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ABSTRACT. 
The development of wind energy in the last decades led to the massive construction of wind 

turbines throughout the world. With 20 years of project service life, today older turbines are at 

the end of their service lifecycle. While the large part of wind turbine is recyclable, no 

valorisation of solution exists now for its blades. With a predicted growth of wind energy around 

the world, the necessity of finding proper valorisation of solutions becomes critical. 

On the other hand, concrete is one of the most popular building materials with a major negative 

environmental impact. The valorisation of wind turbine blades in concrete could be the solution 

that bears a high potential not only to decrease the environmental impact of landfilling old wind 

turbine blades, but also to reduce the environmental impact of concrete production by partial 

replacement of virgin raw materials. 

Therefore, this thesis is aimed at investigating possible avenues for valorisation of 

decommissioned wind-turbine blades (DWTB) glass fiber-reinforced polymer (GFRP) 

materials - termed throughout this thesis as DWTB-GFRP. To this end, three distinct 

experimental phases have been carefully designed.  

The first phase includes an extensive material characterization and investigation of the influence 

of DWTB-GFRP on mortar performance. In the second phase, concrete mixtures were designed 

and tested to investigate the effects of DWTB-GFRP addition as powder, fibers and aggregates. 

In the third phase, selected concrete mixtures were used for plain concrete specimens and 

Concrete Filled Fiber Reinforced Polymer Tubes (CFFTs)-confined specimens. All specimens 

were tested at 28 days and 90 days after being cured in a fog room, and after being exposed to 

200 freeze-thaw cycles with core specimen temperature variation between −18oC and 4oC. An 

analytical modeling was performed for the CFFT specimens introducing the model suitable for 

concretes incorporating DWTB-GFRP aggregates. 

The material characterization included the analysis of such important parameters of DWTB-

GFRP as the chemical content, composition, mineralogy, physical characteristics, and chemical 

reactivity, followed by the formulation of different concrete mixtures for further testing. For the 

second stage, cement replacement rates of 10-30% were attempted for concrete mixtures. Coarse 

aggregate replacement levels of 33-100% were considered, while fiber addition rates of 1-1.75 
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vol. % were investigated. The resulting concretes were characterized for their compressive 

strength and flexural capacity. Results show that the form of DWTB-GFRP (as a powder, 

aggregate, or fiber) significantly impacts the properties of resulting concretes. Thus, while 

DWTB-GFRP powder leads to a substantial increase in the setting time (owing to the wooden 

content and its associated soluble sugars) as well as to a significant drop in compressive and 

flexural strengths, it should be noted that mixtures with 10% cement replacement by DWTB-

GFRP powder (after removal of wooden content) demonstrated comparable compressive 

strength as that of the reference mixture (without DWTB-GFRP) at 90 days. When DWTB-

GFRP is incorporated in concrete as a fiber reinforcement, an enhancement in flexural capacity 

of up to 15% was achieved without noticeable drop in compressive strength.  

For the third stage, mixtures with cement replacement rates of 10% and 20% were attempted. 

Coarse aggregate replacement levels of 50 and 100% were considered, while fiber addition rates 

of 1-1.75 vol. % were investigated. Two types of DWTB-GFRP were used: containing wood 

and after wood removal. Mixtures with cement and aggregate replacement were used in CFFT 

structures and tested after being cured in standard conditions for 28 and 90 days and exposed to 

200 freeze-thaw cycles. For the mixtures with fibers addition, compressive and flexural strength, 

and flexural toughness of concrete cured in standard conditions for 28 and 90 days and exposed 

to 200 freeze-thaw cycles were investigated.  

The addition of DWTB-GFRP as aggregates resulted in a significant decrease in compressive 

strength and density of concrete with values close to the lightweight concrete compressive 

strength and density. The strength decrease is attributed to the low compressive strength of 

DWTB-GFRP aggregate and lack of bonding in the interfacial transition zone. 

The addition of DWTB-GFRP as powder resulted in a significant strength decrease at 28 days 

(due to the retardant properties of wood and the pozzolanic reaction occurring at the later ages), 

followed by the increase in compressive strength after 90 days (reaching between 87% and 96% 

of reference mix strength).  

The use of CFFT technology resulted in a 90-100% increase in compressive strength for all 

mixtures. The specimens with DWTB-GFRP aggregate addition in CFFT structure exhibited a 

14-28% increase in the elastic peak strength. The CFFT filled with concrete incorporating the 

DWTB-GFRP powder reached compressive strengths superiors to 80 MPa after 90-day curing.  
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The freeze-thaw exposure resulted in a decrease in the compressive strength of all specimens. 

Strength decrease for mixtures including wood was larger than for those with wood removed, 

due to the high-water absorption of wooden content increasing the freeze-thaw damage to the 

concrete. The strength decrease in specimens with DWTB-GFRP powder addition after freeze-

thaw exposure is partly due to the wooden content with high water absorption, and partly due to 

the fineness influencing the pore structure.  

For the mixtures with fibers addition, a slight decrease in compressive strength was observed 

with the increase of fiber content up to 8% for 1.75% fiber with wood added. Flexural strength 

increased with the increase of fiber content up to 22% for 1.75% fiber without wood. A 

noticeable increase in flexural toughness with the increase in fiber content is observed up to 5 

times for mixture with 1.75% fibers addition. The decrease of flexural strength due to the freeze-

thaw exposure was more pronounced for the mixtures containing wood and was similar for 

normal concrete and mixtures without wood.  

Analytical investigation was done using the ACI 440.2R-17 model for predicting the 

compressive response of confined concrete incorporating DWTB-GFRP lightweight aggregates, 

demonstrating the inaccuracy of the existing model for the DWTB-GFRP aggregates. A 

modified model more sensitive to GFRP aggregates and with higher predictive ability was 

proposed using the correcting coefficients as a function of the aggregate replacement level. 

These coefficients were incorporated into the ACI 440.2R-17 equations demonstrating the 

ability to predict more accurately the behavior of CFFT specimens with DWTB-GFRP 

aggregates while being accurate for the Reference concrete (with 0% addition level).  

In general, the research project supports decommissioned wind turbine blade material 

valorisation of in concrete as a prospective solution. The DWTB-GFRP can be used as a 

lightweight aggregate, pozzolan, and an effective fiber reinforcement in concrete. The use of 

concrete-filled fiber reinforced polymer tube application allows the creation of concrete 

structures with high compressive strength and density of lightweight concrete (for DWTB-

GFRP aggregates) and greener concrete of superior compressive strength (for DWTB-GFRP 

powder).  
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RÉSUMÉ. 
Le développement de l’énergie éolienne au cours des dernières décennies a stimulé la 

construction massive d’éoliennes à travers le monde. Avec 20 ans de durée de vie, les anciennes 

éoliennes sont présentement en fin de vie. Si la grande partie de l’éolienne est recyclable, aucune 

solution de recyclage n’est commercialisée pour les pales. Avec la croissance prévue de 

l’énergie éolienne dans le monde, la nécessité de trouver la bonne solution de recyclage devient 

critique. 

D’autre part, le béton structurel est l’un des matériaux de construction les plus utilisés avec un 

impact négatif majeur sur l’environnement. Le recyclage des pales d’éoliennes en béton pourrait 

être la solution permettant de diminuer l’impact environnemental de la mise en décharge des 

anciennes pales d’éoliennes et de réduire l’impact environnemental de la production de béton 

en remplaçant partiellement les matières premières vierges par des matières recyclées. 

Ainsi, la présente étude examine les solutions de recyclage possibles pour les déchets de 

matériaux polymères renforcés de fibres de verre (GFRP pour glass fiber-reinforced polymer, 

en anglais) provenant de pales d’éoliennes (DWTB pour decommissioned wind-turbine blades, 

en anglais) — dénommés tout au long de ce manuscrit par DWTB-GFRP. L’étude est divisée 

en trois étapes. 

La première phase comprend une caractérisation approfondie des matériaux et une étude de 

l’influence de DWTB-GFRP sur les performances du mortier. Dans la deuxième phase, des 

mélanges de béton ont été conçus et testés pour étudier les effets de l’ajout de DWTB-GFRP 

sous forme de poudre, de fibres et d’agrégats. Dans la troisième phase, des mélanges de béton 

sélectionnés ont été utilisés pour les échantillons de béton ordinaire et les échantillons confinés 

dans des tubes en polymère renforcé de fibres remplis de béton (CFFT pour Concrete Filled 

Fiber Reinforced Polymer Tubes, en anglais). Tous les spécimens ont été testés à 28 jours et 

90 jours après avoir été gardés dans une salle humide, et après avoir été exposés à 200 cycles de 

gel-dégel avec une variation de température du spécimen entre -18oC et 4oC. Une modélisation 

analytique a été réalisée pour les éprouvettes CFFT en introduisant le modèle adapté aux bétons 

incorporant des granulats DWTB-GFRP. 

La caractérisation des matériaux comprenait l’analyse de paramètres importants de DWTB-

GFRP tels que le contenu chimique, la composition, la minéralogie, les caractéristiques 

physiques et la réactivité chimique, suivie de la formulation de différents mélanges de béton 
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pour des tests supplémentaires. Pour la deuxième étape, des taux de remplacement du ciment de 

10 à 30 % ont été testés pour les mélanges de béton. Des niveaux de remplacement d’agrégats 

grossiers de 33 à 100 % ont été sélectionnés, tandis que des taux d’ajout de fibres de 1 à 1,75 vol. 

% ont été investigués. Les bétons obtenus ont été caractérisés pour leurs résistances à la 

compression et leur capacité en flexion. Les résultats montrent que la forme de DWTB-GFRP 

(sous forme de poudre, d’agrégat ou de fibre) a un impact significatif sur les propriétés des 

bétons résultants. Ainsi, alors que la poudre DWTB-GFRP cause une augmentation substantielle 

du temps de prise (à cause de la teneur en bois et de ses sucres solubles associés) ainsi qu’à une 

baisse significative des résistances à la compression et à la flexion, il est à noter que les mélanges 

à 10 % de remplacement du ciment par la poudre DWTB-GFRP (après élimination du contenu 

en bois) a démontré une résistance à la compression comparable à celle du mélange de référence 

(sans DWTB-GFRP) à 90 jours. Lorsque DWTB-GFRP est incorporé dans le béton en tant que 

renfort de fibres, une amélioration de la capacité de flexion allant jusqu’à 15 % a été obtenue 

sans baisse notable de la résistance à la compression. 

Pour la troisième étape, des mélanges avec des taux de remplacement du ciment de 10 % et de 

20 % ont été choisis. Des niveaux de remplacement d’agrégats grossiers de 50 et 100 % ont été 

testés, tandis que des taux d’ajout de fibres de 1 à 1,75 vol. % ont été investigués. Deux types 

de DWTB-GFRP ont été utilisés : avec du bois et après le retrait du bois. Des mélanges avec de 

la poudre et des granulats ont été utilisés dans les structures CFFT et testés après avoir été durcis 

dans des conditions standards pendant 28 et 90 jours et exposés à 200 cycles de gel-dégel. Pour 

les mélanges avec addition de fibres, la résistance à la compression et à la flexion et la ténacité 

à la flexion du béton durci dans des conditions standards pendant 28 et 90 jours et exposé à 

200 cycles de gel-dégel ont été étudiées. 

L’ajout de DWTB-GFRP en tant qu’agrégats a entraîné une diminution significative de la 

résistance à la compression et de la densité du béton avec des valeurs proches de la résistance à 

la compression et de la densité du béton léger. La diminution de la résistance est attribuée à la 

faible résistance à la compression de l’agrégat DWTB-GFRP et au manque de liaison dans la 

zone de transition interfaciale. 

L’ajout de DWTB-GFRP sous forme de poudre a entraîné une diminution significative de la 

résistance à 28 jours (en raison des propriétés retardatrices du bois et de la réaction 

pouzzolanique se produisant aux âges plus avancés), suivie d’une augmentation de la résistance 
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à la compression après 90 jours (atteignant entre 87 % et 96 % de la force du mélange de 

référence). 

L’utilisation de la technologie CFFT a entraîné une augmentation de 90 à 100 % de la résistance 

à la compression pour tous les mélanges. Les échantillons avec l’ajout d’agrégats DWTB-GFRP 

dans la structure CFFT ont présenté une augmentation de 14 à 28 % de la résistance maximale 

élastique. Le CFFT rempli de béton incorporant la poudre DWTB-GFRP a atteint des résistances 

à la compression supérieures à 80 MPa après 90 jours de durcissement. 

L’exposition au gel-dégel a entraîné une diminution de la résistance à la compression de tous 

les échantillons. La diminution de la résistance des mélanges contenant du bois était plus 

importante que pour ceux sans bois, en raison de l’absorption élevée d’eau du contenu en bois 

augmentant les effets de gel-dégel sur le béton. La diminution de la résistance des échantillons 

avec l’ajout de poudre DWTB-GFRP après une exposition au gel-dégel est due en partie à la 

teneur en bois à forte absorption d’eau et en partie à la finesse influençant la structure des pores. 

Pour les mélanges avec ajout de fibres, une légère diminution de la résistance à la compression 

a été observée avec l’augmentation de la teneur en fibres jusqu’à 8 % pour 1,75 % de fibres avec 

ajout de bois. La résistance à la flexion a augmenté avec l’augmentation de la teneur en fibres 

jusqu’à 22 % pour 1,75 % de fibres sans bois. Une augmentation notable de la résistance à la 

flexion avec l’augmentation de la teneur en fibres est observée jusqu’à 5 fois pour le mélange 

avec 1,75 % d’ajout de fibres. La diminution de la résistance à la flexion due à l’exposition au 

gel-dégel était plus prononcée pour les mélanges contenant du bois et était similaire pour le 

béton normal et les mélanges sans bois. 

