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ARTICLE INFO ABSTRACT

Handling Editor: Prof Raf Dewil The management of end-of-life wind-turbine blades in the coming years will be necessary, as a clear solution for
their recycling is yet to be found due to their complex composition. The suitability of their mechanical recycling
is therefore evaluated in this paper, obtaining Raw-Crushed Wind-Turbine Blade (RCWTB) for subsequent
incorporation in high amounts of up to 10% vol. in concrete, replacing the aggregates to achieve Fiber-
Reinforced Concrete (FRC). Compressive strength levels of 40 MPa were at all times reached, although with
steadily decreasing elastic moduli, properties that could be precisely related by regression using a hardened-
density correction. Besides, tensile splitting strength increased by 0.03 MPa per 1% RCWTB and Poisson’s co-
efficient was reduced, while maintaining flexural strength levels. Finally, life cycle assessment showed lower
global warming potential for mixes with RCWTB, even compared to other FRC mixes, as the contents related to
high-emitting raw materials of FRC were reduced. The results were promising and reveal a path towards greater
sustainability of the wind-energy sector in alliance with the concrete industry.
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ossaty and reuse of resulting by-products (Ferronato and Torretta, 2019).

i i Nevertheless, recycling waste materials within the same industry can
FRC Fiber-Reinforced Concrete sometimes result in higher environmental impacts than the extraction of
GFRP Glass Fiber-Reinforced Polymer . _
RCWTB Raw-Crushed Wind-Turbine Blade new raw materials (Peceno et al., 2020), so a cross-sector approach to
LCA Life Cycle Assessment recycling must be adopted to make the circular economy a reality
FD Fresh Density through all industrial sectors (Migliore et al., 2019). The concrete in-
OAC Occluded Air Content dustry is often at the receiving end of cross-sector recycling (Behera
CS Compressive Strength .

: . et al., 2014), as concrete manufacturers are constantly searching for

TSS Tensile Splitting Strength K X i X N N N S
FS Flexural Strength sustainable materials to incorporate in their mixes, in order to mitigate
MoE Modulus of Elasticity the high environmental impact of concrete (Xing et al., 2023), mainly
PC Poisson’s Coefficient

1. Introduction

As time goes by, the need for industrial expansion, globalization, and
specialization is growing exponentially. Industrial sectors are increas-
ingly focused on optimal solutions where there is no overconsumption of
natural resources, aiming to achieve zero waste through the recovery
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due to cement production (ANEFHOP, 2022) and aggregate extraction
(Kurda et al., 2018). Different strategies are under debate within the
concrete industry to mitigate the reduction of its environmental-impact,
while simultaneously addressing its cross-sector recycling:

e First, the incorporation of supplementary cementitious materials as
cement replacement that are by-products of the siderurgical industry
and the coal and energy sector (Juenger and Siddique, 2015), such as
furnace slag (Faleschini et al., 2023; Ortega-Lopez et al., 2022;
Revilla-Cuesta et al., 2023a), silica fume (Khodabakhshian et al.,
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2018), and fly ash (Kurda et al., 2018; Liu et al., 2020), among many
others.

Second, reduced consumption of natural aggregate through its
replacement with recycled aggregate (Martinez-Lage et al., 2020;
Pradhan et al., 2019; Revilla-Cuesta et al., 2022a), as mining and
extraction of natural aggregate are high-energy processes that must
be mitigated to reduce their environmental impacts (Kurda et al.,
2018). Those sorts of aggregates can, for example, be construction
and demolition waste from the renewal and upscaling of existing
infrastructure. Likewise, by-products from packaging and disposable
consumer products (Gu and Ozbakkaloglu, 2016) produced in the
plastics industry, also among the most highly polluting industrial
processes, are also interesting sources of recovered waste
(PlasticsEurope, 2019). Waste plastic by-products can also be added
to the concrete mix in many different ways, one of which is as
recycled plastic aggregate (Gu and Ozbakkaloglu, 2016).

The third strategy is the addition of recovered waste as fibers to
produce Fiber-Reinforced Concrete (FRC), sometimes lowering the
cement content of the mix (Yuan et al., 2023). Fibers can be found in
different sectors, such as the plastic industry (Mahdi et al., 2023;
Yina et al., 2016) where different synthetic fiber recycling method-
ologies have been studied (Mahdi et al., 2023; Signorini et al., 2022;
Yina et al., 2016), and the tire industry, where the steel filaments
present in this product can be recycled in a non-expensive manner
(Neocleous et al., 2011; Soltanzadeh et al., 2022).

The wind-energy industry has a clear need to consider ways of
recycling decommissioned wind-turbine blades, as many wind-turbine
blades are reaching the end of their lifespan (World Wind Energy As-
sociation, 2022). It is estimated that about 25,000 wind turbines will be
decommissioned before 2050 (Beauson and Brgndsted, 2016). As much
as 80% by weight of these elements can be recycled for different pur-
poses, although a widely accepted recycling process has yet to be agreed,
due to the complex composition, mainly based in Glass Fiber-Reinforced
Polymer (GFRP) and high-energy demands of many recycling processes
(Revilla-Cuesta et al., 2023b). Different approaches have been under
study (Leon, 2023), such as blade segmentation for urban furniture
(Joustra et al., 2021), and the recovery of glass fibers through
physical-chemical treatments (Esmizadeh et al., 2019), although
cross-sector recycling through the concrete industry is perhaps the most
viable solution (Yazdanbakhsh et al., 2017).

At present, there are various alternatives for crushing wind-turbine
blades prior to the incorporation of the resulting raw material in con-
crete. Some researchers have attempted to introduce these elements as
fine or coarse aggregates (Correia et al., 2011; Hofmeister, 2012),
powder (Baturkin et al., 2021), and fibers (Revilla-Cuesta et al., 2023b,
2024b), all of which are sustainable ways of avoiding the high envi-
ronmental impacts of landfilling wind-turbine blades (World Wind En-
ergy Association, 2022). More precisely, the incorporation of fibers
within concrete is a viable alternative to the recycling of the GFRP
composites within the blades. It is also an economic and an environ-
mentally efficient way of improving the mechanical properties of this
construction material (Revilla-Cuesta et al., 2024b). Furthermore, the
fibers can even be obtained by non-selective cutting and milling of the
whole blade, with no component separation, thereby producing a ma-
terial known as Raw-Crushed Wind-Turbine Blade (RCWTB)
(Revilla-Cuesta et al., 2023b). Concrete mixes containing
high-percentages of RCWTB are investigated in this research. A novel
approach towards its incorporation was adopted: RCWTB was added
without modifying the cement amount, in order to achieve a balance
between the mechanical and environmental performance of the concrete
produced with this by-product.

