantially enhance the post-cracking load-carrying capacity of the 
concrete.

Fracture toughness (KIC) is a key material parameter that charac
terizes a material’s resistance to unstable crack propagation under stable 
strain conditions. Higher KIC values indicate improved resistance to 
brittle fracture. The fracture toughness is calculated by [71]: 

KIC =
3(P +

1
2

mg)

2bh2 l0
̅̅̅̅̅̅
πa

√
× f(a) (8) 

and 

a =
a + h0

h + h0
(9) 

where P is the applied load (kN), mg is the beam weight between the 
supports, l0 is the span length, a is the crack length, and h0 is the 
extensometer blade thickness (1.5 mm), f(a) is a geometric function 
related to the aspect ratio β and a/h.

In this study, the span/height ratio of our experimental beam is β= 4. 
The expression for fβ=4(a) is given as [72,73]: 

fβ=4(a) =
1̅
̅̅
π

√
1.99 − a(1 − a)(2.15 − 3.93a + 2.7a2

(1 + 2a)(1 − a)3/2 (10) 

The calculated fracture toughness values (MPa.mm1/2) are presented 
in Fig. 14(c). A continuous increase in fracture toughness is observed 
with increasing SWTB content in concrete. The values rise from 51.2 in 
the reference mixture (C− 0) to 53.6 in C− 1, 56.3 in C− 3, and 57.8 in 
C− 5. This progressive improvement indicates that the incorporation of 
SWTB enhances the crack resistance of the concrete, despite the lower 
stiffness and irregular morphology of the waste material. The trend 
suggests that the fiber fraction within the SWTB provides an effective 
toughening contribution as its dosage increases.

Yu et al. [72] indicate recycled wind turbine blade fibers, when cut 
into a needle-like shape with lengths exceeding 60 mm, significantly 
enhance the fracture toughness of concrete. In this study, the absence of 
a steeper increase in fracture toughness can be attributed to the het
erogeneous nature of the fiber fraction within the SWTB, the relatively 
short fiber lengths, and the defects present on the fiber surfaces, which 
are inherent to the shredding process (Fig. 1). These defects limit the 
development of strong fiber–matrix bonds. Although the concrete mix
tures did not incorporate selectively sorted SWTB fibers for optimized 
reinforcement, the use of SWTB still produced a positive effect on the 
fracture toughness of the concrete.

The fracture energy (GF) can be determined through three-point 
bending tests on prefabricated notched beams, using the area under 
the load–deflection (P- δ) curve as the basis for calculation [72,74]. 
Alternatively, P-CMOD curve may be used for the calculation in order to 
obtain a more precise estimate of the fracture energy, providing greater 
robustness against potential influences such as surface roughness, fol
lows from [73]: 

GF =

l0
4H

∫
Pd(CMOD) +

l0
4H

mgCMOD0

b(h − a0)

(11) 

where l0 is the distance between the supports, H = h + h0 represents the 
sum of the beam height and the blade thickness of the fixed-clamp 
extensometer, and CMOD 0 is the maximum crack opening 
displacement.

The calculated fracture energy values, determined from the area 
enclosed by the load–CMOD curve up to a crack opening displacement of 
0.3 mm, are presented in Fig. 14(d). The results show that the fracture 
energy remains relatively consistent across all mixtures. The control 
sample (C− 0) reached a fracture energy of 4514.14 N/m, while the 
SWTB-containing mixtures exhibited values of 4530.38 N/m for C− 1, 
4537.67 N/m for C− 3, and 4534.37 N/m for C− 5. These findings indi
cate that incorporating SWTB does not significantly alter the overall 
fracture energy of the concrete, with only marginal increases observed 
as the SWTB content rises.

In this study, SWTB was not selectively sorted to obtain only the fiber 
fraction for reinforcement; instead, it was incorporated into the concrete 
as the original waste at dosages of up to 5% of the total concrete mass. 
This level of incorporation resulted in noticeable differences in mixture 
density, with higher SWTB dosages leading to a reduction in the overall 
density of the concrete (Table 9). Since the calculation of fracture energy 
depends on specimen density, this reduction offsets the toughening ef
fect provided by the SWTB fibers. As a result, the fracture energy values 

Fig. 15. Drying shrinkage kinetics of concrete prisms depending on 
SWTB dosage.
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remain almost unchanged across the mixtures.