L’investigation analytique a été effectuée en utilisant le modèle ACI 440.2R-17 pour modéliser 

la réponse structurale en compression du béton confiné incorporant des agrégats légers DWTB-

GFRP, démontrant l’inexactitude du modèle existant pour les agrégats DWTB-GFRP. Un 

modèle modifié plus sensible aux agrégats GFRP et avec une capacité de prédiction plus élevée 

a été proposé en utilisant les coefficients de correction en fonction du taux de remplacement des 

agrégats. Ces coefficients ont été incorporés dans les équations ACI 440.2R-17 démontrant une 

augmentation de la précision de la prédiction du comportement structural des échantillons de 

CFFT avec des agrégats DWTB-GFRP tout en étant précis pour le béton de référence (avec un 

niveau d’addition de 0 %). 
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En général, le projet de recherche soutient la valorisation des pales d’éoliennes 

decommissionnées dans le béton comme solution prospective. Le DWTB-GFRP peut être utilisé 

comme agrégat léger, pouzzolane et renforcement efficace des fibres dans le béton. L’utilisation 

d’une application de tube polymère renforcé de fibres remplies de béton permet la création de 

structures en béton avec une densité de béton léger et la résistance à la compression de béton 

ordinaire (pour les agrégats DWTB-GFRP) et de béton plus vert à résistance à la compression 

élevée (pour la poudre DWTB-GFRP).  
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1. INTRODUCTION 

1.1. General background 
Raising environmental issues of modern society fosters the development of renewable energy 

sources. One of the common forms of renewable energy allowing reduction of greenhouse gas 

emissions is wind power, facing an unprecedented development in the last decades. Wind power 

is expected to grow even more in the coming years and is predicted to supply up to 18% of the 

global electricity demand by 2050 [1]. In the European Union, wind power covers up to 10.4% 

of total electricity consumption with around 77,000 wind turbines already in service with the 

binding target for increasing the renewable energy share to 27% by 2030 and cutting greenhouse 

gas emissions by 80-95% by 2050 [2]. In the United States of America, the wind energy 

development plans expect to cover up to 35% of the nation’s electricity demand by 2050 [2]. 

Over 3 million households in Canada are supplied by wind energy [3]. 

Though the disposal of decommissioned wind turbine blades at the end of their lifecycle 

represents an increasing environmental burden. Around 80% of the total weight of a wind 

turbine can be recycled including the tower, gearbox, and hub which contain large portions of 

steel [4]. Blades contain some recyclable materials (mainly fiberglass composite) [5], though 

currently, they represent the highest portion from the whole turbine to landfill [6].  

Structural concrete is one of the most widely used construction materials and the second most 

consumed material in the world after water. The world’s production of only cement is 

responsible for 5-7% of global annual anthropogenic CO2 production, and China’s intensively 

developing construction industry is producing 3% of total CO2 itself [7]. 

The structural concrete consists of aggregates joined together by a cement paste, made of 

cementitious materials and water. Each one of these concrete primary constituents, to a different 

extent, has an environmental impact and is responsible for raising environmental issues.  

While global warming is finally becoming an important issue of economic and political debates, 

the next expected developments in the concrete industry are new concrete mixtures with the 

largest possible incorporation of decommissioned materials and industrial by-products, leading 

to reduction of environmental impact and construction expenses. The need for comprehensive 
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and integrated waste management mechanisms, technologies, rating systems, and policies is 

widely recognized.  

Several researchers [8–12] assumed the potential of valorization of decommissioned GFRP from 

different origins in concrete. Presently, most of the decommissioned thermoset based FRP is 

either being incinerated or landfilled, leading to negative environmental impacts and additional 

costs to FRP producers and suppliers [10,13,14]. Thermochemical processes such as pyrolysis 

and fluidized bed techniques have shown positive results in terms of valorization of 

decommissioned glass fiber-reinforced polymer acrylic (GFRPA) and reclaiming glass fibers as 

well as resin [15]. Latest research in the European Union discovered four potential valorization 

methods for glass fiber-reinforced polymer (GFRP) materials from decommissioned wind-

turbine blades: mechanical grinding, fluidized bed, pyrolysis, and solvolysis, with mechanical 

grinding being the most effective from the economic and environmental points of view [5,16]. 

Given the deleterious socioeconomic and environmental impacts associated with waste 

management of fiber-reinforced polymer (FRP) materials from DWTB at the end of their 

lifecycle and considering the high content of silicates (the major reactive ingredient of Portland 

cement) in GFRP materials, the valorization of GFRP materials from DWTB in concrete can 

foster the sustainable development. The valorization of DWTB in concrete has a twofold 

benefit: (i) reduction of environmental pollution associated with DWTB landfilling, and (ii) 

reduction of the ecological footprint of concrete through partial replacement of concrete 

constituents (i.e., cement, aggregates, fibers).  

1.2. Research originality  
This research includes the comprehensive DWTB-GFRP material characterisation in terms of 

chemistry, physics, and mechanical properties, development of new concrete mixtures 

incorporating the material, and their characterisation in terms of compressive and flexural 

strength. The CFFT technology was applied to the new concrete mixtures. The results of new 

concrete performance with or without the use of CFFT technology in terms of compressive 

strength, durability and resistance to harsh environmental effects such as freeze-thaw exposure 

were compared.  

So, the current doctoral research is focused on filling the knowledge gaps and investigates the 

possible valorization solutions for DWTB-GFRP material in concrete and composite CFFT 



3 

 

structures and aims to provide a comprehensive characterization for new concretes and their 

potential use in CFFT composite structures. 

1.3. Research objectives 
The main goal of this thesis is to evaluate the potential of valorization of DWTB-GFRP material 

into concrete in order to reduce the environmental impact from landfilling of decommissioned 

wind turbine blades and from concrete production. To achieve this main goal, a tri-phasic 

research campaign (blending experimental and modelling approaches) has been carefully 

designed. The first phase represents an experimental characterization of DWTB-GFRP material 

in terms of chemistry, physical and mechanical properties. The second part investigates the 

mechanical performance of new concretes incorporating DWTB-GFRP material. The third stage 

introduces the CFFT-GFRP structures fabricated using the new concretes, analytical modeling 

of the compressive behavior of CFFT structures incorporating the valorized DWTB-GFRP 

material and their resistance to the harsh environmental conditions. Specific objectives are as 

follows: 

1. To study and evaluate the size and the type of DWTB-GFRP materials: ground into 

powder, cut as aggregates, and shredded as fibers. 

2. To design and test different concrete mixtures to evaluate the effects of DWTB-GFRP 

material addition to concrete. 

3. To optimize and target the best mixture of concrete using DWTB-GFRP materials. 

4. To evaluate the performance of new concretes used in CFFT structures. 

5. To investigate the environmental effects on the mechanical performance of concrete and 

CFFT structures with DWTB-GFRP concretes incorporated.  

6. To compare the new concrete filled CFFT structure to the existing analytical models and 

to adapt the existing models to the new material. 

1.4. Methodology  
To achieve the objectives of this research, the project is divided into three phases. At the first 

stage, DWTB-GFRP material is characterized in terms of chemical content, mineralogy, and 

physical properties, which allows us to better understand the possible solutions for incorporating 

the material in concrete.  
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At the second phase, the concrete mixtures incorporating the DWTB-GFRP as partial 

replacement of cement or coarse aggregate, and as fiber reinforcement, were designed, followed 

by mechanical tests to identify the compressive and flexural strength of new concretes. 

According to the test results, the necessary corrections were made to the concrete mixtures to 

improve the mechanical performance, and mechanical tests were performed for the corrected 

mixtures.  

The third stage introduces CFFT technology applied for the new concretes and investigates the 

durability of new concrete and CFFT structures using new concrete. Experimental results are 

followed by the result analysis and analytical modeling, introducing the empirical relationships 

between DWTB-GFRP addition and structural behavior of CFFT-GFRP which can be implied 

into the existing equations in order to improve the precision of the analytical models. The 

characteristics comparable to the standard concretes used in construction are obtained, allowing 

to name DWTB-GFRP as a prospective solution to be applied in the concrete industry.  

1.5. Organization 

The contents of this thesis are briefly described in the following: 

Chapter 2 presents a general literature review for mechanical properties of concretes 

incorporating recycled GFRP materials in form of aggregates, powder or fibers, valorized post-

consumption glass as cement replacement, CFFT technology used for standard concretes, the 

durability of concretes incorporating recycled GFRP materials, and durability of CFFT 

composite structures. 

Chapter 3 (1st article) presents the results of the first stage of the project with comprehensive 

material characterization, new concrete mixture design, and mechanical tests (compressive and 

flexural). 

Chapter 4 (2nd article) presents the results of an experimental program and analytical 

investigation for the CFFT technology application effects for the new concrete incorporating 

DWTB-GFRP in a powder form as a cement replacement and as an aggregate replacement. 

CFFT specimens are compared to the plain concrete specimens after 28 and 90 days cured in a 

fog room. 
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Chapter 5 presents the results of an experimental program to investigate the durability of new 

concrete incorporating DWTB-GFRP as a fiber reinforcement after 28 and 90 days cured in a 

fog room and exposed to 200 freeze-thaw cycles in the environmental chamber. 

Chapter 6 presents the results of an experimental program to investigate the durability of new 

concrete incorporating DWTB-GFRP in form of powder and aggregates. CFFT specimens are 

compared to the plain concrete specimens 90 days cured in a fog room and exposed to 200 

freeze-thaw cycles in the environmental chamber. 

Chapter 7 provides the summary and conclusions of the research followed by recommendations 

for future work. 
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2. LITERATURE REVIEW ON CONCRETE 
WITH RECYCLED MATERIALS. 

2.1. Introduction. 
The review of past related studies is presented and discussed in this chapter with the focus lying 

on the different ways of valorization of decommissioned GFRP and wind turbine blades in 

concrete already investigated, CFFT technology application for standard concretes, the 

durability of concretes incorporating recycled GFRP materials after freeze-thaw exposure and 

the durability of CFFT structures to the environmental effects. 

The chapter is divided into nine parts, first sub-chapter is a brief introduction, followed by the 

economic and environmental analysis in the second sub-chapter, three following sub-chapters 

discuss one possible form of valorization – powder, fibers, coarse aggregates each. The sixth 

and seventh chapters review the CFFT application for normal concrete and recycled aggregate 

concrete. The eighth and ninth sub-chapters focus on the durability of plain concretes 

incorporating the recycled materials and CFFT structures exposed to freezing and thawing. 

Various findings and contributions by previous researchers are reviewed aiming to summarize 

the latest development and identify the knowledge gap. 

2.2. Economic and environmental analysis. 
Several studies providing the comparative environmental and economic analysis for different 

methods of dealing with wind turbine blades at the end of their lifecycle have been published 

recently. Valorisation of by using the composite material as aggregate in concrete makes 

economic sense if it can be produced for less than $62.72 per ton according to Fox (2016) [8]. 

Concerns arise when looking at the ability to produce the desired geometry efficiently. A manual 

process does not suffice for this operation. 

At its current state, an emissions avoidance of 2.3lb (1.0 kg) of CO2 emissions per ton of 

composite aggregate seen from this recycling process favors valorisation of wind blades as 

aggregate in concrete [8]. This is further supported by the 50% of fiberglass in the blades 

comprised of inorganic material raising concerns of landfills reaching capacity. This issue is 
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only inflated as wind energy grows and the number of wind blades to be decommissioned at a 

given time increases.  

Fonte and Xydis (2021) [16] evaluated the cost-effectiveness of three recycling methods 

mentioned before for the European Union market with mechanical grinding representing the 

lowest treatment cost of 90 euros per ton, below landfilling and incineration methods. 

Paulsen et al. (2021) [17] determine three existing methods of recycling : mechanical (cement 

kiln, mechanical grinding/chipping), thermal (pyrolysis, fluidized bed), and chemical 

(solvolysis high voltage pulse fragmentation), with mechanically ground/chipped material used 

in cement kiln co-processing as the most suitable valorisation method available at the moment 

in the EU. The same conclusion for the wind turbine market in Ireland is highlighted by Nagle 

et al. (2020) [5].  

2.3. Concrete with recycled GFRP and glass powder. 
Some of the prior studies suggest that the partial replacement of fine aggregates with 

mechanically recycled FRP does not affect the durability of Portland cement concrete and 

mortar negatively [10], investigated the alkali-silica reactivity (ASR) of ground GFRP using the 

chemical method prescribed by American Society for Testing and Materials (ASTM). No 

potential deleterious reactivity due to the glassy part present in the FRP was observed. 

Moreover, the good durability of polyester, vinyl ester, and epoxy resins against alkali attack 

(another durability issue) is generally reported in the literature [18]. This justifies the well-

established practice of using GFRP bars for concrete reinforcement. However, there are 

downsides to utilizing decommissioned FRP in cementitious materials. For example, fine FRP 

particles can reduce the workability of concrete due to their high surface area, and in order to 

maintain the workability a notable change in w/c ratio or the addition of a significant amount of 

superplasticizer is required [19]. However, Anon (1982) and Asokan et al. (2010) [20,21] 

observed that ground GFRP reduced the viscosity of cement paste and did so more effectively 

than fly ash. Correia et al. (2011) [9] also found that the addition of ground GFRP delays the 

setting time of cement paste. 

The main problem caused by using recycled FRP in cementitious materials appears to be 

associated with mechanical performance. A clear trend can be seen in the results from most of 
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the prior investigations: replacement of aggregates with decommissioned FRP resulted in a 

significant drop in the strength of the cementitious material. 

Asokan et al. (2009) [10] used ground GFRP waste powder that passed a 2 mm sieve (Fig. 2.1) 

as a substitute to fine aggregate in concrete. Fifty percent of the GFRP waste powder particles 

were below 18 µm and almost 90% of the GFRP waste powder particles were below 63 µm.  

They produced concrete batches with fine aggregate replacements of 5%, 15%, 30%, and 50%. 

 

Fig. 2.1. Concrete mix with GRP waste powder: (a) before mixing, (b) after mixing [10]. 

A reduction of 60% in compressive strength was observed when replacing 50% of the fine 

aggregate by GFRP. However, the values of the w/c ratio for control and 50% GFRP batches 

were 0.5 and 0.71 (for the purpose of maintaining constant concrete workability). Such a 

reduction in the w/c ratio causes a noticeable decrease in compressive strength. 

Asokan et al. (2010) [21] performed another study in which superplasticizer (2.0% by the weight 

of cement) was used in concrete batches with 5% and 15% replacement of fine aggregates with 

ground GFRP (Fig. 2.2).  
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Fig. 2.2. (a) GRP waste ground sample, (b) separated glass fiber and polyethylene, and (c) 

GRP waste powder [21]. 