Life Cycle Assessment (LCA) plays a pivotal role in cross-sector
recycling for concrete production (Vieira et al., 2016). A properly per-
formed LCA is key to any clear environmental assessment of the treat-
ments to which the waste materials have to be subjected before their
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incorporation in a concrete mix (EN-Euronorm, 2020). The need for
preparation and manipulation of some residues can even result in higher
environmental impacts than conventional concrete (Mahdi et al., 2023).
Moreover, some by-products may weaken the mechanical properties of
concrete due to their low quality (Mahdi et al., 2023). Thus, LCA is an
important decision-making tool to determine which scenarios in
cross-sector recycling are beneficial (Hay and Ostertag, 2018), an aspect
that also has to be analyzed in the case of the wind-energy sector (Nagle
et al., 2020).

In this novel research, the effects of incorporating up to 10% RCWTB
in concrete mixes without modifying the cement amount are studied.
The results for fresh-state features (Section 3.1), and 28-day mechanical
properties (Section 3.2) are discussed in this paper, in order to fully
characterize the different mixes. Then, a statistical analysis of the re-
lations between those properties (Section 4) and an LCA of all the mixes
(Section 5) are conducted. The main goal of this research is to under-
stand the complete behavior of concrete incorporating high contents of
RCWTB, both in mechanical and environmental terms. In this way, the
aim is to find a solution to the wind-energy industry through cross-sector
recycling in the concrete industry.

2. Materials and methods
2.1. Raw materials

The concrete mixtures used CEM II/A-L 42.5 R, as per EN 197-1
(EN-Euronorm, 2020), which consisted of ordinary Portland cement
with a slight reduction of the clinker content (6-20% of limestone). The
characteristics of all the aggregates can be seen in Table 1. A gradation
of each aggregate fraction was carried out in line with EN 933-1
(EN-Euronorm, 2020), graphed in Fig. 1. Tap water was used, and two
different admixtures (a high-range water reducer and a superplasticizer)
were incorporated, in order to maintain low water/cement ratios, and to
ensure that all mixtures had proper fresh and mechanical properties
(Barbudo et al., 2013).

The RCWTB recycling process and its composition have been thor-
oughly discussed in previous works of the authors (Revilla-Cuesta et al.,
2023b). This recycling process involved the cutting of decommissioned
wind-turbine blades, composed of GFRP composites mixed with poly-
meric resins and balsa wood (Joustra et al., 2021), into regular-shaped
pieces, and their subsequent non-selective crushing. RCWTB contained
GFRP-composite fibers with an average length of 13.1 mm (66.8% wt.);
balsa wood (6.3% wt.) and polymeric semispherical particles (8.3% wt.);
microfibers (13.8% wt.); and small non-separable particles (4.8% wt.).
The apparent density of RCWTB was 246.64 kg/m®.

The cost to produce RCWTB is actually 41% cheaper than the
average energy consumption for quarry extraction of natural crushed
aggregate (Petit et al., 2018; Revilla-Cuesta et al., 2023b). The RCWTB
production process involved cutting and crushing of the whole blade
into smaller, more manageable particles, whose energy cost was esti-
mated at 1.23 kWh/metric ton of RCWTB (Revilla-Cuesta et al., 2023b).
Accounting for a cost of 0.20 €/kWh in Spain, a metric ton of RCWTB for
use as raw material in concrete production could cost around 0.25€.

Table 1
Physical characteristics of natural aggregates.

Aggregates Nature SDD Density (kg/m>) 24-h water absorption (%)
Gravel 12/22 Siliceous 2.60 0.55
Gravel 4/12 Siliceous 2.63 0.32
Sand 0/4 Siliceous 2.62 0.13
Sand 0/2 Limestone 2.66 0.10

SSD: Saturated Surface Dry.
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Fig. 1. Individual and combined gradation of the aggregates, alongside the
Fuller’s curve.

2.2. Mix design and production

In all, 11 different mixes were manufactured for this research. A
reference mix without RCWTB, prepared and labelled WO (0% RCWTB),
was designed in accordance with European and Spanish regulations
(European Committee for Standardization, 2010; Ministry of In-
frastructures of the Spanish Government, 2021), to achieve an S3 slump
classification (slump of 100-150 mm) according to EN 12350
(EN-Euronorm, 2020). The proportions of the different aggregate frac-
tions were defined in an adjustment to the Fuller’s Curve (Fig. 1).
RCWTB was added in steps of 1% vol. for the remaining 10 mixes,
maintaining the cement content and the proportion of each natural
aggregate fraction constant. RCWTB consists of a variety of particulate
proportions that can complement different aggregate sizes
(Revilla-Cuesta et al., 2023b). The mixes were labelled W1 to W10. The
decision to incorporate RCWTB without varying the cement amount was
taken to balance the mechanical properties of the concrete and the LCA
(Acosta-Calderon et al., 2022; Frazao et al., 2022).

Fiber additions usually hinder proper workability and adequate
slump (Habert et al., 2013). Nevertheless, both properties were ensured
in all the mixes through empirical adjustments to the water and the
admixture contents, as the RCWTB content was raised. Those changes
are reported both in Fig. 2 and in Table 2, and are adjusted to a cubic
meter in Table 3. An increased amount of water was adequate for low
RCWTB contents. However, admixture proportions were increased from
mix W5, to avoid excessive water additions when using high RCWTB
contents, which might otherwise negatively affect the strength perfor-
mance of the concrete samples (Mousavi et al., 2019). These admixtures
reduced the amount of water needed to ensure suitable fresh state
characteristics of FRC (Abdolpour et al., 2023; Frazao et al., 2022).

A three-step process was specifically designed, to ensure the

0.49 1.30%
£
0.47 1.25% £
=
[
2 045 1.20% £
= 3
b 2
£ 043 1.15% g
£ g
<L 041 1.10% &
N o
- v
o Q
= 039 1.05% o
3
’ =
0.37 LR TR Y T T ) 1.00% £
2

0.35 0.95%

WO Wi W2 W3 w4 W5 We W7 W8 W9 WI10

—=o-—\\ater/cement ratio = @ = Admixture percentage

Fig. 2. Water/cement ratio and admixture percentage of the cement mass.
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homogeneity of the mixing process (Acosta-Calderon et al., 2022), in
order to achieve proper hydration of all raw-materials and homogeneity
of the mix (Revilla-Cuesta et al., 2023b) (Fig. 3). First, the water
quantity was segmented into three distinct portions: the first portion was
0.50 L, while the other two portions allocated 30% and 70% of the
remaining water of each specific mixture, respectively. The mixer was
then pre-moistened, and several mixing steps were conducted. In the
initial step, all the aggregates combined with the 30% water portion
were introduced and mixed together for 5 min. Then, the cement and the
RCWTB were introduced into the mixer, along with water in a propor-
tion of 70%, and mixing for another 3 min. Afterwards, having been
dissolved in the 0.50 L of water, the admixtures were incorporated into
the mixture and mixed for a further 5 min. To verify the desired work-
ability, a slump test was conducted following EN 12350-2
(EN-Euronorm, 2020) upon completion of all the mixing stages.