3.4. Drying shrinkage

Drying shrinkage is associated with the loss of free water from con
crete and continues throughout its service life. However, it generally 
slows down significantly after approximately 91 days, as less water 
content is available at later ages. Drying shrinkage is influenced by the 
stiffness of the cementitious matrix. Therefore, the use of fibers may help 
mitigate shrinkage strains by increasing matrix rigidity [37]. Moreover, 
the rigidity of coarse aggregates and the elastic modulus of concrete 
both play an important role in drying shrinkage behavior, with higher 
stiffness associated with lower shrinkage strains [75]. The literature 
reports that the use of rubber or plastic originated aggregates in concrete 
can increase drying shrinkage [76,77].

Fig. 15 presents the drying shrinkage behavior of the different con
crete prisms over 120 days on a logarithmic time scale. During the first 

five days, all concrete specimens exhibited similar shrinkage strains. 
Subsequently, a relatively small but proportional increase in shrinkage 
was observed as the SWTB content in the mixtures increased. This rise in 
shrinkage strain is primarily attributed to the reduced stiffness of the 
overall matrix, resulting from the replacement of conventional compo
nents with SWTB. Additionally, Zhang et al. [75] reported that when 
aggregates with high water absorption capacity are used, the additional 
water required to maintain the target water/cement ratio, according to 
ACI concrete mix design recommendations, may further contribute to 
drying shrinkage. Accordingly, the relatively higher shrinkage strain 
observed in the C− 5 concrete in this study can be associated with both 
reduced stiffness of the system and the impact of additional mixing 
water. Furthermore, the irregular and porous structure of SWTB parti
cles serves as a contributing factor to this increase. Indeed, previous 
studies have reported that incorporating GFRP wastes into concrete can 
lead to noticeable increases in drying shrinkage [44,78].

In contrast to reports in the literature, all specimens in this study 
exhibited relatively low drying shrinkage despite the high levels of 
SWTB replacement. This outcome is attributed to the particle-packing- 
based design approach, which enabled the concrete to achieve low 
porosity and high stiffness. Consequently, all mixtures demonstrated 
shrinkage strains below 0.035% at 120 days.

3.5. Alkali silica reaction

ASR is a chemical reaction that occurs between the highly alkaline 
pore solution of cement paste and reactive amorphous silica present in 
aggregates. This reaction is recognized as a long-term durability concern 
in concrete systems. The use of glass-containing wastes as aggregate 
replacements in concrete and mortar, particularly at higher replacement 
levels, may increase ASR expansion [79,80].

The accelerated mortar bar test results of the specimens prepared in 
this study are presented in Fig. 16. The expansion values of all specimens 
are well below the recommended 0.1% limit [60,81]. The mixtures 
incorporated a relatively high SWTB content, which inherently intro
duced a significant glass fraction into the concrete. Despite this, no 
measurable increase in ASR risk was observed, aligning with literature 
reports on the use of GFRP originated reinforcement in cementitious 

Fig. 16. Expansions during accelerated mortar bar test.

Fig. 17. SEM image of the M− 5 mortar after 90 days of the accelerated mortar bar test: (a) mortar matrix with an embedded SWTB particle, (b) EDS analysis of the 
glass fiber, and (c) EDS analysis of the epoxy resin.
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composites [44,82,83].
This result can primarily be attributed to the inherent properties of E- 

glass fibers, which are commonly used in wind turbine blade 
manufacturing and exhibit high resistance to ASR. Additionally, particle 
size plays a critical role; the coarser fractions of SWTB have a lower 
specific surface area, which limits their chemical reactivity. Further
more, the resin layer surrounding the glass fibers limits their direct 
contact with the alkaline environment, thereby mitigating the potential 
for alkali silica reactions [80,84]. The resin part of SWTB may also 
locally reduce the pH of the pore solution, which can further suppress 
ASR activity [40].