Although the concrete batches containing GFRP had slightly higher w/c ratios (0.37 and 0.38 in 

GFRP-incorporated concrete and 0.34 in the control concrete), they had higher compressive and 

tensile strength values compared to the control mix (Fig.2.3). 

 
Fig. 2.3. Effect of GRP waste powder and superplasticizer on the tensile splitting strength of 

concrete [21]. 

Titarelli and Moriconi (2010) [14] used the GFRP powder (Fig. 2.4) as a partial replacement of 

natural calcareous sand in mortars of a higher w/c ratio (0.62).  
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Fig. 2.4. GFRP powder used by [14]. 

Their results show that replacing 20% of sand with the GFRP powder resulted in an 

approximately 35% decrease in the compressive strength (Fig. 2.5).  

 
Fig. 2.5. Compressive Strength vs curing time of Different Cement Mortars [14]. 

Correia et al. (2011) [13] used the fine particles generated during the production of GFRP 

products by the cutting of pultruded profiles (Fig. 2.6).  
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Fig.  2.6. Waste generated in the GFRP cutting process (GFRPW [13]). 

96% of the GFRP particles were smaller than 63 µm. These particles were used as the partial 

replacement of fine aggregates in concrete. They investigated the volume replacement ratios of 

5%, 10%, 15%, and 20%, and the same amount of superplasticizer in control and GFRP batches 

was used. The higher w/c ratios were used for higher GFRP waste content to maintain constant 

workability (w/c ratios for the control and 20% GFRP were 0.40 and 0.46, respectively). 

The reductions of 48% in compressive strength and 47% in splitting tensile strength due to 

replacing 20% of fine aggregates with GFRP particles were observed (Fig 2.7). These reductions 

are in part due to the higher w/c ratio in the GFRP mix. 
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Fig. 2.7. Performance variation as a function of the sand substitution percentage: compressive 

strength (fcm,28), tensile splitting strength (fctm,28), and elasticity modulus (Ecm,28) [13]. 

XRF characterization identified the presence of ingredients like SiO2, typical for glass material 

but also potentially reactive with cementitious materials [13].  

To the best knowledge of the author, there is no published research on the viability of using 

ground GFRP materials from DWTB as cement replacement from another authors. Precursors 

for the potential viability of this solution may be found in the utilization of glass powder (GP) 

pozzolans from the post-consumption glass as partial cement replacement. GP is considered 

pozzolanic material, its reactivity is essentially governed by its particle size with smaller sizes 

reacting more [22,23]. Over the last decade, the research group of Prof. Arezki Tagnit-Hamou 

[24,25] studied the Performance of glass-powder (GP) concrete in field applications. The 

research includes full characterization of the GP concrete mixtures used to cast various structural 

elements (slabs, sidewalks, and walls) exposed to different environmental conditions (indoors 

and outdoors).  

Some pertinent research performed for the cement admixtures originating from recycled 

materials are summarized in Table 2.1. 
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Table 2.1. Experimental results review for concretes incorporating recycled glass powder as cement admixture. 

Source Powder origin 
Cement 
replacement ratio 

Effects on compressive 
strength 28 days 

Effects on compressive 
strength after 90 days W/B Ratio Durability 

Du et al.  
(2014) [12]  

Post 
consumption 
bottles (soda 
lime glass)  

0…60%  No decrease below 30% 
cement replacement,  
-20% for 60%  

+10% for 30%  
-15% for 60%  

0.49  Improved  

Elaqra et al. 
(2019) [13]  

Crushed waste 
glass dissolved 
in water prior to 
mixing  

10%, 20%, 30%  Same as Reference mix at 
5% and 10%  
-25% for 30% powder 
addition  

+4% for 10% glass 
added  
+8% for 20% glass 
added  
-15% for 30% glass 
added  

0.72    

Kim et al. 
(2017) [14]  

LCD processing 
glass waste 
powder  

5%, 10%, 15%, 
20%  

+4% for 5% glass powder, 
+9% for 10% powder, same 
as Reference for 15% and 
20%  

Not tested  0.44    

Omran et al. 
(2016) [15]  

Post-
consumption 
glass  

10%, 30%  -7%...-15%  -8%...+37%  0.5  Improved  

Kashani et al. 
(2019) [16] 

Recycled glass 
fines 

10%  -17%  Not tested  0.25…0.4    

Lee et al.  
(2018) [17]  

Waste glass 
powder + waste 
glass sludge  

25%  -10%...-12%  0%...-6%  0. 35  Improved  
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Source  Powder origin  
Cement 
replacement ratio  

Effects on compressive 
strength 28 days  

Effects on compressive 
strength after 90 days  W/B Ratio  Durability  

Al-Akhras 
(2012)  
[18]  

Waste glass 
Powder  

6%, 12%, 18%     Not tested  0.4, 0.6  Improved 
by 40%  

Shi et al. 
(2005) [19]  

Crushed waste 
glasses, glass 
dust, grinded 
glass dust  

20%  -30%...+10% (Higher results 
for higher fineness)  

 Not tested  0.485    

Idir et al. 
(2015) [20]  

Glass powder 
and glass fine 
aggregates  

20%  -22%...+75% (Higher results 
for higher fineness)  

 Not tested  0.6    

Sadiqul Islam 
et al.  
(2017) [21]  

Ground waste 
glass  

0-25%  -3% for 10% glass  
-6% for 20% glass  

+3% for 10% glass  
+0% for 20% glass 
(highest values after 365 
days)  

0.485    
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As the conclusion, using glass powder as partial replacement of cement in concrete provided: 

• Good mechanical characteristics (compressive, splitting tensile, and flexural strengths 

as well as modulus of elasticity), especially at later ages, provided by the glass powder’s 

pozzolanic activity. 

• Enhancement of durability characteristics (adsorption, resistance to chloride-ion 

permeability, and resistance to the freeze–thaw cycles) due to the improved 

characteristics of the pore network, the filling effect of glass particles, and the conversion 

of CH to C–S–H. The glass powder reduces the chloride-ion penetrability of concrete to 

approximately one-third, thereby reducing the risk of chloride-induced corrosion of steel 

reinforcement. 

• Reduction of CO2 emissions associated with cement production and protecting the 

environment by valorization of decommissioned materials. 

• Saving the costs related to processing and disposing of decommissioned glass in landfills 

as well as reducing the price of concrete. 

Considering all the information above, one perspective way of valorisation of GFRP material as 

a powder could be in partial replacement of cement, but detailed material characteristics are 

needed for that: chemical content, mineralogy, fineness, which can allow predicting the potential 

presence of pozzolanic reactivity of tested material. 

2.4. Concrete with recycled GFRP fibers. 
The use of glass fibers in cementitious materials have been commercialized since the 1970s 

[20]. Glass fibers have been widely used in mortars to produce thin sheet architectural 

components such as building facades and in concrete for reducing plastic shrinkage cracking 

[24]. The main concern with using glass fibers in concrete is that they may lose strength (and 

therefore the reinforcing capacity) rather quickly due to the very high alkalinity (pH ≥ 12.5) of 

the cement-based matrix [25]. Presently, most of the decommissioned thermoset based FRP is 

either being incinerated or landfilled, leading to negative environmental impacts and additional 

costs to FRP producers and suppliers [7,8,11,12,26]. The advanced thermochemical methods 

such as pyrolysis and fluidized bed techniques have shown positive results in terms of 

valorisation of decommissioned GFRPA and reclaiming glass fibers as well as resin [11,27]. A 

detrimental effect was observed in terms of tensile strength of recycled glass fibers where the 
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fiber strength was reduced to 50%–90% as compared to virgin fibers [28,29]. In addition to this, 

harmful gases such as CO and CO2 are also released during this process, which leads to 

environmental contamination [30]. [29] utilized the dissolution process to recover glass fiber 

from a thermoplastic composite waste part and use it to produce the new material. It should be 

noted that the new material with recycled glass fibers reported higher stiffness and mechanical 

strength as compared to the virgin fibers.  

Multiple studies were performed for recycled glass fiber reinforced concrete in terms of 

compressive and flexural strength [7,27,31,32]. Correia et al. (2011) [9] used thermoset-based 

GFRP waste in the concrete mix. Reduced concrete performance in terms of mechanical and 

durability properties was reported, thus, the low dosage of GFRP was suggested for non-

structural applications. However, under the pressure of the environmental issues, few 

extractions methods were identified and applied for glass fibers in the acrylic waste [27], but 

still, the results were not promising. Limited research evidence was found on the ecoefficiency 

of fibers extraction techniques and GFRP waste use as reinforcement in concrete. Garcia et al. 

(2014) [31] used recycled glass fibers from acrylic waste obtained using a shredder and 

investigated its effects on the mechanical properties of concrete containing up to 0.3 vol. % of 

recycled glass fibers. The increase in compressive strength up to 21% and in tensile strength up 

to 28% was observed. De Freitas et al. (2014) [32] used mechanically recycled (chipped) GFRP 

as fiber reinforcement in cement mortar (42 kg/m3 for all mixtures). The highest compressive 

and flexural strength of 47.3 MPa and 9.83 MPa, respectively, were achieved. The compressive 

strength was either increased up to 20% or decreased by 10% depending on fiber type. Flexural 

strength was increased up to 44% or decreased by 6%. The source of recycled material and non-

uniformity of fibers had a big influence on the mechanical properties of mortar. The great 

number of fiber balls and particles of the sieved GFRP fiber cluster reduced the workability and 

compressive strength of mortar.  

Garcia et al. (2014) [31] investigated the effect of using that recycled glass fibers from acrylic 

waste for various mechanical properties such as compressive and flexural strength and split 

tensile strength, when used as a reinforcement in concrete. The shredder was used to produce 

discrete fibers (Fig. 2.8) with up to 0.3% dosage of recycled glass fiber added to concrete. The 

increases in compressive and tensile strength up to 21% and 28% respectively were observed.  
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Fig.  2.8. GFRPA waste - reclamation of glass fibers from acrylic waste [31]. 

Yan et al. (2017) investigated the effect of load transfer section to toughness for steel fiber-

reinforced concrete and identified three typical patterns for the flexural behavior of steel fiber 

reinforced concrete depending on the load transfer properties of the fibers (Fig. 2.9). 

 
Fig.  2.9. Load transfer characteristics by steel fiber type and fiber content. 

As shown in Fig. 2.9, three different behavioral types of the load-displacement curve of the steel 

fiber-reinforced concrete were identified from the analysis of the flexural behavior 

characteristics, from which some principles among the fiber contents, material properties, and 

the load displacement curve were derived.  First, the smaller the fiber content and the lower the 
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tensile strength of the fiber, the wider and more drastic the load reduction that was detected in 

the section where the load was reducedafter the first peak load was reached (type A). Second, 

the greater the increase in the fiber content and the higher the tensile strength of the fiber, the 

longer the load displacement curve increased over the first peak load after a slight load decline 

(type B). Finally, after the cracking of the concrete matrix, the load transfer to the fiber increased 

nonlinearly, without any load reduction (type C).  

The summary of some key parameters from other pertinent experimental results obtained by 

another researchers are described in Table 2.2. 

 



20 

 

Table 2.2. Experimental results review for concretes reinforced with virgin and recycled fibers from different origins. 

Title Fiber origin 
Addition 
levels 

Effects on 
compressive 
strength 

Effects on 
flexural 
strength 

Effects on 
flexural 
toughness W/C ratio 

Decrease in 
workability 

Zhou et al. 
(2021) [34] 

Different 
origins 

2 wt%, 4. 
wt%, 6 
wt. % 

-7…32% -9…+28% Not evaluated 0.4 -2.5…-14% 

Malek et al. 
(2020) [35] 

Recycled 
polypropylene 
fibers 

0.5, 1.0 
and 1.5 
wt.% of 
cement 

+39%...+69
% 

+162.4…+2
76% 

Not evaluated 0.3 + 
superplasticize
r 

14.3%...62.9% 

Shi et al. 
(2020) [36] 

Steel fiber 
straight and 
hooked 

0%...3% 
by 
volume 

+9% for 
0.5% 
-40% for 3% 
fibers 
 

+12% for 
0.5% 
+48% for 
3% 

+180% for 
0.5% fibers 
+527% for 3% 
fibers 

0.43+superplas
ticizer 

0% decrease for 
0.5% fibers 
70% decrease for 
1.5% fibers 
100% decrease for 
3% fibers 

Patel et al. 
(2019) [32] 

Acrylic waste 
GFRP 

0.1…0.3 
vol. % 

+21% +28% Not evaluated Superplasticize
r used 

Up to 2% 
superplasticizer 

Afroughsabet 
et al. (2017) 
[37] 
 

Double-hooked 
end steel fibers 
60mm 

78 kg/m3 
(1 vol%) 

+10%...+12
% 

+82%...+85
% 

Not evaluated 0.3 + 
superplasticize
r 

-30% 
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Title Fiber origin 
Addition 
levels 

Effects on 
compressive 
strength 

Effects on 
flexural 
strength 

Effects on 
flexural 
toughness W/C ratio 

Decrease in 
workability 

Han et al. 
(2017) [38] 

Steel fibers 0.5%...1
% 

Not 
evaluated 

-
20%...+20% 

-10%...+340% 0.45+superplas
ticizer 

Superplasticizer 
used 

Deghan et al. 
(2017) [39] 

Recycled 
GFRP fibers vs 
virgin glass 
fibers 

65 kg/m3 
(replacing 
coarse 
aggregate
) 

Up to -16% -
32%...+41% 

Not evaluated 0.5 -60% for  virgin 
fibers, +30% for 
recycled fibers 

Garcia et al. 
(2014)[33] 

Multiple 
origins 

42 kg/m3 -
10%...+20% 

-6%...+44% Not evaluated 0.45 yes 

De Freitas et 
al. (2014) 
[40] 

Polypropylene 
fibers 

1.7 vol.% -20% +20% +346% 0.38+superplas
ticizer 

Not reported 

Wang et al. 
(2000) [41]  

Recycled 
polypropylene 
fibers from 
carpet waste 

0.13% by 
volume 

No 
significant 
effects 

No 
significant 
effects 

Not evaluated 0.5+superplasti
cizer 

Not reported 

Ramakrishna
n et al. 
(1989) [42] 

Steel and 
polypropylene 
fibers 

1%, 
1.5%, 2% 
by 
volume 

-14%...-21% +0%...+65% +40%...+2500
% 

0.4…0.49 W/C ratio 
increased 
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Summarizing all the results, using of recycled glass fibers in concrete as fiber reinforcement can 

have positive impact on concrete compressive and flexural strength and flexural toughness while 

reducing the concrete workability for high addition levels. The origin, shape and size of fibers 

have an important impact on fiber concrete fresh and hardened properties and compressive 

behavior. 