2.3. Experimental plan

Firstly, the manufactured concrete mixes were evaluated in terms of
slump (EN 12350-2 (EN-Euronorm, 2020)), Fresh Density (FD) (EN
12350-6 (EN-Euronorm, 2020)), and Occluded Air Content (OAC) (EN
12350-7 (EN-Euronorm, 2020)). Meanwhile, specimen casting for
evaluating the hardened-state performance took place in accordance
with standard EN 12390 (EN-Euronorm, 2020). Three specimens were
manufactured for each test, and were only used after 28 days of curing:
(1) cubic specimens with a side length of 100 mm for Hardened Density
(HD); (2) cylindrical specimens with a height of 200 mm and a
height/diameter ratio of 2 for compressive strength (CS), tensile split-
ting strength (TSS), modulus of elasticity (MoE), and Poisson’s coeffi-
cient (PC); and (3) prismatic specimens of 275 mm in length and a
cross-section of 75 mm by 75 mm for flexural strength (FS). All the
specimens were demolded after 24 h and stored in a humid chamber in
accordance with EN 12390-2 (EN-Euronorm, 2020).

Moreover, the validity of current regulations to estimate the me-
chanical properties of RCWTB concrete was assessed. To that end, the
experimental values of those properties were compared with the theo-
retical values of standards used in Spain, Europe, and the USA, while
trying to predict the mechanical behavior of the concrete through a
correlation analysis and model adjustment. Afterwards, an LCA of the 11
mixes was completed, in order to better understand the environmental
performance of all mixes and their potential impacts related to the in-
fluence of their raw materials.

2.3.1. Prediction formulas from regulations

The Spanish (Ministry of Infrastructures of the Spanish Government,
2021), the European (European Committee for Standardization, 2010),
and the American regulations (American Concrete Institute, 2019)
contain different formulations to predict various mechanical charac-
teristics of the concrete. Those formulations were designed for conven-
tional concrete, so their validity and accuracy should be proven in order
to be applied for the prediction of MoE (Table 4), TSS (Table 5) and FS
(Table 6) in FRC incorporating RCWTB.

The Spanish regulations, known as the Spanish Structural Code (SC)
(Ministry of Infrastructures of the Spanish Government, 2021), have
been applied in Spain to all construction materials since 2021, and are,
in terms of their specifications on concrete, based upon Eurocode 2
(EC2) Part 1-1 (European Committee for Standardization, 2010). Their
expressions consider the compressive strength at the reference age
(usually 28 days), the type and strength of the cement used for concrete
manufacturing, and the age at which the characteristic has to be pre-
dicted. In contrast, the expressions of the American Concrete Institute
standards (ACI 318-19 (American Concrete Institute, 2019)) are based
on experimental factors applied to compressive strength testing.
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Table 2

Comparative composition of the manufactured mixes (kg).
Mix wo w1 w2 w3 w4 W5 W6 w7 w8 w9 w10
Cement 320 320 320 320 320 320 320 320 320 320 320
Water 128 128 128 132 140 142 142 150 150 151 152
Admixture 1 1.07 1.07 1.07 1.07 1.07 1.07 1.12 117 1.23 1.28 1.33
Admixture 2 2.13 2.13 213 213 213 213 2.25 2.36 2.47 2.58 2.69
Gravel 12/22 780 772 764 757 749 741 733 725 718 710 702
Gravel 4/12 555 549 544 538 533 527 522 516 511 505 500
Sand 0/4 385 381 377 373 370 366 362 358 354 350 346
Sand 0/2 280 277 274 272 269 266 263 260 258 255 252
RCWTB 0 12 25 37 50 62 75 87 929 112 124

Table 3

Composition of the manufactured mixes per cubic meter (kg/m?>).
Mix wo w1 w2 w3 w4 W5 W6 w7 w8 W9 w10
Cement 320 320 320 319 316 315 315 313 313 313 312
Water 128 128 128 131 138 140 140 147 147 147 149
Admixture 1 1.07 1.07 1.07 1.06 1.05 1.05 1.10 1.15 1.20 1.25 1.30
Admixture 2 2.13 2.13 2.13 2.12 211 2.10 2.21 2.30 2.41 2.52 2.62
Gravel 12/22 780 772 764 753 740 730 723 709 701 693 684
Gravel 4/12 555 549 544 536 526 520 514 505 499 493 487
Sand 0/4 385 381 377 372 365 361 357 350 346 342 338
Sand 0/2 276 273 271 267 262 259 256 251 248 246 242
RCWTB 0 12 25 37 49 61 74 85 97 109 121

AGGREGATES ADMIXTURES Table 5
30% WATER 0.50 LWATER

A _A
Q N\ SLUMP
y V4 TESTING
—~— ~

CEMENT
RCWTB
70% WATER

DAMF

N MIXER

Fig. 3. Mixing process timeline.

Table 4
Formulations for estimating the Modulus of Elasticity (MoE) in each of the
regulations.

Regulations Formulation

EC2 Een(t) = e’ (¢)"Eem

b\ [28
Beelt) = eXP{SC(l - y/'Tef) g];tgtnf

Eam = kg*fem'/®

sc Een(t) = (fon(®) /fom) "> *Ecm
fem(t) = Bec(O)*fem

Puelt) = exp[s(l - §)}
tref

Eqm = 4,700%\/fem

Ecm(t): Secant modulus of elasticity of concrete at age t; . (t): Coefficient for
determining the compressive concrete strength, which depends on the age of the
concrete t; E.,: Secant modulus of elasticity of concrete; s.: Coefficient for
different early strength development of concrete and concrete strength; kg:
Adjustment factor for the modulus of elasticity of concrete considering the type
of aggregates; f.,: Mean concrete cylinder compressive strength at age t.y; s:
Coefficient dependent on cement type (American Concrete Institute, 2019; Eu-
ropean Committee for Standardization, 2010; Ministry of Infrastructures of the
Spanish Government, 2021).