3.6. Microstructure of mortar and concrete prisms

The micro-structure captured in Fig. 17(a) shows the mortar matrix 
and an embedded SWTB particle, where darker areas correspond to re
gions of lower density. Although the M− 5 specimen exhibited the 
highest ASR expansion among all samples, no ASR-related cracking was 
observed within the mortar. Despite prolonged exposure to a highly 
alkaline environment, the epoxy phase of SWTB remained stable. The 
circular features observed within the polymer phase of SWTB corre
spond to the cross-sections of glass fibers, and no ASR gel formation was 
detected around these fibers. Fig. 17(b) and Fig. 17(c) present the EDS 

analyses of the glass fiber and the epoxy resin, respectively. These 
microstructural observations further support the ASR test results, 
confirm the limited ASR activity associated with the use of SWTB.

Fig. 18 shows SEM images of the internal microstructure of the C− 5 
concrete specimen. Fig. 18(a) presents an SWTB particle in the 50–75μm 
size range used as cement replacement. The particle contains residual 
glass fiber fragments and surrounding epoxy resin, retains its original 
morphology, and shows no signs of chemical alteration within the ma
trix. However, defects resulting from the shredding process locally 
increased the micro-porosity of the cementitious matrix. Fig. 18(b) 
presents a resin particle in the 50–100 μm size range without embedded 
glass fiber fragments. As a natural outcome of the shredding process, 
SWTB generates particles with random sizes, morphologies, and com
positions. The particle shown falls within the cement replacement size 
range. The resin phase appears stable within the cementitious matrix; 
however, it introduces local micro-porosity and forms a relatively weak 
interfacial transition zone (ITZ) with the surrounding matrix. As 
observed in Fig. 18(a) and (b), the use of SWTB as a cement replacement 
appears to reduce the stiffness of the cementitious matrix.

Fig. 18(c) presents the internal structure of a relatively large SWTB 
particle corresponding to the aggregate replacement fraction in con
crete. In the image, glass fibers within the SWTB particle are observed to 
be present together. However, the surrounding polymer layer appears to 

Fig. 18. SEM images of the C− 5 concrete specimen showing SWTB particles at different size ranges: (a) cement replacement–sized SWTB with glass fiber residues, 
(b) cement replacement–sized SWTB without glass fiber residues, and (c) inside of a large SWTB particle used as aggregate replacement in concrete.
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be locally disrupted, most likely as a result of the shredding process. 
Cement grains that penetrated into this region remained unhydrated. In 
addition, micro-pores and resin-rich regions are also present within the 
interior of the SWTB particle. The defective structure of SWTB particles 
used as aggregate replacement is in agreement with the reduction in 
concrete stiffness observed at higher replacement levels.

4. Conclusions

This study investigated the multifunctional incorporation of non- 
selective shredded wind turbine blade (SWTB) waste into concrete as 
a partial cement replacement, aggregate substitute, and fiber rein
forcement. Based on the experimental findings and microstructural an
alyses, the following conclusions can be drawn: 

• The research successfully demonstrated that SWTB functions as a 
multipurpose constituent, characterized by significant size and shape 
variation (ranging from 0.063 mm powder to 80 mm fibrous flakes). 
The application of the Modified Andreasen and Andersen (MAA) 
particle packing model proved essential in accommodating these 
complex morphological characteristics to achieve a dense concrete 
skeleton, effectively mitigating the rigidity and strength losses typi
cally associated with high composite waste contents.

• Isothermal calorimetry revealed that the partial replacement of 
cement with SWTB powder (up to 2.5% by mass) does not exert a 
retarding effect on the hydration process. The stability of the setting 
times suggests that the epoxy residues within the waste do not 
chemically interfere with the cementitious reactions.

• Despite the simultaneous replacement of up to 10.2% aggregate and 
4.4% cement by volume, the concrete mixtures maintained 
structural-grade performance with 28-day compressive strengths 
exceeding 45 MPa. The reduction in elastic modulus was found to be 
linear with increasing SWTB dosage, attributed to the lower stiffness 
of the resinous phase compared to natural river aggregates.

• The integration of SWTB enhanced the post-cracking behavior of the 
concrete. The fibrous fraction provided an effective bridging mech
anism, leading to a residual flexural strength increase of up to 250% 
at a CMOD of 0.5 mm. The mechanical shredding process introduces 
surface defects and morphological irregularities to the SWTB parti
cles, which may limit the full potential of fiber-matrix bonding, yet 
the results demonstrate a significant improvement in energy ab
sorption during fracture.