 

2.5. Concrete with recycled GFRP aggregates. 
Recycling the GFRP production waste and using it as aggregate in cementitious materials is 

another possible option to manage the waste from the GFRP industry [43]. There are two major 

problems when using a fiberglass composite as aggregate in concrete. The first is that the 

alkaline properties of the concrete can cause the glass to lose strength over time. The glass is 

also known to have slight negative effects on strength, workability, and freeze-thaw resistance 

[22]. Studies show that glass used as coarse aggregate causes the mechanical properties to 

decline as the volume fraction of glass aggregate increases [34]. This could lead to unstable 

concrete that needs to be replaced at more frequent intervals. Second, the ability of the cement 

to bond with the resin and smooth surfaces of the composite material raises issues. This ability 

to bond depends on both adhered mortar quality and the amount of adhered mortar [35]. It has 

been shown that the smooth surface created by the resin in composite materials reduces the bond 

strength between cement and the composite material [12]. Generally, there is a fall in the 28-

day compressive strength because of the weak interface between the glass aggregates and the 

hardened cement paste [35]. 

Fox (2016) [8], performed some tests on DWTB-GFRP. Composite cubes between 0.25 and 0.5 

inches (6.35 and 12.7 mm) were used to replace limestone aggregate. The test specimens 

contained 32.5% composite aggregate and 67.5% limestone aggregate with an approximate 

aggregate size of 1 x 1 x 1 inch. 

In total, 48 4x8 inch (10.1 x 20.3 cm) cylinders were poured in addition to six 4x4x11 inch 

(10.1x10.1x30 cm) prisms. They were set to cure for 24 hours. After 24 hours, they were broken 

out of their molds. Half of the cylinders and half of the prisms were placed in a fog room with 

100% humidity. The other half of the samples were placed in a hot bath containing calcium 
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hydroxide at 160°F (70°C). Additionally, when the cylinders and prisms were placed in the 

calcium hydroxide, eight samples each of the composite and limestone aggregate were placed 

in the calcium hydroxide bath for the corrosion test. 

According to the test results, the compressive strength decreases almost linearly with a total 

drop of approximately 70% between 0%, 50%, and 100% aggregate substitution (Fig. 2.10). 

Thin strips of composite material have also been shown to increase the strain values when 

compared to concrete samples with no composite material.  

 
Fig.  2.10. ASTM C39 compression test for different replacement levels of RCA [8]. 

The samples stored in the hot bath displayed values not suitable for use. With no signs of alkali-

silica reaction occurring between the fiberglass and cement, thermal expansion issues were 

identified as the reason for the reduced strength found in these samples. Those cured in the 

100% humidity environment exhibited results like that of regular concrete containing no 

composite aggregate. The scanning electron microscopic evaluation supported the theory of 

poor bonding along the smooth edges of the composite aggregate while creating more sufficient 

bonds along the sheared edges. A decrease in compressive and tensile strength is also attributed 

to the lack of bonding along the smooth edges seen amongst the samples. 
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The ASTM C157 shrinkage prism test results show a near-zero change for specimens stored in 

the fog room throughout the 90-day curing cycle. Changes in fog room samples range from 

0.02-0.03%. Those stored in the hot bath displayed significantly more expansion over the entire 

curing cycle although they started with only slightly larger values than the fog room at the seven 

days measurement. Hot bath samples ended with expansion values between 0.27% and 0.33%. 

For the corrosion test, the aggregate samples were stored in calcium hydroxide to mimic the pH 

environment found in concrete to determine its effects on both the composite and limestone 

aggregates. The objective was to measure mass loss due to corrosion; instead, mass gain likely 

due to water absorption was observed. The composite samples showed mass gains of more than 

three times the amount of the limestone aggregate at the age of 90 days.  

The corrosion test proved inconclusive but shone a light on issues that may arise due to water 

absorption in freeze-thaw conditions. Additionally, samples stored in both curing environments 

showed signs of expansion when measured on the ASTM C157 shrinkage prism test. While the 

hot bath expansion was attributed to thermal expansion, the cause of humidity samples 

expansion was unclear. Although the SEM showed no signs of ASR, the expansion seen in the 

humidity environment may hint towards ASR being present in other areas of the samples.  

Some additional experimental results from another researchers are summarized in Table 

2.3.  

Assuming all the aforementioned, the shape, density, and surface characteristics are the 

parameters of high importance, though the coarse aggregated replacement by recycled GFRP 

material can cause a noticeable decrease in compressive and flexural strength. 

The DWTB-GFRP is of a more heterogeneous origin and includes wood as a layer in sandwich 

panels, though cutting produces smooth surfaces that can reduce bonding. The effects of the 

wood layer on concrete properties are also unclear and need further investigation. 
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Table 2.3 Literature review for concretes incorporating recycled aggregate.  

Source  
Aggregate 
origin  Replacement ratio  

Effects on 
compressive 
strength  

W/B 
Ratio  Density  

Ciocan et al. 
(2018)  

Polystyrene 
granules, 
chopped plastic 
bottle, wood  

20%...100%  -15%...-90% 
(lowest for wood)  

0.5  -4%...-42% 
(lowest for 
wood)  

Solikin et 
al (2015)  

Recycled 
concrete 
aggregate  

35%, 50%, 65%  -8%...-32%  0.53  No significant 
change  

Ghernouti and 
Rabehi (2012)  

Plastic bag 
waste  

10%...40% of sand 
in mortar  

-16%...-44%  0.5  -18%  

Mardani-
Aghabaglou et 
al. (2014)  

Recycled 
concrete and 
glass 
aggregates  

15-60%  -2%...-11%  0.45  -3%  

 

2.6. Durability of concretes incorporating recycled materials. 
The durability of concrete is the ability of concrete to resist various types of damage, 

maintaining its strength and appearance integrity for its service period of exposure to its 

surrounding environment [46]. 

Previous research investigated the durability of concretes incorporating recycled concrete coarse 

aggregates [44,47,48] and fine aggregates [49], FRP Bar-to-Concrete bond [50], Mortar and 

concrete composites with recycled plastic [51], Recycled [52] and double-hooked [43] Steel 

Fibers Reinforced Concrete, Glass, Polypropylene and Steel Fiber Reinforced Concrete [44], 

and circular concrete-filled FRP [45] tubes. 

Freezing and thawing are often used as one of the evaluation indexes of concrete durability. The 

frost resistance of concrete can be reflected by measuring the strength loss rate after exposure 

to freeze-thaw cycles. Generally, this property is mainly affected by porosity, water content, 

environmental conditions, and aggregate types [56]. 
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Absorbed water can drain into cement paste during freezing and thawing cycles. Therefore, 

RAC usually has weak frost resistance and is not recommended for use in a harsh environment 

[46]. However, the results of Salem et al. (2003) [57] showed that RAC with a w/c ratio below 

0.5 and incorporating 5% air content can still be used in unsaturated and moderate cold climates. 

Similar to normal aggregate concrete, the compressive, tensile, and flexural strength of RAC 

decreases with an increase of freezing and thawing cycles [58–62]. Wu et al. (2013) [63] studied 

the axial compressive behavior of concrete incorporating recycled aggregates after being 

exposed to freezing and thawing cycles. The dynamic modulus and compressive strength 

decreased linearly with the increase of freezing and thawing cycles, with lower results for RAC. 

Two mechanisms are the origin of this effect: first, the mass loss due to the expanding pore 

water when freezing, further extending the cracks. Second, the concrete mass increases due to 

more water being able to penetrate expanded cracks and pores. Assuming the interaction of these 

two aspects, the final mass of concrete depends on mass loss of concrete and mass of absorbed 

water. The water absorption capacity increases with the increase in porosity leading to lower 

strength. Thus, a higher water absorption and saturation degree of water in RA leads to the lower 

frost resistance of RAC [46]. The frost resistance of RAC can be effectively improved with the 

incorporation of a proper amount of fly ash or metakaolin [47,54,55]. This is because the mineral 

admixtures can react with Ca (OH)2 to form additional C-S-H gel for the densification of 

concrete microstructure and strength enhancement [56]. 

Multiple studies were performed for recycled glass fiber reinforced concrete in terms of freeze-

thaw resistance of virgin fiber reinforced concrete [52–54,67,68].  

According to the research data [69–71], the steel fibers with the length of 54-60mm did not have 

a significant influence on concrete freeze-thaw resistance. Some other researchers [65,72] 

measured the dynamic elasticity modulus of concrete incorporating 20mm steel fibers after 

freeze-thaw exposure with beneficial results compared to standard concrete. [73] reported the 

decreased frost resistance for 35mm fibers due to the difficulty to entrain air properly. The 

beneficial effect of short polypropylene fibers on surface scaling due to cyclic freezing and 

thawing was pointed out by Richardson et al. (2017) [74], who used the fibers with a length of 

6,5 mm, and by Sahmaran et al. (2007) [75], who used 8 mm fibers. However, Persson (2006) 

[76], reported the decrease in internal frost resistance for polypropylene fibers added into self-
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compacting concrete. Berkowski et al. (2016) [77] investigated polypropylene fiber reinforced 

concrete resistance to surface scaling due to cyclic freezing and thawing. The effectiveness of 

dispersed reinforcement was related mainly to the type (material) and geometry. The steel fibers 

used appeared to be more effective than the polypropylene ones. 

Al-Akhras (2012) [78] investigated the Performance of glass concrete subjected to freeze-thaw 

cycling with 6%, 12%, and 18% cement replacement by weight of cement. The amount of 

damage was evaluated by measuring the fundamental transverse frequency of concrete prisms 

every 25 cycles of FT exposure. The fundamental transverse frequency of simply supported 

concrete prisms was performed according to ASTM C215-08.  

The performance of GP concrete to FT cycling was observed higher compared to that of plain 

concrete. The resistance of GP concrete to FT damage increased with increasing the GP 

replacement level from 6% to 18%.  

2.7. CFFT technology application. 
One of the perspective ways to improve the structural performance of concrete by using the 

CFFT technology (concrete-filled fiber-reinforced polymer tubes) has been investigated by 

several researchers [79–84]. Recently, various industrial projects have been noted in 

construction engineering in the form of piles, columns, girders, or bridge piers FRP tubes has 

found application in different types of structures [85,86]. Most of the researchers focused on 

axial load for circular cross-section, providing sufficient data concerning the ultimate capacity 

and the ductility index of CFFT columns, some studies have been conducted on large-scale 

columns under different load combinations [83,87].  

The research of Samaan et al. (1998) [88] determined three parameters of CFFT structure 

affecting the efficiency of confinement: length-to-diameter ratio, tube cross-section shape, and 

the bond between the concrete and confining tube. The results demonstrated increased 

effectiveness of circular cross-section compared to square cross-section due to the uniform 

pressure acting on the concrete core.  

Extensive research data has been obtained by research group of R. Masmoudi in the University 

of Sherbrooke [45,69–71]. Application of concrete-filled fiber-reinforced polymer (FRP) tubes 

(CFFTs) as a stay-in-place formwork fabricated using the filament winding equipment as 
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external reinforcement allows to noticeably increase the compressive resistance of concrete 

cylinders or columns [71]. The application of CFFT technology was found to enhance the 

compressive strength by up to 2.16 times that of plain concrete.  

The results of Boumarafi et al. (2015) [55] confirmed the significant protective and 

strengthening effects of applying the CFFT technology for cylinders. A 150% increase of 

compressive strength for confined cylinders compared to unconfined cylinders was observed. 

No deterioration of the FRP tube surface and good protection against alkaline were observed.  

Boumarafi et al. (2015) [55] also identified the typical stress-strain curve for CFFT structures 

under axial compression as divided into two stages: the elastic region followed by the limited 

transition zone, and then by plastic region. The initial region represents the elastic region with 

a linearly elastic slope, driven mainly by the concrete core and close to the plain concrete slope, 

ascending rapidly up to the ultimate unconfined concrete strength. The elastic stage is followed 

by vertical cracks formation in the concrete core due to the Poisson’s ratio effect creating tensile 

stresses in the horizontal direction. Crack formation causes lateral expansion of the concrete 

core leading to the confining tube activation to oppose this expansion by tensioning the fibers 

in the hoop direction. The second region is referred as the plastic region. At this stage, the 

stiffness of CFFT cylinders, which depends on the stiffness of the FRP tube material, reduces 

significantly, and a plastic hardening behavior is observed until the failure load.  

Multiple researchers worked on developing the developing of the analytical stress-strain models 

for the structural behavior of CFFT under various loads [89–93]. The majority of analytical 

models represent the stress-strain curve of FRP confined concrete as two curves: a parabolic 

first curve followed by linear-elastic second curve with a slope. The parabolic curve meets the 

linear-elastic curve at a transition strain 𝜀!. One of such stress-strain models is the one initially 

developed by Lam and Teng (2003) [92] then adopted by ACI 440.2R-17 guidelines [93]. The 

illustration of the ACI model is presented in Fig. 2.11. 
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Fig.  2.11. Stress-strain model for FRP confined concrete [78]. 

 

2.8. CFFT technology application with recycled materials 

incorporated into concrete. 
Gao et al. (2016) [94] investigated the effects of the use of Recycled Clay Brick Aggregate 

concrete (RCBA) filled fiber polymer tubes. Compressive tests were performed for plain and 

RCBA concrete for the replacement ratios of 0%, 50%, 70%, and 100% leading to an 11.8% 

and 12.4% decrease in compressive strength for 50% and 70% replacement, respectively, with 

no significant difference between 70% and 100% replacement (Fig. 2.12). 
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Fig.  2.12. Compressive strength of plain concrete of various replacement ratios [94]. 