ACI 318-19

Formulations for estimating Tensile Splitting Strength (TSS) in each of the
regulations.

Regulations Formulation

EC2 fem(® = ﬁcco'6 (O*f com
sc Jem(6) = (Bec (£))"*feem
ACI 318-19

fem = 0.56%cn"

fem: Mean axial tensile strength of concrete at age trf; fom (t): Tensile strength of
concrete at age t; fu: Characteristic concrete cylinder compressive strength at
age tr,f; a: Factor depending on concrete age (American Concrete Institute, 2019;
European Committee for Standardization, 2010; Ministry of Infrastructures of
the Spanish Government, 2021).

Table 6
Formulations for estimating Flexural Strength (FS) in each of the
regulations.

Regulations Formulation
EC2 h

fcrmﬂ = max{ (1-6 - m)fctm: fctm}
SC h

fctmﬂ = rrla.x{ (1-6 - m)fctm; fctm}
ACI 318-19

fomp = 0.94%fem*®

fempi: Mean flexural tensile strength of concrete; h: Overall depth of a cross-
section or of a part of a cross-section (American Concrete Institute, 2019;
European Committee for Standardization, 2010; Ministry of Infrastructures
of the Spanish Government, 2021).

3. Experimental results and discussion
3.1. Fresh-state properties

3.1.1. Slump

Slump tests were performed to gain a better understanding of the
effects of fiber additions on the workability of concrete (Ali et al., 2023),
as they usually hinder it considerably (Sahmaran et al., 2005). All the
slumps and their respective mixes can be seen in Table 7 that were all
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Table 7

Slumps of the manufactured concrete mixtures.
Mix wo w1 w2 w3 w4 W5 w6 w7 w8 ALl w10
Slump (cm) 14.7 14.0 13.5 10.0 13.0 13.0 10.1 13.1 12.0 10.0 12.2

classified as S3 slump category (10-15 cm).

As depicted in Fig. 2, water and admixture contents were empirically
adapted to achieve the desired workability, according to which four
main groups could be differentiated:

e Mixes WO, W1, and W2: these mixes had equal amounts of water and
admixtures, and the slump therefore decreased proportionally with
the amounts of RCWTB.

Mixes W3, W4, and W5: additional amounts of water were added to
maintain the S3 slump class (slump of 10.0 cm in the W3 miXx), as is
usual when sustainable fibers are added (Acosta-Calderon et al.,
2022).

Mixes W6, and W7: the water amount was increased, but an
increasing quantity of admixtures was imperative to maintain the
workability without excessive water/cement ratios (Ali et al., 2023).
Mixes W8, W9, and W10: additions of slightly larger amounts of
admixtures were decisive in achieving an adequate slump, while the
water content remained almost constant, so that the mechanical
performance was not hindered (Revilla-Cuesta et al., 2023b, 2024b).

3.1.2. Fresh density

FD results are shown in Fig. 4a. The FD decreased linearly with the
addition of RCWTB, due to the lower density of this recovered waste,
mainly due to the particles of balsa wood and polymers, and the
increasing amounts of water and admixtures (Revilla-Cuesta et al.,
2023b, 2024b). Mix W10 therefore showed a decrease in FD of 7.44%
compared to the reference mix WO0. Nevertheless, there was a 0.41%
increase in FD in mixes W1 and W2 compared to mix WO, the FD
remaining almost constant between both. This behavior might be
because of a slight improvement in the compactness of the cementitious
matrix, due to the low proportion of fine particles within RCWTB
(Nedeljkovi¢ et al., 2021; Revilla-Cuesta et al., 2023b; Kirthika et al.,
2020).

3.1.3. Occluded air content

The OAC results are presented in Fig. 4b. The reference mix had the
lowest value, 2.2% OAC, and mix W10 had the highest value, at 4.2%.
The addition of RCWTB negatively affected OAC, which slightly
increased by 3.91% per 1% of added waste, in an overall trend when
analyzing all the data simultaneously. Nevertheless, that property was
highly variable when adding RCWTB (Revilla-Cuesta et al., 2024b) and
there were various local trends between different amounts of RCWTB
added to the mixes that were not accurately reflected by the general
trend. However, these OAC values were always higher than in the

0 1 2 3 4 5 6 7 8 9 10

RCWTB Content (% vol.)

2.50
2.45
2.40
2.35
2.30
2.25
2.20
2.15
2,10
2.05
2.00

—
Y]
—

Fresh Density (kg/dm?3)

reference mix. Fiber additions will commonly favor air entrainment
within the cementitious matrix of concrete, as the same tendencies were
found in other research with conventional fibers (Alsaif and Alharbi,
2022), sustainable fibers (Mahdi et al., 2023) and even RCWTB
(Revilla-Cuesta et al., 2024b), thus creating a more porous matrix
(Revilla-Cuesta et al., 2024a).

3.2. Hardened-state properties

3.2.1. Hardened density

HD results at a curing age of 28 days (Table 8) showed a decreasing
trend with the RCWTB additions, from regular values in mix WO (Eu-
ropean Committee for Standardization, 2010; Ministry of Infrastructures
of the Spanish Government, 2021) to a 5.35% reduction in mix W10, for
the reasons explained in Section 3.1.2. The reduction in density was less
than in previous research (Revilla-Cuesta et al., 2024b), in which mixes
W3 and W6 underwent decreases in HD of 2.10% and 5.40%, respec-
tively, compared to 1.65% and 2.88% in this study. A phenomenon that
might, as mentioned above, be explained by the better compaction of
RCWTB concrete (Revilla-Cuesta et al., 2023b).

Another aspect to be highlighted is that the FD and the HD were
almost equal with RCWTB contents of up to 5%, while the HD was higher
than the FD for higher waste contents. There was a 1.27% reduction in
density from the hardened to the fresh state for mix W6, and 2.61% for
mix W10. It could be explained by the high-water absorption levels of
balsa wood (Sadler et al., 2009), present in larger amounts in concrete
with RCWTB additions of 6% or more. The balsa wood particles could
act as water accumulation points that slow water evaporation, thereby
conditioning the overall density of the concrete (Revilla-Cuesta et al.,
2024a).