• Accelerated mortar bar tests and SEM-EDS examinations confirmed 
that SWTB does not pose an alkali-silica reaction (ASR) risk. The 

protective epoxy resin coating on the glass fibers effectively limits 
direct exposure to the alkaline pore solution, ensuring the long-term 
chemical stability of the composite.

• To the best of the authors’ knowledge, this study achieves a unique 
integration of high SWTB substitution levels (comprising 10.2% 
aggregate substitute, 4.4% cement replacement, and 2.6% fiber 
reinforcement together by volume) while successfully retaining 
structural-grade performance (45 MPa compressive strength, 30 GPa 
elastic modulus, and improved fracture performance). At these high 
dosages, the concrete also exhibited no measurable ASR risk or 
excessive drying shrinkage, a combination of findings that has not 
been previously reported in the literature.
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Appendix A

Nomenclature

SWTB Shredded wind turbine blade

Dmax Maximum particle size

Dmin Minimum particle size

PSD Particle size distribution

q Distribution modulus

MAA model Modified Andreasen & Andersen model

RSS Residual sum of squares

R2 Coefficient of determination

Ptarget Target curve

Pmix Mix curve

(continued on next page)
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(continued )

E Secant modulus of elasticity

CMOD Crack mouth opening displacement

P Test beam load

Pmax Test beam maximum load

l0 Net span of the test beam

α Crack length of test beam

h0 Blade thickness of the fixed clamp extensometer

β Span-to height ratio

h Test beam height

f(α) Shaped function related to β and α/h

fc Compressive strength

fct Splitting tensile strength

fp Flexural strength

fR Residual flexural tensile strength

fR,1 Residual flexural tensile strength (at CMOD = 0.5 mm)

GF Fracture energy

KIC Fracture toughness

σ Stress

ϵ Strain

Appendix B

The residual sum of squares (RSS) is calculated by: 

RSS =
∑n

i=1

(
Pmix

(
Di+1

i
)
− Ptarget

(
Di+1

i
) )2 (B.1) 

The coefficient of determination (R²), which quantifies the fitting degree between the target and actual packing curves, is calculated by: 

R2 = 1 −
RSS

(
∑n

i=1
(Pmix

(
Di+1

i
)
− Pmix

)2 (B.2) 

Where Pmix corresponds to the overall average of the particle size distribution and calculated as follows: 

Pmix =
1
n
∑n

i=1
Pmix

(
Di+1

i
)

(B.3) 
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[35] V. Ortega-López, F. Faleschini, N. Hurtado-Alonso, J. Manso-Morato, V. Revilla- 
Cuesta, Analysis of raw-crushed wind-turbine blade as an overall concrete 
addition: stress–strain and deflection performance effects, Compos. Struct. 340 
(2024) 118170, https://doi.org/10.1016/j.compstruct.2024.118170.

[36] T. Liu, C. Paraskevoulakos, A.T. Lima, Mitigation of Alkali-Silica Reaction by 
Shredded Wind Turbine Blade Waste in Mortar. Second RILEM ICEC, Springer, 
2024, pp. 504–514, https://doi.org/10.1007/978-3-031-62690-6_52.

[37] V. Revilla-Cuesta, M. Skaf, J. Manso-Morato, N. Hurtado-Alonso, J.M. Manso, 
Deepening the effect of selectively crushed wind-turbine blade on the dimensional 

stability and high-temperature resistance of concrete, J. Build. Eng. 111 (2025) 
113440, https://doi.org/10.1016/j.jobe.2025.113440.

[38] J.R. Correia, N.M. Almeida, J.R. Figueira, Recycling of FRP composites: reusing 
fine GFRP waste in concrete mixtures, J. Clean. Prod. 19 (15) (2011) 1745–1753, 
https://doi.org/10.1016/j.jclepro.2011.05.018.

[39] P.S. Oliveira, M.L.P. Antunes, N.C. da Cruz, E.C. Rangel, A.R.G. de Azevedo, S. 
F. Durrant, Use of waste collected from wind turbine blade production as an eco- 
friendly ingredient in mortars for civil construction, J. Clean. Prod. 274 (2020) 
122948, https://doi.org/10.1016/j.jclepro.2020.122948.