To investigate the effects of the FRP confinement, mixtures with the same replacement levels 

were tested in compression with 2, 4, and 6 layers of GFRP (glass fiber) and CFRP (carbon 

fiber). Both confinement types significantly improved the compressive strength of RAC-RCBA, 

with higher values for CFRP. The general compressive behavior of carbon or glass FRP 

confined RAC-RCBA was similar to that of FRP-confined normal aggregate concrete, while the 

larger slopes of the second stage for smaller replacement ratios lead to a lower compressive 

strength (Fig. 2.13a, b).  
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(a)  

(b)  

Fig.  2.13. Axial stress versus axial and lateral strains curves for confined RAC-RCBA: 

a) for four layers of GFRP and 0, 50%, 70%, 100% replacement ratios; b) for 70%replacement 

ratio with 2, 4, and 6 GFRP and CFRP layers [94]. 

Chen et al. (2016) [95] investigated the GFRP confinement effects on concrete incorporating 

recycled concrete aggregates at 0%, 25%, 50%, 75% and 100% replacement ratio. Tube 

thicknesses of 0.111mm, 0.222mm, and 0.333mm were tested (Fig. 2.14a-c).  
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a)  

b)  

c)  

Fig.  2.14. Effect of replacement ratio on stress-strain behavior of confined concrete: a) tube 

thickness 0.111mm; b) tube thickness 0.222mm; c) tube thickness 0.333mm [95].  
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The increase of recycled aggregate content caused the decrease of compressive strength for both 

confined and unconfined series of specimens. The increase in tube thickness significantly 

increases the compressive strength. The increase in the RAC ratio results in a smaller slope in 

the plastic stage, similarly to the results of Gao et al. (2016) [94]. 

2.9. Durability of CFFT structures exposed to freeze-thaw 

cycles.  
The durability of CFFT structures against freeze-thaw exposure has been investigated by several 

researchers [55,96]. El-Zefzafy et al. (2013) [96] evaluated the effects of short- and long-term 

freeze-thaw exposure on the axial behavior of CFFT. The environmental chamber was 

programmed for 100 and 300 cycles of 27 hours with core specimen temperatures ranging 

between -17.8 oC and 4.4 oC (Fig. 2.15). Specimens were immersed in saltwater. The saltwater 

immersion resulted in up to 27.5% reduction in compressive strength for plain concrete 

specimens after 300 cycles. The confined specimens demonstrated no reduction of compressive 

strength after 100 freeze-thaw cycles, while 300 cycles in saltwater resulted in an 8.7% reduction 

compared to the specimens kept at room temperature (Fig.2.16a, b). 

 
Fig.  2.15. Temperature variation inside the CFFT- conditioned specimens during the freeze-

thaw [96]. 
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a)  

b)  

Fig.  2.16. Freeze-thaw exposure results: a) surface damage, b) residual compressive stress of 

conditioned and unconditioned CFFT specimens [96]. 
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Boumarafy et al. (2015) [55] tested CFFT cylinders exposed to 200 freeze-thaw cycles of 20 

hours with air temperatures between -34 oC and +38 oC (Fig.2.17) and immersed in air, water, 

saline, and alkaline environment.  

 
Fig.  2.17. Temperature variation of specimens [55]. 

Compressive strength of plain PC cylinders increased for all specimens after 200 freeze-thaw 

exposures compared to the 28-day result, as a consequence of concrete hardening after 7 months 

curing, despite the freeze-thaw exposure (Fig. 2.18).   

 
Fig.  2.18. Stress-strain curves: a) plain concrete specimens; b) CFFT specimens [55]. 

The saltwater immersion resulted in the strongest surface deterioration (Fig. 2.19). For the 

confined specimens, a slight reduction in compressive strength was observed (6% for the 

specimens kept in the air) due to the reduction of confining material strength by hash 
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temperature variations. Specimens kept in water 2% higher strength compared to those kept in 

the air due to the reduction in temperature variations by surrounding water and compressing 

effect of expanding frozen water. The immersion in salt environment resulted in the lowest result 

(3% less than the specimens kept in the air) which indicates the harmful effect of salt on both 

concrete and FRP. The alkaline did not affect the CFFT and resulted in the same compressive 

strength as the specimens kept in the air.  

 
Fig.  2.19. Deterioration and failure patterns of specimens [55]. 

 

2.10. Summary 
Some research has been done on investigating the potential ways of valorisation of the DWTB-

GFRP. The following conclusions can be made: 

1. Mechanical treatment is the most economically effective and lowest environmental 

impact solution. 

2. DWTB-GFRP as cement replacement has not been studied yet, but the use of post 

consumption glass as pozzolan is deeply studied giving promising results. 
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3. DWTB-GFRP as fiber reinforcement has not been investigated yet, while the effects of 

recycled GFRP fibers addition into concrete depend on the fiber’s characteristics, shape, 

length, and surface. 

4. DWTB-GFRP as aggregate reinforcement has been tested for the different types of 

DWTB-GFRP, giving the linear decrease in compressive strength with the increase in 

replacement ratio. 

5. The application of CFFT technology allows to increase the compressive strength of 

normal and recycled aggregate concrete, the CFFT structure exhibits a bilinear 

elastoplastic behavior.  

6. Recycled aggregates decrease concrete frost resistance. Fibers can have a beneficial or 

negative effects on concrete frost resistance depending on fiber length, type, and surface. 

Recycled glass powder increases concrete durability when used as a pozzolan.  

7. CFFT technology provides protection against harsh environments and increases the 

durability of the structure, while immersion in a saline environment can have the most 

detrimental effects on both concrete and FRP confinement.  
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3.1. Synopsis 
 

This chapter examines the viability of valorizing glass fiber-reinforced polymer (GFRP) 

materials extracted from decommissioned wind-turbine blades (DWTB) — (DWTB-GFRP) — 

into concrete. A comprehensive material characterization was carried out and the influence of 

DWTB-GFRP as powder, aggregate, or fiber on concrete performance was investigated. Cement 

replacement rates of 10-30% were attempted. Coarse aggregate replacement levels of 33-100% 

were considered, while fiber addition rates of 1-1.75 vol. % were investigated. Resulting 

concretes were characterized for their compressive strength and flexural capacity. Resulting 

concretes were characterized in terms of compressive strength and flexural capacity. Results 

show that the form of DWTB-GFRP (as a powder, aggregate, or fiber) significantly impacts the 

properties of resulting concretes. Thus, while DWTB-GFRP powder leads to substantial 

increase in the setting time (owing to the wooden content and its associated soluble sugars) as 

well as to a significant drop in compressive and flexural strengths, it should be noted that 

mixtures with 10% cement replacement by DWTB-GFRP powder (after removal of wooden 

content) demonstrated comparable compressive strength as that of the reference mixture 

(without DWTB-GFRP) at 90 days. When DWTB-GFRP is incorporated in concrete as a fiber 

reinforcement, an enhancement in flexural capacity of up to 15% was achieved without 

noticeable drop in compressive strength. Therefore, it is feasible to valorize DWTB-GFRP in 

concrete to obtain mixtures with comparable long-term compressive strength while achieving 

higher flexural capacity and contributing to promoting the sustainable development.  

Keywords 

Concrete; Glass fiber-reinforced polymer; Recycled materials; Decommissioned wind turbine 

blade. 

 
3.2. Introduction 

Whereas the cement and concrete industry plays a fundamental role in global and local 

economies, this sector is responsible of 5–8% of global CO2 emissions from human activities. 

With more than 4.4 billion tonnes of concrete produced annually worldwide [7], the fundamental 

issue with this sector pertains to the pollution-intensive manufacturing process of cement, the 

primary component of concrete. Cement production does not only require as high calcination 
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temperature as 1450oC (consuming 2-3% of global primary energy use), but also emits about 

0.9 tonne of CO2 per every tonne of cement produced (resulting in more than 2.8 billion tonnes 

worldwide) [7]. More efforts are needed to drive the cement and concrete industry — one of the 

most environmentally polluting sectors — towards carbon neutrality. One new avenue in this 

context consists of the valorization of wind-turbine blades at the end of their service life.  

While wind power represents one of the most common forms of renewable energy that enable 

reducing greenhouse gas emissions, it is increasingly perceived that the disposal of 

decommissioned wind-turbine blades (DWTB) at the end of their lifecycle represents an 

environmental burden. The material comprises ~55% of SiO2 — a main ingredient of Portland 

cement — and thus may represent a promising avenue for developing low-CO2 concrete. The 

International Energy Agency (IEA) predicts that wind energy supplied nearly 5% of the global 

electricity demand in 2014 and is expected to supply between 15 and 18% of the global 

electricity demand by 2050 [1]. In the European Union (EU), for instance, the total wind power 

capacity installed at the end of 2016 was 153.7 GW which was enough to cover 10.4% of the 

EU’s total electricity consumption in a normal wind year. With a cumulative capacity of 153.7 

GW and a project lifetime of 20 years, the total number of wind turbines installed in Europe is 

estimated at 77,000 — assuming an average wind turbine capacity of 2 megawatts (MW) [97]. 

The binding target of the EU’s for increasing the renewable energy share to 27% by 2030 and 

its commitments to cutting greenhouse gas emissions by 80-95% as of 2050, emphasizes the 

important role of wind power in the future energy plan [98]. The role of wind power in the 

United States of America (USA) is even much more phenomenal as wind energy is expected to 

provide up to 20% of the nation’s electricity demand by 2030 and up to 35% by 2050 [8].  

In Canada, wind energy currently supplies approximately 6% of electricity demand, thereby 

generating enough power to supply over 3 million Canadian homes. The Canadian wind power 

comprises 295 wind farms operating from coast to coast, including projects in two of the three 

northern territories. In 2017, Canada’s wind power generation grew by 341 MW spread among 

10 new wind energy projects, representing an investment of about $800 million. The installed 

capacity of wind generation reached 12.239 MW in 2017 [3].  

However, today old wind turbine structures are at the end of their lifecycle. It is common 

practice to recycle portions of a wind turbine such as the tower, gearbox, and hub which contain 

large quantities of steel. In fact, as much as 80% of the total weight of a wind turbine can be 
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reprocessed and given a second life [4]. Although much of a wind turbine can be recycled, this 

does not apply to the blades. As such, one of the emerging environmental burdens in this sector 

is the identification of appropriate methods for valorisation of wind turbine blades [4]. The 

blades contain some recyclable materials (mainly fiberglass composite materials) [5]. Yet, 

currently, decommissioned material from the blades represents the highest portion to landfill 

from the whole wind turbine structure [6].  

Presently, most of the decommissioned thermostat based FRP is either being incinerated or 

landfilled, leading to negative environmental impacts and additional costs to FRP producers and 

suppliers [10,13,14]. Thermochemical processes such as pyrolysis and fluidized bed techniques 

have shown positive results in terms of recuperations of glass fiber-reinforced polymer acrylic 

(GFRPA) waste and to reclaim glass fibers as well as resin [15]. Titarelli et al. (2010) [14] 

observed a detrimental effect in terms of tensile strength of recycled glass fibers where the fiber 

strength was reduced to 50%—90% as compared to virgin fibers. In addition, harmful gases 

such as CO and CO2 are also released during this process, which leads to environmental 

contamination [31]. [30] utilized the dissolution process to recover glass fiber from a 

thermoplastic composite waste part and use it to produce the new material. It is interesting to 

note that the new material with recycled glass fibers reported higher stiffness and mechanical 

strength as compared to the virgin fibers.  

Given the deleterious socioeconomic and environmental impacts associated with waste 

management of fiber-reinforced polymer (FRP) materials from DWTB at the end of their 

lifecycle and considering the high content of silicates (major reactive ingredient of Portland 

cement) in GFRP materials, the valorization of GFRP materials from DWTB in concrete can 

foster the sustainable development. The valorization of DWTB in concrete has a twofold 

benefit: (i) reduction of environmental pollution associated with DWTB landfilling, and (ii) 

reduction of the ecological footprint of concrete through partial replacement of concrete 

constituents (i.e., cement, aggregates, fibers). Previous research on the alkali—silica reactivity 

(ASR) of ground glass fiber-reinforced polymer (GFRP) suggest that partial replacement of fine 

aggregates with industrial by-product GFRP powder does not adversely impact the durability of 

Portland cement concrete and mortar, whereby no potential deleterious reactivity (associated 

with the glassy portion present in the powder) was found [14]. Moreover, adequate durability of 

polyester, vinyl ester and epoxy resins against alkali attack (another durability issue) is well 
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reported in the literature [10,18,19]. This justifies the well-established practice of using GFRP 

bars for concrete reinforcement. However, the utilization of decommissioned GFRP as a 

cementitious material may present some drawbacks. The main problem caused by using 

recycled GFRP from DWTB in cementitious materials appears to be associated with the 

mechanical performance of resulting cement composites. A more evident trend that can be 

captured in existing literature is the reduction in mechanical strength when GFRP from DWTB 

are used as a replacement of cement or aggregates. [21] used GFRP waste powder passing 2 mm 

sieve (with 50% of particles below 18 µm and 90% of particles below 63 µm) as a replacement 

of fine aggregate in concrete. A reduction of 60% in compressive strength was observed when 

50% of ground GFRP replaced fine aggregates. Furthermore, the addition of ground GFRP 

delayed the setting time. Another investigation by [10] demonstrates that the replacement of 

fine aggregates with 5 and 15% ground GFRP leads to higher compressive strength. On the 

other hand, when 20% of sand was replaced by ground GFRP, a 35% drop in compressive 

strength was noticed.  

Correia et al. [9] used fine particles generated during the processing of GFRP products by the 

cutting of pultruded profiles whereby 96% of the GFRP particles were smaller than 63 µm. 

These particles were used to partially replace aggregates in concrete at volume replacement 

ratios of 0, 5, 10, 15, and 20%, while maintain the same dosage of superplasticizers across all 

mixtures. They used higher w/c ratios for higher GFRP content to maintain a constant 

workability (w/c ratios for the control and 20% GFRP were 0.40 and 0.46, respectively). They 

observed reductions of 48% in compressive strength and 47% in splitting tensile strength due to 

replacing 20% of fine aggregates with GFRP particles. These reductions are in part due to the 

higher w/c ratio in the GFRP mix. Chemical characterization by [9] identified the presence of 

ingredients like SiO2, which are typical for the glass material but also could be potentially 

reactive with cementitious materials.  