3.2.2. Compressive strength

Graphs of compressive strength at 28-days are shown in Fig. 5a. In
general, those results showed a weakening of CS with higher amounts of
RCWTB, a similar trend as when adding other recycled materials
(Soltanzadeh et al., 2022; Zhong and Zhang, 2020). Overall, decreasing
values of 0.82 MPa in CS per 1% RCWTB were obtained, although mix
W2 slightly deviated from that trend. Furthermore, the CS differences of
the mixes with RCWTB contents of between 4% and 10% only deviated
by about 4% from the mean value, showing an almost horizontal trend,
observed in previous research (Revilla-Cuesta et al., 2024b). This per-
formance demonstrated that incorporating high contents of RCWTB in
concrete was possible without hindering its compressive behavior. All
the mixes were suitable for structural applications (European Committee
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Fig. 4. Fresh-state properties: (a) FD testing; (b) OAC testing.



J. Manso-Morato et al.

Journal of Environmental Management 373 (2025) 123995

Table 8
HD testing.
Mix Wwo W1 w2 w3 w4 W5 w6 w7 w8 w9 w10
Hardened density (kg/dm3) 2.43 2.43 2.42 2.39 2.37 2.36 2.36 2.33 2.31 2.30 2.30
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Fig. 5. Mechanical strength properties at 28 days: (a) CS testing; (b) TSS testing; (c) FS testing.

for Standardization, 2010; Ministry of Infrastructures of the Spanish
Government, 2021).

This general weakening of compressive behavior could be explained
by the three following factors:

e The addition of sustainable fibers is known to result in weaker
compressive strength behavior (Mahdi et al., 2023), as those fibers
are less efficient at resisting compressive stress (Muthukumarana
et al., 2023).

Higher amounts of water and admixture were incorporated in the
mixes with high percentages of RCWTB, which negatively affected
compressive strength (Miller et al., 2016).

Balsa wood and polymeric spheres did not show proper adhesion
within the cementitious matrix (Revilla-Cuesta et al., 2024b).
Moreover, those particles underwent swelling and high-water
retention when mixed with water, which after curing led to less
dense and more porous matrices of lower compressive strength
(Sadler et al., 2009).

The optimal percentage for CS was 2% RCWTB, as that amount
produced compressive strengths of 50.46 MPa. It seemed to be the
threshold for optimal fine particles that could assure compactness of the
cementitious matrix without the incorporation of such high amounts of

balsa wood and polymer particles that might negatively impact me-
chanical behavior (Nedeljkovic et al., 2021; Kirthika et al., 2020).

3.2.3. Tensile splitting strength

The results of TSS testing can be seen in Fig. 5b. The addition of
GFRP-composite fibers from RCWTB into the concrete contributed to a
three-dimensional reinforcement that avoided brittle failure of the
specimens (Ali et al., 2023), as usually happens for plain concrete due to
its low tensile strength (Ali et al., 2023). Those fibers therefore led to a
slightly increasing trend in TSS of 0.03 MPa per 1% vol. RCWTB.
However, that trend was not very precise, as the concrete showed
various local trends within the results, with values above and below the
value of the reference mix WO. Furthermore, the RCWTB fibers
increased the ductility of the mixes. WO suffered from brittle failure, as
depicted in Fig. 6a, while the strongest mix (W6, with a TSS of 4.46 MPa)
only suffered from hair-like cracks upon failure (Fig. 6b), a behavior that
was replicated in all the mixes incorporating RCWTB.

Despite the general trend, the TSS results were disperse, showing
many local trends (Fig. 5b). Such varied behavior may be explained by
the scattered length of the GFRP-composite fibers and microfibers in the
RCWTB (Revilla-Cuesta et al., 2023b). Furthermore, the balsa wood and
polymer spheres impacted negatively due to their low density and poor
adhesion within the cementitious matrix (Revilla-Cuesta et al., 2024b),
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Fig. 6. Tested specimens: (a) TSS specimen failure for the reference mix WO;
(b) TSS specimen failure for mix W6; (c) FS specimen failure for mix W0; (d) FS
specimen failure for mix W6; (e) specimen failure of mix W10 after FS testing
and opened afterwards; (f) cross-section of a specimen of mix W10 under
FS testing.

which is a key factor towards high TSS (Islam et al., 2022). Finally, the
varying water/cement ratios and admixture quantities for different
percentages of RCWTB might also favor that performance.

3.2.4. Flexural strength

28-day FS test results (Fig. 5c¢) showed an almost horizontal trend,
thus the GFRP-composite fibers contained in the RCWTB helped to
compensate the negative effects of the increased water/cement ratios
and the additional balsa wood and polymer particles (Ali et al., 2023).
As FS testing combines both compression and tensile behaviors, mix
performance could be explained by the detrimental effects of RCWTB for
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CS and the improved TSS, as mentioned above. The highest FS value,
5.94 MPa, was achieved in mix W2, which was a 6.26% higher than in
the reference mix WO0. That mix showed the highest value of CS and a
TSS that was only 8.07% lower than the highest value, showing that
both strengths were decisive in flexural behavior.

Besides, mix W6 showed the same failure mode as for TSS testing
(Fig. 6¢ and d). The RCWTB fibers situated parallel to the longitudinal
axis of the specimens (Fig. 6e and f) resulted in proper bridging of the
cementitious matrix (di Prisco et al., 2009).

3.2.5. Modulus of elasticity

The stiffness evaluation of the concrete mixes at 28 days was first
studied by the determination of the MoE, whose results are shown in
Fig. 7a. Axial loading strain levels were measured with three longitu-
dinal strain gauges (EN-Euronorm, 2020). The results showed a clear
decreasing trend with the RCWTB amount, in which the highest value,
45.25 GPa, was recorded in the reference mix WO and the lowest value,
33.79 GPa, in mix W10. That variation represented a decrease in the
MoE of 25.33%, which was coincident with previous research
(Revilla-Cuesta et al., 2024b). All the results were well above 30 GPa,
the minimum strength according to structural standards (FEuropean
Committee for Standardization, 2010).

A closer look at the trends revealed a slight decrease in the MoE of
around 5% with up to RCWTB contents of 4%. Then, there was a sudden
decrease of 16.22% for mix W5, and the decrease remained approxi-
mately constant around 20% for RCWTB amounts between 6% and 10%.
The high deformability of balsa wood and polymers meant that the
mixes incorporating higher amounts of RCWTB (Sadler et al., 2009)
registered higher strain levels, which could only be partially compen-
sated by GFRP-composite fibers at low percentage additions of RCWTB
(Revilla-Cuesta et al., 2024b). The lower quality of the cementitious
matrix, due to higher water/cement ratios when increasing the RCWTB
amount, also favored such behavior. Finally, the RCWTB fibers do not
work efficiently under compressive stress. The fibers therefore had no
influence on the elastic behavior of the specimens when high pro-
portions of balsa wood and polymers were incorporated
(Muthukumarana et al., 2023).