[40] T. Liu, C. Duyal, C. Paraskevoulakos, K. Enemark-Rasmussen, A.T. Lima, Effect of 
wind turbine blade waste on cement hydration and gel structure: competitive 
interaction of glass and polyester resin, Compos. Part B Eng. 311 (2026) 113273, 
https://doi.org/10.1016/j.compositesb.2025.113273.

[41] R. Yu, P. Spiesz, H.J.H. Brouwers, Mix design and properties assessment of ultra- 
high performance fibre reinforced concrete (UHPFRC), Cem. Concr. Res. 56 (2014) 
29–39, https://doi.org/10.1016/j.cemconres.2013.11.002.

[42] R. Yu, P. Spiesz, H.J.H. Brouwers, Static properties and impact resistance of a green 
Ultra-High Performance Hybrid Fibre Reinforced Concrete (UHPHFRC): 
experiments and modeling, Constr. Build. Mater. 68 (2014) 158–171, https://doi. 
org/10.1016/j.conbuildmat.2014.06.033.

[43] P.P. Li, Q.L. Yu, H.J.H. Brouwers, W. Chen, Conceptual design and performance 
evaluation of two-stage ultra-low binder ultra-high performance concrete, Cem. 
Concr. Res. 125 (2019) 105858, https://doi.org/10.1016/j. 
cemconres.2019.105858.

[44] A. Dehghan, K. Peterson, A. Shvarzman, Recycled glass fiber reinforced polymer 
additions to Portland cement concrete, Constr. Build. Mater. 146 (2017) 238–250, 
https://doi.org/10.1016/j.conbuildmat.2017.04.011.

[45] EN 933-2, Tests for Geometrical Properties of Aggregates - Part 2: Determination of 
Particle Size Distribution -Test Sieves, Nominal Size Apertures (1996).

[46] EN 1097-6, Tests for Mechanical and Physical Properties of Aggregates - Part 6: 
Determination of Particle Density and Water Absorption, 2013.

[47] X. Zhao, D. Pakula, M. Frydrych, B. Sztorch, R. Kozera, H. Liu, H. Zhou, R. 
E. Przekop, Treatment and valorization of waste wind turbines: component 
identification and analysis, Materials 18 (2) (2025) 468, https://doi.org/10.3390/ 
ma18020468.

[48] ACI Committee 211.1-91, Standard Practice for Selecting Proportions for Normal, 
Heavyweight, and Mass Concrete, American Concrete Institute, Farmington Hills, 
1991.

[49] M. Hunger, An integral design concept for ecological self-compacting concrete, 
Eindhoven University of Technology, Netherlands, 2010.

[50] G. Hüsken, H.J.H. Brouwers, A new mix design concept for earth-moist concrete: a 
theoretical and experimental study, Cem. Concr. Res. 38 (10) (2008) 1246–1259, 
https://doi.org/10.1016/j.cemconres.2008.04.002.

[51] G. Hüsken, A multifunctional design approach for sustainable concrete: with 
application to concrete mass products, Eindhoven University of Technology, 
Netherlands, 2010.

[52] ASTM C 1609, Flexural Performance of Fiber-Reinforced Concrete (Using Beam 
with Third-Point Loading), ASTM International, 2012.

[53] ASTM C143/C143M, Standard Test Method for Slump of Hydraulic-Cement 
Concrete, ASTM International, 2012.

[54] EN 12390-2, Testing Hardened Concrete - Part 2: Making and Curing Specimens for 
Strength Tests, 2019.

[55] EN 12390-3, Testing Hardened Concrete - Part 3: Compressive Strength of Test 
Specimens, 2019.

[56] EN 12390-6, Testing Hardened Concrete. Tensile Splitting Strength of Test 
Specimens, 2009.

[57] EN 14651, Test method for metallic fibre concrete - Measuring the Flexural Tensile 
Strength (Limit of Proportionality (LOP), Residual), 2007.

[58] EN 12390-13, Testing hardened concrete - Part 13: Determination of Secant 
Modulus Of Elasticity in Compression, 2013.

[59] EN 12390-16, Testing Hardened Concrete - Part 16: Determination of the 
Shrinkage of Concrete, 2019.

[60] ASTM C1260, Standard Test Method for Potential Alkali Reactivity of Aggregates 
(Mortar-Bar Method), ASTM International, 2014.
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