Another promising utilization of GFRP material from DWTB is the extraction of discrete fibers 

to serve as replacement of synthetic macrofibers in concrete. The use of glass fibers in 

cementitious materials have been commercialized since the 1970s [20]. Glass fibers have been 

widely used in mortars to produce thin sheet architectural components such as building facades 

and in concrete for reducing plastic shrinkage cracking [20]. A main concern with using glass 

fibers in concrete is their strength degradation due to the very high alkalinity (pH ≥ 12.5) of the 
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cement-based matrix [27]. For instance, [9] reported reduced concrete performance (mechanical 

and durability) by using thermoset based GFRP in concrete mix and suggested to utilize low 

dosage of GFRP in non-structural applications to support waste management of GFRP materials. 

However, with increased awareness of environmental matters, researchers identified and 

implemented few methods in the past to extract the glass fibers from the acrylic waste [15], but 

still the results were not promising. Moreover, existing literature reported on the use of 

decommissioned GFRP material is very limited in terms of the ecoefficiency of extraction 

techniques as well as the valorization of the extracted fibers as reinforcement in concrete. [32] 

investigated the effect of using recycled glass fibers from acrylic waste on the mechanical 

properties of concrete containing up to 0.3 vol. % of recycled glass fibers obtained using a 

shredder. They observed increase in compressive and tensile strength up to 21% and 28% 

respectively.  

Valorisation of the GFRP production waste and using it as aggregate in cementitious materials 

is another possible option to manage the waste from the GFRP industry [43]. [12] performed 

some tests for composite cubes between 6.35 and 12.7 mm to replace limestone aggregate. The 

standard compression test [99] was performed. The test specimens contained 32.5% composite 

aggregate and 67.5% limestone aggregates. The compressive strength decreased almost linearly 

with a total drop of approximately 70% between 0%, 50%, and 100% aggregate substitution.  

To the best knowledge of the authors, there is no published research on the viability of using 

ground GFRP materials from DWTB as cement replacement. Precursors for the potential 

success of this avenue may be found in the utilization of glass powder (GP) pozzolans from 

post-consumption glass as partial cement replacement. GP which is considered pozzolanic 

material, its reactivity is essentially governed by its size where smaller sizes react more [22,23]. 

[100] conducted significant research over the last decade from fundamental laboratory 

investigations to field applications whereby the construction of the world’s first highway bridge 

incorporating GP has just started (2020). These works lead to the standardization of ground 

glass as a supplementary cementitious material (SCM).  

This study is focused on valorizing DWTB-GFRP in concrete. A comprehensive material 

characterization in terms of chemical composition, mineralogical analysis, organic content, and 

pozzolanic activity was carried out. The effects of incorporating DWTB-GFRP (as a powder, 

aggregate, or fiber) into concrete as a partial replacement of cement or coarse aggregates or as 
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a fiber reinforcement were studied. Cement replacement rates of 10–30% were attempted. 

Coarse aggregate replacement levels of 33–100% were considered, while fiber addition rates of 

1–1.75 wt.% were investigated. The resulting concrete mixtures were characterized for their 

mechanical performance (compressive strength and flexural capacity). Research outcomes are 

expected to contribute to the ongoing progress in the development of greener materials for 

sustainable built environment through valorisation of decommissioned materials from industrial 

processes, thereby fostering the sustainable development. 

3.3. Experimental program 

3.3.1. Materials properties 

3.3.1.1. Wind turbine blade decommissioned material 
The recycled DWTB-GFRP material (Fig.  3.1) used in the project was received from the 

Bouffard group (QC, Canada). The material is obtained from disassembled wind turbines at the 

end of their lifecycle. Part of the material was chipped using industrial woodchipper of high 

processing capacity. 

 

Fig.  3.1. Decommissioned wind-turbine blades (DWTB) material processing: (a-b) whole 

turbine blade, (c) cutting of DWTB, and (d) fiber extraction. 
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3.3.1.2. Basic concrete constituents 

Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type I cement [101] was 

used. Natural river sand (nominal maximum size of 5 mm) with a specific gravity of 2.61 and 

water absorption of 0.91% was also used. Crushed limestone aggregates with specific gravity 

of 2.7 were considered. Coarse and fine aggregates fulfilling the requirements of [102] were 

used. Nominal maximum size of 20 mm (one-fifth of the narrowest forms dimensions) was 

chosen according to [103] and an aggregate grade of 14mm was added according to [104]. The 

selection of two different grades of aggregates is aimed at increasing the packing density so as 

optimum mechanical strength may be achieved. Potable water from the laboratory was used for 

concrete mixing. The source of water is free from any form of contamination. 

3.3.1.3. Material characterization 

To predict the effects of GFRP-DWTB on concrete properties, several chemical and physical 

tests were performed on DWTB-GFRP material. The reactivity of glass-containing substances 

depends on their chemical composition and mineralogy, thus X-Ray Florescence (XRF) analysis 

[105] was conducted to identify the non-organic content. The pyrolysis [106] shows the non-

reactive organic content percentage by weight, which allows to identify the composition of glass 

fibres as well that of the whole DWTB-GFRP material. X-Ray Diffraction (XRD) analysis [107] 

was also performed to understand whether material components are crystalline or amorphous. 

The presence of amorphous SiO2 increases the probability of pozzolanic reaction between glass 

and cement. The density was measured using a gas pycnometer [108] while particle size 

distribution was assessed using laser granulometry [109]. To evaluate the pozzolanicity of 

reactivity of DWTB-GFRP, the strength activity index test [110] was conducted by investigating 

the strength development of mortars.  

3.3.1.4. Mixture proportions 

To investigate the effect of GFRP-DWTB on concrete properties, two different forms of GFRP-

DWTB were considered: (i) as received GFRP-DWTB after cutting and chipping, as well as (ii) 

after removal of wooden content. These two forms are termed throughout this manuscript as 

series U (Unprocessed) and series P (processed). For both series, GFRP-DWTB material was 
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incorporated either in replacement of cement (at rates of 0, 10, 20, and 30% per cement mass), 

or in replacement of coarse aggregates (at rates of 0, 33, 66, and 100% per volume of aggregates) 

or incorporated as a fiber reinforcement (at 0, 1 and 1.75 vol. %). Table 3.1 presents the 

proportions of concrete mixtures incorporating as received GFRP-DWTB (series U) after 

cutting and chipping. 

Table 3.1.  Series U Mixture proportions of GFRP-DWTB concrete (kg/m3 of concrete). 

 

Optimum replacement (of cement/aggregate) or optimum fiber content from series U was 

chosen to further investigate the effect of incorporating GFRP-DWTB after removal of wooden 

content, which represents series P. The mix design for series P is shown in Table 3.2.  

 

 

 

 
GFRP-DWTB powder 

replacement of cement 

GFRP-DWTB 

fiber content 
GFRP-DWTB 
aggregates 

Mixture 0% 

(Cont

rol) 

10% 20% 30% 1% 1.75% 33% 66% 100% 

W/B ratio 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 

Cement, 380 342 304 266 360 360 380 380 380 

Water, 190 190 190 190 180 180 190 190 190 

Sand, 760 760 760 760 584 584 760 760 760 

14 mm 

aggregates 

1036 1036 1036 1036 979 979 693 351 0 

 20 mm 

aggregates 

256 256 256 256 245 245 173 88 0 

GFRP-

DWTB 
0 38 76 114 18 29 426 853 1292 
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Table 3.2. Series P Mixture proportions of GFRP-DWTB concrete (kg/m3 of concrete). 

Mixture Ref. 10% powder 1% fibers 33% aggregates 

W/B ratio 0.48 0.48 0.48 0.48 

Water 200 200 200 200 

Cement 410 369 410 410 

Sand 735 735 735 735 

14 mm aggregates 421 421 421 421 

20 mm aggregates 632 632 632 421 

GFRP-DWTB 0 41 30 211 

3.3.2. Specimen preparation 

Specimen preparation comprised two stages. The first concerns the preparation of GFRP-

DWTB to be analyzed and mixed with concrete. The second concerns the preparation of mortar 

and concrete mixtures. 

3.3.2.1. DWTB preparation 
GFRP-DWTB is prepared in three forms for further testing. For the Series U (including wood), 

panels received from the industrial partner were manually cut into 20 mm cubes using a water 

jet saw, to be used as coarse aggregate replacement in concrete (Fig. 3.2a). Woodchipper at the 

site of the industrial partner was used to prepare the fibers (Fig. 3.2.b, c). Ball mill was used to 

grind fibers into fine powder (Fig 3.2d-f). For Series P, wood was manually removed from the 

material (Fig. 3.2g), then the same preparation methodology as for Series U was used for fibers 

and powder. The cubes from Series U were put into ball mill for a short cycle to remove wood. 

This was an attempt to avoid the difficulty of grinding arising from the significance divergence 

in hardness between wood and GFRP. The mixtures with 1% fibers addition, 10% powder 

replacement, and 33% aggregate replacement were chosen for comparison. Specimens with 

fibers were tested for strength at 28 days while specimens with powder were tested at 28 and 90 

days under compression. Bending tests were conducted only at the age of 28 days. 
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Fig.  3.2. Preparation of glass fiber-reinforced polymer (GFRP) material from decommissioned 

wind-turbine blades (DWTB): (a) raw material cut into cubes for incorporation in 

concrete as aggregates, (b) raw material grinding, (c) fiber extracted from ground 

DWTB-GFRP, (d-f) preparation of DWTB-GFRP powder, and (g) removal of wooden 

content. 

3.3.2.2. Mortar preparation 
For the Strength Activity Index test, a standard mortar mix was used, and a standard test method 

and mixing procedure described in [110] was adopted. Specimens were covered with plastic 

sheets and kept in a room with a relative humidity and temperature of approximately 50% and 

23oC, respectively, for 24±1 h, then unmolded and placed in a lime-saturated water according 

until the age of testing. 

3.3.2.3. Concrete preparation 
Concrete batching was carried out using a 100 L capacity concrete mixer following the mixing 

procedure described in [104]. In an attempt to enhance mixture homogeneity, cement and 

GFRP-DWTB powder (in mixtures with powder addition) were dry-mixed for 10 min prior to 

introducing these materials in the final mixture. For mixtures with GFRP-DWTB fibers and 
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aggregate addition, GFRP-DWTB material was dry-mixed with coarse aggregate for 10 min 

prior to adding them to the final mixture. 

After mixing, specimens were sampled for the different tests. Specimens for mechanical 

properties were covered with plastic sheets and kept in a room with a relative humidity (RH) 

and temperature of approximately 50% and 23oC, respectively. After 24±1 h, the specimens 

were unmolded and transferred for storage in a fog room at 100% RH and 22 oC temperature. 

Specimens were kept in a fog room until the age of testing.  

3.3.3. Test methods 
3.3.3.1. XRF elemental analysis 

XRF is a common tool used for elemental analysis [111]. In the present research, XRF analysis 

was used to identify chemical composition of GFRP-DWTB to verify the possibility of chemical 

reactivity with cementitious materials. The test on GFRP-DWTB powder was conducted 

according to [105] using Malvern Panalytical X-ray diffractometer. 

3.3.3.2. Determination of the proportion of phases using 
XRD 

X-ray diffraction (XRD) was used for phase identification (amorphous vs. crystallised) of 

GFRP-DWTB. This can provide an important information on potential chemical reactivity. The 

test was performed according to ASTM C1365 [107] using the Oxford instruments EDS X-max 

50 diffractometer. 

3.3.3.3. Density. 
Gas pycnometer was used to measure the density of ground GFRP-DWTB powder following 

ASTM C604 procedures [108].  

3.3.3.4. Particle size distribution 
Laser diffraction measures particle size distributions by measuring the angular variation in the 

intensity of light scattered as a laser beam passes through a dispersed particulate sample. The 

test was conducted according [109]. 
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3.3.3.5. Pyrolysis 
Pyrolysis is the thermal decomposition of materials at elevated temperatures in an inert 

atmosphere [29]. An oven capable to reach a temperature of 1000 °C with air evacuation dome 

was used for the pyrolysis. The test was proceeded at 600 °C (glass melting temperature) 

according to [106] using one 20 mm GFRP-DWTB cube after separating the wood (allowing to 

estimate the ratio between glass fiber and epoxy resin), 2 g powder and 2 g fibers.  

3.3.3.6. Strength activity index  
The strength activity index test is a standard test described in [110]. The test was conducted on 

50 mm cubes using to determine the compressive strength development (and therefore the 

pozzolanic activity). DWTB-GFRP powder was added at 20 and 40% replacement level of 

cement in a mortar mix. The second test was conducted considering the non-reactive organic 

content of the material. The inorganic part is accounted for by replacing an equivalent quantity 

of cement while the non-reactive organic part is accounted for by the replacement of an 

equivalent amount of sand, such that the amount of sand was decreased while the amount of 

DWTB-GFRP powder was accordingly increased. 

3.3.3.7. Mechanical properties  
The compressive strength was evaluated on 100 × 200 mm cylinders (5 specimens for each 

mixture) according following the guidelines of [99]. The flexural capacity was conducted on 

100 × 100 × 400 mm prisms on 5 specimens using a 4-point bending configuration following 

the procedure described in ASTM C78 [112]. For Series U, all specimens were tested at 28 days. 

For Series P, the mechanical properties of specimens with fibers and aggregates were tested on 

28 days. As for mixtures with DWTB-GFRP powder in replacement of cement, the compressive 

strength was evaluated at 28 and 90 days while the flexural capacity was evaluated only at 28 

days. 

3.3.4. Result analysis and discussion  

3.3.4.1. Material characterization 
Chemical composition — Results of chemical composition by XRF analysis indicated that the 

non-organic component of DWTB-GFRP mainly comprises SiO2 at 55%, CaO at 23%, Al2O3 
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at 14%, and other oxides at 8%. The high content in SiO2 together with the presence of CaO can 

contribute to fostering a pozzolanic activity leading to long-term development of mechanical 

strength and durability. 

Pyrolysis — The assessment of non-reactive organic content by pyrolysis indicated that DWTB-

GFRP consists of 36% non-reactive organic content, namely, 29% resin and 7% wood. The 

remaining portion (64%) represents glass fibers.  

X-ray diffraction (XDR) — Fig. 3.3 shows the X-ray diffraction (XRD) spectrum for DWTB-

GFRP powder. The spectrum shows the presence of a characteristic glassy phase as reflected by 

the amorphous hump (approximately between 15 and 35° 2 θ), which is a characteristic feature 

of amorphous materials. 