3.2.6. Poisson’s coefficient

The PC was measured through the MoE at 28 days (Fig. 7b). To do so,
three additional transverse strain gauges were located at mid-height on
the specimens (EN-Euronorm, 2020). All the PC values were below 0.20,
which is the standard value in regulations for this property
(EN-Euronorm, 2020; Ministry of Infrastructures of the Spanish Gov-
ernment, 2021), yet still in most cases relatively close to that value. The
concrete mixes showed very slight negative variations with increasing
RCWTB amounts.

As with previous research (Revilla-Cuesta et al., 2024b), lower PC
values were obtained with RCWTB contents of up to 7%, as
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Fig. 7. 28-day stiffness evaluation: (a) MoE testing; (b) PC testing.
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GFRP-composite fibers helped limit specimen bulging, due to the tensile
stresses that they experienced (Shilov et al., 2021). However, higher
bulging was evident in the specimens with 8% or more RCWTB, due the
high deformability of balsa wood and polymer particles, which the
bridging effect of the fibers was unable to compensate (Sadler et al.,
2009). Thus, the highest PC value, which was 9.58% higher than that of
the reference mix WO, was recorded for mix W10.

4. Prediction of mechanical performance
4.1. Correlations

Pearson’s correlation coefficients were calculated for an initial
evaluation of the relationships between the mechanical properties and
the RCWTB content (Schober et al., 2018). This coefficient always
ranges between +1 and —1: when positive, it shows a direct propor-
tionality between the two factors under study, and when negative, it
shows an indirect proportionality (Schober et al., 2018). The propor-
tionality is more intense when its absolute value is closer to 1. The co-
efficients of correlation between the mentioned properties are expressed
below in a heatmap (Fig. 8).

4.1.1. RCWTB content

The correlations between the RCWTB content and the mechanical
properties are expressed in Fig. 8a. Three different trends can be
appreciated, which corroborate the discussion in previous sections.
First, a clear negative effect of RCWTB on CS and MoE can be seen,
which is also reflected in the literature for other recycled materials that
followed similar trends (Khelifa et al., 2021; Soltanzadeh et al., 2022).
Second, there was a very slight decrease of FS and PC when adding
RCWTB, as even though the fibers present in the RCWTB might benefit
those properties (di Prisco et al., 2009; Shilov et al., 2021), the presence
of balsa wood and polymer particles weakened FS and lowered the PC
(Sadler et al., 2009). Finally, there was a moderate positive effect of
RCWTB on TSS, which was the property that the GFRP-composite fibers
present in the RCWTB affected most notably (Merli et al., 2020; Revil-
la-Cuesta et al., 2024b).

4.1.2. Mechanical properties
All the correlation coefficients between the mechanical properties

can be seen in Fig. 8b. The majority of values were representative of a
slight direct proportionality, with a few of them showing no relationship
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Fig. 8. Correlation coefficients: (a) RCWTB content related to mechanical
properties; (b) mechanical properties compared between each other.
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(CS -TSS, FS — MOoE, FS — PC). The highest positive correlation was found
between CS and MOE, as they jointly conditioned the compressive
behavior of the concrete containing the recycled materials (Silva et al.,
2016). The other notable correlation coefficient was obtained between
MoE and TSS, as the higher the RCWTB amount, the larger the
improvement in concrete tensile performance (Shi et al., 2020) and the
higher the longitudinal deformability (Revilla-Cuesta et al., 2024b).
Thus, somewhat of a negative linear relationship between both prop-
erties was revealed.

4.2. Validity of current regulations

The validity of current regulations (formulations in Table 4) for
estimating the mechanical properties of concrete (MoE, TSS, and FS)
according to CS can be evaluated with the information shown in Fig. 9.
Those results yielded the following conclusions:

e The formulations of both the Eurocode 2 (European Committee for
Standardization, 2010) and the Spanish Structural Code (Ministry of
Infrastructures of the Spanish Government, 2021) estimated MoE in
a proper manner (Fig. 9a), as the higher deviation between the
experimental and the estimated values was 10.52%. However, MoE
was always predicted below the experimental values for ACI 318-19
(American Concrete Institute, 2019), where the highest error was
40.20%, although it guaranteed a safe estimation in all cases.
Overall, the prediction of MoE through CS was not highly influenced
by the incorporation of RCWTB.

All three regulations yielded similar estimations of TSS as a function
of CS (Fig. 9b). In fact, Eurocode 2 (European Committee for Stan-
dardization, 2010) and ACI 318-19 (American Concrete Institute,
2019) almost provided the same estimated values, the higher devi-
ation of the experimental results being 19.28% in absolute value.
Meanwhile, the Structural Code (Ministry of Infrastructures of the
Spanish Government, 2021) severely underestimated the experi-
mental results, the maximum error being 30.49%.

Lastly, all three formulations yielded acceptable estimations of FS
according to CS (Fig. 9¢). Eurocode 2 (European Committee for
Standardization, 2010) and Structural Code (Ministry of In-
frastructures of the Spanish Government, 2021) used the same for-
mulas, reaching errors as high as +12.73%. The ACI 318-19 formula
(American Concrete Institute, 2019) yielded results that over-
estimated all values, with errors of up to +24.44%.

4.3. Model development

As described in Section 4.1, the highest correlation between me-
chanical properties was reached between MoE and CS (+0.76). In
addition, the ACI 318-19 formulation (American Concrete Institute,
2019) was not very accurate for estimating MoE as a function of CS.
Thus, a model to predict MoE as a function of CS in RCWTB concrete was
developed to improve the estimation accuracy.

4.3.1. Simple regression
First, a simple regression model was adjusted (CS in MPa, and MoE in
GPa), which is shown in Equation (1). As per Table 9, the low R? value of
this model at a 95% confidence level, suggested that it could not prop-
erly explain the experimental variability of MoE. The Mean Absolute
Error (MAE) was normal, yet the residuals were not autocorrelated ac-
cording to the Durbin-Watson Statistic.
1947.08

MOE=85.10 - ———— 1
0E=85.10 5 (@)

4.3.2. Simple regression with correction
Then, a correction to the previous model was introduced to guar-
antee accurate theoretical values (Yu et al., 2021). In this model,
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Table 9
Significance statistical parameters for both regression models.