 

Fig.  3.3. X-ray diffraction (XRD) spectrum for DWTB-GFRP powder. 

Density and granulometry — The average density of DWTB-GFRP material was determined as 

is 1.66 g/cm3 which is noticeably smaller than that of Portland cement (3.15 g/cm3) or that of 

natural stone aggregates and glass powder (2.6 g/cm3). The particle size distribution by laser 

granulometry instrument shown in Fig. 3.4 confirms the higher fineness of DWTB-GFRP 
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powder as compared to Portland cement. The granulometry of DWTB-GFRP powder shows 

smaller average particle size compared to that of Portland cement (average particle size 3 µm 

for the GFRP powder versus 11 µm for the Portland cement). The average particle size of 

DWTB-GFRP powder is comparable to that of glass powder used by [100]. With all the 

characteristics mentioned, DWTB-GFRP powder has potential for pozzolanic reactivity.  

 

Fig.  3.4.  Particle size distribution of general use (GU) Portland cement and decommissioned 

wind turbine blade GFRP (DWTB-GFRP) powder. 

Standard pozzolanic activity index — The results of the standard strength activity index test (for 

DWTB-GFRP with wood content) are presented in Table 3.3 where the compressive strength at 

7 and 28 days are reported.  

Table 3.3. Mixture composition and compressive strength results for the standard pozzolanic 

activity index test. 

Mixtures Mixture composition (g) Compressive strength (MPa) 

Mixtures Cement GFRP Sand Water 7 days 
strength  

% of  
28 days 

28 days 
strength 

Activity 
index 

Reference 500 0 1375 242 44 86 51 100 
20% DWTB-GFRP 400 100 1375 242 25 76 33 65 
40% DWTB-GFRP 300 200 1375 242 12 67 18 35 
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The results show a systematic reduction in compressive strength in the presence of DWTB-

GFRP. The reference mixture exhibited a 7-day strength of 44 MPa (i.e., 86% of the 28-day 

strength of 51 MPa). The incorporation of DWTB-GFRP at 20% replacement of cement 

decreased the 7-say strength to 25 MPa which is equivalent to 76% of the 28-day strength of 

33 MPa. At 40% replacement of Portland cement by DWTB-GFRP powder, the 7-day strength 

decreased to 12 MPa (67% of the 28-day strength of 18 MPa). Therefore, the incorporation of 

DWTB-GFRP powder leads to lower 28-day strength as well as lower strength gain rate 

considering the percentage difference between 7-day and 28-day strengths. 

The investigation of [24] on recycled glass powder at 20% and 40% replacement of Portland 

cement showed a comparable trend, but with less adverse effects on strength. The significant 

strength reduction observed herein with the incorporation of DWTB-GFRP powder is 

attributable to the presence of non-reactive organic content that does not participate to the 

pozzolanic reaction and adversely influences the strength gain. In fact, the organic content 

(wood) is responsible of the presence of soluble sugars and other polysaccharides such as lignin 

and pectin which can interfere with the hydration kinetics and lead to set retardation. Several 

researchers [113,114] observed also a 28-day strength decrease in compressive strength when 

cement is replaced by powder rich in SiO2 followed by recovery in strength level at later ages. 

It should be highlighted that the hydration kinetics of DWTB-GFRP powder is influenced by 

two competing phenomena: i.e., (i) a hydration-promoting mechanism imparted by the 

pozzolanicity of the glass powder content [24], and (ii) a hydration-impeding mechanism caused 

by the wooden content for the reasons discussed earlier. To further disclose the impact of these 

two phenomena on hydration, a modified pozzolanic activity index test was performed with the 

mixture details shown in Table 4. In this test, the glass component of DWTB-GFRP was used 

as cement replacement at rates of 20 and 40%, while the non-reactive organic component was 

used as sand replacement at rates of 7 and 14% respectively. The mixture with 20% cement 

replacement and 7% sand replacement is named “27% DWTB-GFRP” while the mixture with 

40% cement replacement and 14% sand replacement is named “54% DWTB-GFRP”.  
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Table 3.4. Mixture composition and compressive strength results for the modified pozzolanic 
activity index test. 

Mixtures in the modified pozzolanic activity test demonstrated that by increasing the percentage 

of DWTB-GFRP by 36% relative to the standard pozzolanic activity test (whereby the glass 

content represents 64% with only 7% wood) has led to a drastic drop in strength. As such, the 

negative effect of the wooden component even at small content is seemingly more dominant 

than the pozzolanic effect imparted by the glass component. Therefore, it was deemed necessary 

to evaluate concrete performance with and without wooden content. 

3.3.4.2. Mechanical properties (Series U-with wood content) 

Results for GFRP powder — The effect of DWTB-GFRP powder on the compressive strength 

and flexural capacity of concrete mixtures are presented in Fig. 3.5 (a) and (b), respectively. 

Fig. 3.5 (a) indicates that the compressive strength is lower in mixtures incorporating DWTB-

GFRP powder as compared to the reference mixture. This is consistent with the pozzolanic 

activity index results discussed earlier. The lower strength is a direct consequence of the reduced 

pozzolanic activity attributable to the influence of the organic non-reactive content (rich in 

polysaccharides) interfering with cement hydration kinetics and causing delay in strength gain 

as well as in the mechanical properties of the end product. Given the presence of wood content 

in this test series, the drop in compressive strength is larger than that observe in glass powder 

used by [24] and by [100] where the pozzolanic activity is mainly controlled by the silicate 

content as well as the fineness. In contrary to the results of compressive tests, the results of Fig. 

3.5 (b) for the flexural capacity shows less adverse effect of DWTB-GFRP. This can be 

explained by the presence of small-sized non-ground DWTB-GFRP fibers in powder serving as 

Mixtures Mixture composition (g) Compressive strength (MPa) 

Mixtures Cement GFRP Sand Water 7 days 
strength  

28 days 
strength 

Activity 
index 

Reference 500 0 1375 242 40 49 100 
27% DWTB-

GFRP* 

400 136 1362 257 15 27 55 
54% DWTB-

GFRP** 

300 272 1303 272 0 9 18 
*20% for cement replacement and 7% for sand replacement 
**40% for cement replacement and 14% for sand replacement 

 



55 

 

concrete reinforcement and interfering with the cracking process, thereby enhancing the flexural 

capacity. 

Results for GFRP fiber — The effect of DWTB-GFRP fibers on the compressive strength and 

flexural capacity of concrete mixtures are presented in Fig. 3.5 (c) and (d), respectively. The 

results in Fig. 3.5 (c) show that the reduction in compressive strength is almost negligible with 

the addition of DWTB-GFRP fibers at 1.75 vol. %, which is very encouraging for further 

exploration of this material. These results are consistent with those obtained from the addition 

of 1% recycled GFRP fibers (at 64% replacement of Portland cement) resulting from structural 

sheet molding composites [113]. The improvement in compressive strength obtained with 

DWTB-GFRP fibers as compared to DWTB-GFRP powders is attributed to the fact that in the 

fiber form, the amount of wood content (responsible of strength reduction) is lowest. In harmony 

with the above results on the compressive strength, Fig. 3.5 (d) on the effect of DWTB-GFRP 

fibers on the flexural capacity indicates a strength improvement up to 15% at fiber addition rate 

of 1.75 vol. %. This is particularly promising in the sense that the incorporation of DWTB-

GFRP fibers ill not only have negligible adverse effects on the compressive strength, but also 

increase the flexural capacity — given the fibrillar morphology of DWTB-GFRP fibers 

contributing to improving the fracture properties — while contributing to valorizing an 

otherwise environmental burden. 

Results for GFRP aggregates — The effect of DWTB-GFRP aggregates (Fig. 3.6) on the 

compressive strength and flexural capacity of concrete mixtures are presented in Fig. 3.5(e) and 

(f), respectively. Whereas DWTB-GFRP aggregates still lead to a reduction in the compressive 

strength as depicted in Fig. 3.1 (e), it should be highlighted that the strength reduction effect of 

DWTB-GFRP is attenuated when the material is used in the aggregate form as compared to the 

powder form. Given that the strength reduction with DWTB-GFRP sprout from the presence of 

non-reactive organic content, the latter is more omnipresent in the case of DWTB-GFRP powder 

whose higher fineness leads to higher surface area of retarding agents from the wooden content. 

In the case of DWTB-GFRP aggregates, the wooden content and the associated retarding agents 

(polysaccharides) are fixed within the cubes whereby hindering their interference with the 

hydration kinetics. Additionally, the replacement of cement — the primary reactive component 

in concrete — with DWTB-GFRP powder leads to lower strength as compared to when DWTB-
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GFRP aggregates replace the non-reactive limestone aggregates, regardless of the significant 

divergence in the specific gravity of these two materials. The trend is, however, reversed for the 

flexural capacity depicted in Fig. 3.5 (f) where the drop in strength of mixtures incorporating 

DWTB-GFRP aggregates is ascribable to the lower strength in DWTB-GFRP aggregates (given 

their wooden content) as well as to the smooth surfaces of DWTB-GFRP aggregates (Fig. 3.6) 

leading to lower frictional adhesion with the cementitious matrix.  
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Fig.  3.5. Series U results for the different forms of incorporating DWTB-GFRP (powder, 

aggregates, and fibers): (Top) compressive strength, and (Bottom) flexural capacity. 

This leads to a lower strength in the interfacial transition zone (ITZ) as observed also by [27].  

In fact, the ITZ is well known to be the weakest link in the bulk cementitious matrix. This is due 

to the two well-established mechanisms that take place at the interface between the aggregates 
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and the cement paste/mortar: (i) the micro-bleeding effect, and (ii) the wall effect. Both 

mechanisms lead to creating a porous structure at the ITZ such that the strength becomes less 

than in the remaining bulk matrix. When DWTB-GFRP is used for aggregate replacement, 

additional to the above two mechanisms common in conventional aggregates, the slippery 

surface of DWTB-GFRP does not favor friction with the cementitious matrix. This further 

renders the ITZ weaker and translated into lower mechanical strength. Investigation by [27] on 

increasing DWTB-GFRP content up to 62–100% aggregate replacement indicated a trend quite 

comparable to the results obtained herein. 

 

Fig.  3.6. DWTB-GFRP aggregats: (a) compression specimens, (b and c) flexural specimens 

with a fresh fractured surface shown. 

3.3.4.3. Mechanical properties (Series P) 

To further investigate the effect of DWTB-GFRP, the material after wood removal was 

evaluated for the compressive strength and flexural capacity at 10% DWTB-GFRP powder 

replacement of cement, 1 vol. % DWTB-GFRP fibers addition, and 33% DWTB-GFRP 

aggregates replacement of limestone aggregates. Test results for compression at 28 and 90 days 

(DWTB-GFRP powder) are presented in Fig. 3.7 (a). The figure also presents the compressive 

strength results for DWTB-GFRP fibers and aggregates at 28 days. As for the flexural strength, 

the results are presented in Fig. 3.7 (b) for DWTB-GFRP powder, fibers, and aggregates. 
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Fig. 3.7 (a) indicates that wood removal improves the mechanical properties of concrete. For 

DWTB-GFRP powder in replacement of Portland cement, while wood removal enabled DWTB-

GFRP concrete to attain 85% of the strength of the reference mixture by the 28 days, it is 

observable that at 90 days, DWTB-GFRP concrete attained the compressive strength of 

reference mixture. Similarly, for DWTB-GFRP fiber and aggregates, while the 28-day 

compressive strength still remains lower than that of the reference mixture, the gap between the 

strength of DWTB-GFRP concrete and that of reference concrete has been significantly reduced. 

This indicates that upon wood removal, the retardation effect imparted by the cellulosic content 

has been attenuated and the rate of strength gain has been fostered. Thus, upon wood removal, 

the compressive strength at 90 days is comparable to that reported with the addition of 10% 

glass powder [24].  

Wood removal for mixture with DWTB-GFRP aggregates replacement has a noticeable positive 

effect on both compressive and flexural strengths. Strength decrease is less pronounced than in 

the research of [8], due to the different shape and surface of aggregated achieved by different 

preparation technology. 

The mixture with fibers showed slight decrease in compressive strength (1%) which can be 

negligible and 4% increase in flexural strength compared to the mixture with fibers and wooden 

content and 10% increase in flexural strength compared to the reference mixture. Given that the 

compressive strength of all mixtures exceeded 35 MPa (the target strength of the chosen 

concrete grade), it is obvious that DWTB-GFRP have high potential for valorization in the 

concrete construction, particularly when the wooden content is removed. This will enable 

designing low-CO2 concrete formulations while solving a serious environmental and 

socioeconomic burden created by landfilling DWTB-GFRP at the end of their service life.  



60 

 

 
Fig.  3.7. Series P test results at 28 days: (a) compression strength; (b) flexural capacity. 

3.4. Conclusion 

In this study the viability of valorizing DWTB-GFRP in concrete was investigated. After an 

extensive material characterization campaign, the effects of incorporating DWTB-GFRP as a 

powder (at 10-30% replacement of cement), or aggregate (at 33-100% replacement of limestone 

aggregates), or fibers (at an addition rate of 1-1.75 vol. %) into concrete were studied. Results 

indicate that while the as-received DWTB-GFRP material adversely affected the mechanical 

performance of concrete, the removal of the wooden content enabled obtaining mixtures 

satisfying the target compressive strength while demonstrating higher flexural capacity. Specific 

findings are as follows:  
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• The incorporation of pristine DWTB-GFRP powder causes a significant decrease in the 

compressive and flexural capacity of concrete principally due to the presence of high 

organic content, particularly wood containing polysaccharides interfering with cement 

hydration kinetics.  

• When DWTB-GFRP is incorporated in concrete as fiber reinforcement, an enhancement 

in flexural capacity of up to 15% was achieved without noticeable drop in compressive 

strength.  

• The addition of GFRP in the form of aggregates resulted in lower compressive and 

flexural strengths due to the smooth surface of DWTB-GFRP leading to lower adherence 

with the matrix and creating low-strength interfacial transition zone. 

• Wood removal enables mixtures with 10% cement replacement by DWTB-GFRP 

powder to demonstrates comparable compressive strength as that the reference mixture 

(without DWTB-GFRP) in 90 days. 