Model Simple Simple regression with
regression correction

R? (%) 60.77 83.60

Mean Absolute Error 2.42 2.22

Durbin-Watson Statistic 1.77 1.60

Limit of Durbin Watson 1.32 1.32

Statistic

A Durbin-Watson statistic over the limit indicates no autocorrelation of the
residuals.

expressed in Equation (2), the HD results, in kg/dm®, were used as a
correction factor (Revilla-Cuesta et al., 2022b), due to the positive
correlation between MoE and HD.
0.22

0.53 + —== ) *HD®
*¢s )

MOoE = ( 2)

The deviations between the experimental values and those estimated
through Equation (2) can be studied in Fig. 10. The average deviation
between the experimental and the theoretical values was only 3.11%,
which is represented by the green region in Fig. 10. 64% of the mixes
showed a deviation lower that the average one. A £10% deviation was
represented by the red region, all the estimated values being inside this
range. It represented a lower maximum deviation than the models
depicted in Eurocode 2 (European Committee for Standardization,
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Fig. 10. Comparison between experimental values and those estimated with
Equation (2).

2010) and Structural Code (Ministry of Infrastructures of the Spanish
Government, 2021), and a four-time lower error than in ACI 318-19
(American Concrete Institute, 2019). A higher R? value at a 95% con-
fidence (83.60%) and a lower MAE than in simple regression were ob-
tained, while keeping the Durbin-Watson statistic above the required
limit.
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5. Life cycle assessment

Following international standards ISO 14040/44, EN 15804, and EN
15978 (EN-Euronorm, 2020), a LCA was performed to analyze the
Global Warming Potential (GWP) associated with FRC incorporating
RCWTB (Manso-Morato et al., 2024). The functional unit was 1 m® of
concrete, as usual when studying the incorporation of sustainable raw
materials into concrete mixes (Acosta-Calderon et al., 2022; Frazao
et al., 2022).

An open loop cradle-to-gate system boundary (A1-A3) (Xia et al.,
2020) was selected, which is the most common choice among LCA
practitioners (Ecoinvent Centre, 2023). This type of approach was
selected as it covers all the processes at the product stage, such as
raw-material study, transport and manufacturing of concrete before any
construction scenario takes place, as no further information about
transport to site or casting is considered in the present study
(EN-Euronorm, 2020). This choice allowed the study to identify which
raw materials and processes were the most environmentally demanding
and aided towards tackling those precise elements.

5.1. Life cycle inventory

The Life Cycle Inventory (LCI) involved a quantification of both the
inputs and the outputs during the preparation of the concrete in the
laboratory. The Ecoinvent v3 (Ecoinvent Centre, 2023) database was
used in SimaPro v9 software (Database and Support Teams at PRé Sus-
tainability, 2023).

Using data from the Ecoinvent database, the cement was modeled as
market for “cement, limestone 6-20%”; the mixing water was modeled
as “tap water”; aggregates were modeled as market for crushed gravel or
limestone; and admixtures were modeled as market for plasticizer for
concrete. In addition, packaging for cement, admixture and aggregates
were also introduced into the LCI, and all data were taken for Europe
without Switzerland (Ecoinvent Centre, 2023). Besides, an “exclude--
the-past” approach (Decorte et al., 2023) was taken for RCWTB,
rendering it with no previous burdens from past choices in wind-turbine
blade recycling, as those burdens are taken from past decisions that
cannot be reversed (Rasmussen and Birgisdottir, 2016) or a lack of in-
formation renders the practitioners without sufficient data to input into
the LCI (Potrc Obrecht et al., 2021). The energy that was used for mixing
in FRC production was modeled as market for medium voltage elec-
tricity in Spain (Ecoinvent Centre, 2023).

The transportation needed for 1 m® of FRC is shown in Table 10,
values that were calculated through the distances between the places of
acquisition and extraction of the raw materials and the laboratory: CEM
II/A-L 42.5 R was purchased nearby (6.1 km); admixtures were acquired
locally (6.8 km); and aggregates were extracted from the nearest quarry
(26.0 km). All materials were transported in diesel truck of 16-32 metric
tons payload capacity (RER, EUROA4).

5.2. Life cycle impact assessment

The methodology followed for the Life Cycle Impact Assessment
(LCIA) was CML-IA Baseline (CML - Department of Industrial Ecology,
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2016), which studied the GWP for a potential time horizon of 100 years,
expressed in equivalent kilograms of carbon dioxide (kgCOze) per
functional unit (1 m® of FRC with RCWTB) at midpoint level, which only
considers specific environmental burdens. This methodology is
commonly used in Europe, being one of the first methodologies to be
developed, and it is standard practice for FRC analysis regarding envi-
ronmental performance (Manso-Morato et al., 2024). Besides, the use of
a midpoint indicator such as GWP and the use of CML-IA baseline
methodology allows for reduced variation of data regarding other in-
dicators or other methodologies, providing the present study with ve-
racity and significant results (Rybaczewska-Blazejowska and Jezierski,
2024).

Graphs showing the results appear below in Fig. 11a, while the
percentile contribution of each raw material or process within each mix
is depicted in Fig. 11b. The results were aligned with other research
(Revilla-Cuesta et al., 2023b, 2024b), where plain concrete had an
average GWP of 320 kgCOe/m? using ordinary Portland cement (Hafez
et al., 2019), and sustainable concrete mixes incorporating the same
cement type usually ranged between 208 and 404 kgCOze/m>, with an
average of 305 kgCOze/m3 (Hafez et al., 2019). Therefore, the envi-
ronmental performance of the manufactured mixes was adequate.

5.3. Discussion

The weight of cement, aggregates and RCWTB for a functional unit of
1 m® of FRC are expressed in Fig. 12, meanwhile Fig. 2 depicts this
evolution for the water and admixtures. It may be noted that the content
of some raw materials decreased (aggregates and cement) or increased
(water and admixtures) when higher amounts of RCWTB were added, as
those mixtures had to be empirically adjusted to obtain the desired
slump. All mixes originally maintained the quantity of cement as the
reference mix, although higher amounts of water and plasticizer were
incorporated, that when adjusted back to an exact cubic meter, further
decreased the overall decrease of the raw materials mentioned above.
Those changes directly explained the variations in GWP between the
different mixes.

The variation of —12.22% in the aggregate content comparing W10
to WO resulted in a —12.35% contribution in the GWP for this raw
material, meanwhile the 2.46% reduction in cement content was
equated with a lower GWP contribution of 2.47%. Higher amounts of
water and admixtures were needed to maintain a proper workability
when using RCWTB (Ali et al., 2023), so their contributions to the GWP
increased by +16.28% and +22.63%, respectively.

The overall impact of those variations was positive, as the GWP of 1
m® of mix W10 was 3.21% lower than that of the reference mix. The
impact of cement on the GWP of the mixes varied from 243 kgCOoe/m>
in WO to 237 kgCOze/m® in W10, an impact that usually represents over
75% GWP (Frazao et al., 2022; Hafez et al., 2019). Aggregates were the
second most environmentally damaging raw material, whose impact
ranged between 27 kgCOe/m> in WO and 23 kgCOze/m® in W10. The
average variation of GWP per 1% of RCWTB was 0.33%. Thus, more
sustainable concrete mixes were achieved when increasing the RCWTB
amount according to the LCA, apart from having defined a method of
recycling wind-turbine blades and avoiding their disposal in landfills.

Table 10

LCI transportation inputs for FRC incorporating RCWTB.
Transportation (tkm) WO w1 w2 w3 w4 W5 wé w7 w8 W9 w10
Cement 1.95 1.95 1.95 1.94 1.93 1.92 1.92 1.91 1.91 1.91 1.91
Admixture 1 0.007 0.007 0.007 0.007 0.007 0.007 0.008 0.008 0.008 0.009 0.009
Admixture 2 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.016 0.017 0.018 0.018
Gravel 12/22 mm 20.28 20.08 19.87 19.67 19.47 19.27 19.06 18.86 18.66 18.46 18.25
Gravel 4/12 mm 14.43 14.29 14.14 14.00 13.85 13.71 13.56 13.42 13.28 13.13 12.99
Sand 0/4 mm 10.01 9.91 9.81 9.71 9.61 9.51 9.41 9.31 9.21 9.11 9.01
Sand 0/2 mm 7.28 7.21 7.13 7.06 6.99 6.92 6.84 6.77 6.70 6.63 6.55
RCWTB 0.00 0.08 0.16 0.24 0.32 0.40 0.49 0.57 0.65 0.73 0.81

10
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When comparing to other LCA research incorporating conventional
fibers (steel, glass or propylene) into concrete mixes with a cradle-to-
gate approach (A1-A3), it is noticeable that mixes containing RCWTB
had a lower GWP at all cases, with enhanced mechanical characteristics
(Ali et al., 2023). When compared to 1% vol. steel fiber-reinforced
concrete, GWP was reduced up to 51.48%; comparing to 1% vol. glass
fiber-reinforced concrete, the reduction of GWP was up to 33.25%; and
lastly, when comparing with 1% vol. propylene fibers, the reduction was
up to 26.70% (Ali et al., 2023). In addition, when compared to recycled
fibers, such as recycled tire-steel fibers in a similar dosage (75.8 kg/m>
of recycled fibers), GWP of concrete was also reduced up to 30.27% by
applying the same LCA approach, while achieving similar mechanical
properties (Frazao et al., 2022). Finally, when comparing the results
with natural fiber-reinforced concrete using 0.6 kg/m° sisal fibers
(Acosta-Calderon et al., 2022), GWP was reduced up to 11.71%, while
enhancing mechanical properties. Therefore, concrete mixes containing
RCWTB not only had proper fresh-state and mechanical behavior but
also did perform better in terms of LCA than other mixes incorporating
different types of fibers.

However, it is important to highlight the limitations of the LCA in
this study. Data collection and transportation burdens were used for the
exposed dosage of FRC and the exact manufacturing site, thus being
necessary to adapt distances and specific data taken from the used
database to best represent the specific case under study. The approach
and system boundaries taken are also important choices towards final
LCA results, being the cradle-to-gate the most representative one in this
case, but further research needs to be done regarding a cradle-to-grave
approach, in which all impacts during the full life cycle of concrete
incorporating RCWTB are considered. Lastly, it is important to mention
that no data regarding environmental burdens of wind-turbine blade
mechanical recycling were found in the literature, showing the novelty
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of this study and a clear path towards the next steps of this research line.
6. Conclusions

A full mechanical and environmental characterization of concrete
containing high amounts of RCWTB (up to 10%) at an age of 28 days has
been conducted in the present research. Proper adjustment of the con-
tents of water and admixtures has ensured an adequate workability of
the mixes when adding this waste in the form of non-selectively crushed
wind-turbine blades, meanwhile a three-step mixing process guaranteed
its homogeneous distribution in the concrete mass. The following con-
clusions can be drawn from this research:

The lower density of RCWTB and the air entrainment ability of the

GFRP-composite fibers that it contained slightly decreased the fresh

density and increased the occluded air content. The hardened density

followed a similar decreasing trend, although adequate density levels

(around 2.3 kg/dm?’) were reached.

Compressive strength showed a slight decreasing trend as higher

amounts of RCWTB were added. However, the addition of low

RCWTB amounts (2% in this research) improved overall strength,

while the compressive strength remained approximately constant for

RCWTB contents between 4% and 10%. High amounts of RCWTB

could therefore be added to concrete without excessively hindering

its compressive strength.

Tensile splitting strength was enhanced by the presence of GFRP-

composite fibers in the RCWTB by up to 6.44%, while flexural

strength was maintained. The fibers bridged the cementitious matrix,
so that the concrete had a more ductile behavior.

o RCWTB additions resulted in higher longitudinal strains and less
bulging under axial loads, so lower moduli of elasticity and Poisson’s
coefficients were recorded. The presence of deformable particles in
the RCWTB negatively affected the stiffness in the longitudinal di-
rection, while the fibers reduced bulging in the transverse direction.

e A regression model using compressive strength as an independent

variable and the hardened density as a correction factor predicted

the modulus of elasticity with an average deviation of 3.11%. The
highest Pearson’s correlation coefficients were registered between
those three properties.

Life cycle analysis yielded a 3.21% reduction in GWP when adding

10% RCWTB to concrete. The amounts of cement and aggregates

were reduced when adding this waste, although higher amounts of

water and admixtures had to be incorporated.

In conclusion, RCWTB has successfully been added to concrete in
amounts up to 10%, although its content should be defined according to
the mechanical and environmental properties to be improved. Low
contents conserved compressive strength, while high contents increased
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tensile splitting strength. Flexural strength never decreased when add-
ing RCWTB, and GWP was always reduced. These results have clearly
demonstrated that increased concrete production over future years
could greatly benefit from the addition of RCWTB, while avoiding the
disposal of wind-turbine blades at landfill sites. Nevertheless, ongoing
research is needed with regard to long-term strength development,
durability assessment, and stress-strain evaluation of the concrete pro-
duced with this waste.
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