Therefore, while DWTB-GFRP material can be valorized in different ways (powder, fiber, 

aggregates) to produce low-CO2 concrete, the most advantageous effect of this material is 

obtained when the wooden content is removed, or when it is used in the fiber form where the 

flexural capacity can be improved significantly improved. Given that the compressive strength 

of all mixtures after wood removal exceeded the target strength of 35 MPa, it can be concluded 

that DWTB-GFRP is a promising material for valorization in concrete construction to enable 

the transition to carbon neutrality in the cement and concrete sector while promoting the 

sustainable development thought offering a second life to decommissioned materials. 
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4.1. Abstract 

A major challenge in today’s concrete construction is to lower its carbon footprint to the least 

possible level. This study provides insights on a new low-CO2 alternative concrete whereby 

glass fiber-reinforced polymer (GFRP) materials from decommissioned wind-turbine blades 

(DWTB)—termed as DWTB-GFRP—was utilized as: (i) replacement of Portland cement (at 0, 

10, 20%), and as (ii) lightweight aggregate (at 0, 50, and 100%). The resulting DWTB-GFRP 

concretes were used in concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs) whereby 

the latter serves as a stay-in-place formwork and external reinforcement. Pristine DWTB-GFRP 

materials (containing wood) and processed ones (by wood removal) were investigated. Results 

indicate that while both DWTB-GFRP powder and aggregates adversely affect the compression 

resistance (due to, respectively, the retarding effect of the powder and the slippery surface of 

the aggregates leading to reduced bonding with the bulk cementitious matrix), the confinement 

of DWTB-GFRP concrete with FRP tubes offers an innovative tool to restore the strength loss. 

In fact, valorizing DWTB-GFRP concrete in CFFTs allowed to increase the compressive 

resistance by more than 100%. Interestingly, under axial compression, FRP tube confinement 

shifted the stress-strain response from the conventional brittle response to a ductile one whereby 

the confinement affected the elastic and plastic responses differently. While FRP confinement 

increased in the elastic limit at higher DWTB-GFRP aggregate content, it resulted in lower slope 

of the plastic response at higher DWTB-GFRP aggregate content. An analytical assessment 

demonstrated that a DWTB-GFRP aggregate content of 55% will be optimum for enhancing 

both elastic and plastic responses. Building upon the ACI ACI 440.2R-17 model for predicting 

the compressive response of confined concrete incorporating conventional aggregates, a 
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modified model more sensitive to GFRP aggregates and with higher predictive ability was 

proposed. Research outcomes will contribute to valorisation of decommissioned materials while 

endowing further sustainability to concrete. 

Key words:  

Concrete-filled fibre-reinforced polymer tubes; Glass fiber-reinforced polymer; low-CO2 

concrete; Recycled aggregates; Recycled materials; Sustainable development; Wind turbine 

blade decommissioned materials.  

4.2. Introduction  
Energy generation from clean sources such as Eolic energy has been pivotal in enabling the 

energy sector to embody sustainability imperatives as part of the global responsibility to support 

sustainable development. As such, wind power is expected to escalate in growth to supply up to 

18% of the global electricity demand by 2050 [1]. Thus, in 2020 wind power supplied 16.4% of 

the electricity demand in the European Union (EU) and the United Kingdom [97] with the 

binding target for increasing the renewable energy share to 27% by 2030 and cutting greenhouse 

gas emissions by 80–95% by 2050 [98]. In Canada, over 3 million households are supplied by 

wind energy [3]. In the United States of America (USA), wind energy is expected to cover up 

to 35% of the nation’s electricity demand by 2050 [8]. Whereas the majority of first installation 

wind turbine structures are tending to the end of their service life [4], the disposal of 

decommissioned wind turbine blades represents an increasing environmental burden whereby 

landfilling remains (unfortunately) the most common waste management strategy. Although 

around 80% of the total weight of a wind turbine can be recycled including the tower, the 

gearbox, and the hub which contain large portions of steel [5], it is disappointing that blades are 

often landfilled [6].  

Latest research in the EU highlighted four valorisation methods for DWTB-GFRP 

materials: (i) mechanical grinding, (ii) fluidized bed, (iii) pyrolysis, and (iv) solvolysis, with 

mechanical grinding being the most effective for economical and environmental considerations 

[13].  
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One of the new avenues to valorize DWTB-GFRP is in concrete construction where the 

material is ground to fine powder to serve as a cement replacement. Material characterisation of 

GFRP powder by XRF proved the presence of SiO2, a typical ingredient of glassy materials and 

a precursor of their reactivity with cementitious materials, which hints to the usefulness of 

incorporating DWTB-GFRP powder in concrete as partial cement replacement [9]. Asokan et. 

al. [10, 11] and Correia et al. [9] used mechanically ground GFRP powder as a substitution of 

fine aggregate in concrete. The increase in replacement rate was found to have an adverse effect 

on compressive and tensile strengths while leading to higher water demand to maintain the target 

workability.  

In our recent investigation [115], whereas the use of DWTB-GFRP powder as a partial 

replacement of cement (at 10, 20, and 30%) led to drop in mechanical strength at 28 days, wood 

removal was found beneficial as it enabled attenuating the strength loss. In fact, the 90-day 

strength in DWTB-GFRP concrete (with 10% cement replacement) demonstrated strength 

comparable to that of the reference concrete (the concrete without DWTB-GFRP) [115]. In the 

same study, we figured out that the drop in compressive strength is less in the case of 

replacement of natural aggregate with DWTB-GFRP aggregates, given that the retreading agent 

(wood) has less surface area even when the aggregates are used with their wooden content. 

Therefore, the valorization of DWTB-GFRP materials as aggregates in concrete has high 

potential to bring a twofold benefit: (i) waste management for GFRP industry [43], and an 

alternative to the abusive extraction of virgin concrete aggregates as highlighted at the 

international level due to the depletion of reserves of primary resources and the associated 

increasing environmental awareness [116]. It should be noted that the available literature 

indicates an obvious drop in compressive strength upon the incorporation of DWTB-GFRP 

materials: a drop of approximately 70% between when DWTB-GFRP aggregates was used at 

0%, 50%, and 100% replacement of limestone aggregates [13, 15]. In our recent study [115], 

we identified the wooden content in DWTB-GFRP as the major ingredient causing strength loss. 

Thus, removal of the wooden content mitigated the loss in mechanical strength and enabled 

attaining comparable strength by 90 days of curing. Nonetheless, it should be highlighted that 

DWTB-GFRP aggregates present another drawback. Owing to their slippery and smooth 

surfaces, DWTB-GFRP aggregates tend to split apart from the matrix upon axial loading. 
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Additional to the lightweight of DWTB-GFRP aggregates, their slippery surfaces—not favoring 

adequate bond with the bulk cementitious matrix—further exacerbates the strength loss.      

One possible solution to overcome the drawbacks of DWTB-GFRP aggregates on 

concrete mechanical performance could be the use of concrete-filled fiber-reinforced polymer 

(FRP) tubes (CFFTs) [55,79–81,96]. In this technology, a stay-in-place FRP formwork serves 

as external reinforcement to noticeably increase the compressive resistance of concrete and 

helps improving the durability of concrete structures under harsh environmental conditions [55]. 

The application of CFFT technology includes such structures as fender piles, dauphins, supports 

for marine structures, bridge pier protection, railway sleepers, external reinforcement by 

prefabricated FRP composite jackets can be used for structural repair [117–119]. The results of 

Boumarafy et al. (2015) [55] demonstrated a significant improvement in compressive strength 

for 152 × 300 mm CFFT short columns [45]. The application of CFFT technology for concrete 

confinement was found to enhance the compressive strength of unconfined concrete by up to 

2.16 times. The results of El-Zefzafy et al. (2013) [81] also demonstrated that confinement of 

short columns using CFFTs enables an increase in compressive strength exceeding 150% for 

confined cylinders compared to unconfined cylinders [81].Several studies were found on 

recycled aggregate concrete from different origins confined with FRP tubes [94,120–122]. 

However, to the knowledge of the authors, this study stands out to be first to leverage FRP tube 

technology for valorizing DWTB-GFRP materials as aggregate or as cement replacement in 

structural applications. 

Therefore, this study is attempting to answer the following question: Bearing in mind the 

mechanical strength deficiency of DWTB-GFRP concrete, and in light of the phenomenal 

strength enhancing effect of CFFTs, it is legitimate to believe that valorizing DWTB-GFRP 

concrete in CFFTs will enable overcoming the drawbacks of DWTB-GFRP concrete while 

fostering the sustainability of our built environment. To this end and following our recent 

investigation on DWTB-GFRP concrete [101], this study is intended to apply CFFTs to valorize 

DWTB-GFRP materials in two perspectives: as (i) cement replacement, and (ii) lightweight 

aggregates. Cement replacement by DWTB-GFRP powder at rates of 10 and 20% were 

attempted, while natural coarse aggregate replacement by DWTB-GFRP aggregates at levels of 

50% and 100% were considered. In both cases, DWTB-GFRP concrete was evaluated in pristine 
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condition as well as after wood removal. The compression behavior of resulting concrete 

formulations was assessed on short columns of 152 × 300 mm using a 5000 kN MTS actuator. 

As the demand for cleaner energy increases, the waste management of FRP materials from wind 

turbine blades will continue to shape an environmental burden. The current research will 

contribute to alleviating that burden by identifying new valorisation avenues for such 

decommissioned materials while contributing to making greener concretes. Thus, research 

outcomes are expected to contribute to the ongoing progress in the development of greener 

materials for a sustainable built environment through valorisation of decommissioned materials 

from industrial processes, thereby fostering the sustainable development.  

4.3. Experimental program 

4.3.1. Materials properties 

4.3.1.1. Wind turbine blade decommissioned material 

The DWTB-GFRP material (Fig. 4.1) used in the project was received from the Bouffard group 

(QC, Canada). The material is obtained from disassembled wind turbines at the end of their 

service life. Part of the material was chipped using an industrial woodchipper of high processing 

capacity. Our previous study involved a comprehensive material characterisation [101]. The 

results are as follows: (i) DWTB-GFRP material consists of 64% glass fiber, 29% epoxy resin, 

and 7% wood by weight; (ii) The glass fiber in DWTB-GFRP consists of 55% SiO2, 23% CaO, 

and 14% Al2O3; (iii) The average density of DWTB-GFRP powder is 1.66 g/cm3, (iv) The 

density of DWTB-GFRP aggregates with wood content is 0.680g/cm3, and  (v) The density of 

DWTB-GFRP aggregate without wood is 1.7 g/cm3. 
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Fig.  4.1  Decommissioned wind-turbine blades (DWTB) material processing: (a) whole turbine 

blade, (b) cutting of whole turbine into smaller pieces, and (c) DWTB-GFRP 

aggregates. 

4.3.1.2. Basic concrete constituents 

Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type I cement (ASTM 

C1157) [87] was used. Natural river sand (nominal maximum size of 5 mm) with a specific 

gravity of 2.61 and water absorption of 0.91% was also used. Crushed limestone aggregates 

with a specific gravity of 2.7 were considered. Natural coarse and fine aggregates fulfilling the 

requirements of ASTM C33 [97] were used. A nominal maximum size of 20 mm (one-fifth of 

the narrowest forms dimensions) was chosen according to ACI 318-19 [98] and an aggregate 

grade of 14 mm was added according to ASTM C192 [99]. The selection of two different grades 

of aggregates is aimed at increasing the packing density to achieve optimum mechanical 
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strength. Potable water from the laboratory was used for concrete mixing. The source of water 

is free from any form of contamination. 

4.3.1.3. Mixture proportions 

To investigate the effect of GFRP-DWTB on concrete properties, two different forms of GFRP 

DWTB were considered: (i) as received GFRP-DWTB after manual cutting (using the water jet 

saw) or grinding the chipped material into a fine powder, as well as (ii) after removal of wooden 

content. These two forms are termed throughout this manuscript as series WW (with wood) and 

series NW (no wood). For both series, GFRP-DWTB material was incorporated in replacement 

of cement (at rates of 0, 10, and 20% per cement mass) or in replacement of coarse aggregates 

(at rates of 0, 50, and 100% per volume of aggregates). These replacement levels were informed 

by our former investigation [12].  Table 4.1 presents the proportions and dry densities of 

concrete mixtures incorporating GFRP-DWTB (series WW and NW).  

Table 4.1.Mixture proportions and dry densities of DWTB-GFRP concrete (kg/m3 of concrete). 

Mix Proportion REF 

Cement replacement 

 

 

 

Aggregate replacement 

 

 

 

With wood (WW) No wood (NW) With wood (WW) No wood (NW) 

10WW 20WW 10NW 20NW 50WW 100WW 50NW

W 

100NW 

Cement 410 369 328 369 328 410 410 410 410 

Water 200 200 200 200 200 200 200 200 200 

Sand 735 735 735 735 735 735 735 735 735 

20mm coarse 

aggregate 632 632 632 632 632 316 0 316 0 

12mm coarse 

aggregate 
421 421 421 421 421 421 421 421 421 

DWTB-GFRP 0 41 82 41 82 76 153 174 348 

Density 2370 2257 2216 2267 2229 2059 1820 2180 2062 
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4.3.2. Specimen preparation 

Specimen preparation comprised three stages: (i) preparation of GFRP-DWTB material, (ii) 

fabrication of GFRP confining tubes, and (iii) mixture preparation and casting. 

4.3.2.1. GFRP-DWTB preparation 

GFRP-DWTB is prepared in two forms for further testing. For cement replacement, GFRP-

DWTB panels were chipped using the industrial woodchipper, followed by grinding using the 

ball mill (Fig. 4.2). For aggregate replacement, GFRP-DWTB panels were manually cut into 

20 mm cubes using a jet saw. For NW series, wood was manually removed from the material: 

wood containing cubes were put into a ball mill for a short cycle to remove wood [Fig. 4.2(g)]. 

Similarly, for powder preparation, in NW series, wood was manually removed prior to chipping 

and grinding in an attempt to avoid the difficulty in grinding arising from the significant 

divergence in hardness between wood and GFRP.  
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Fig.  4.2. Preparation of decommissioned glass fiber-reinforced polymer (GFRP) material from 

wind-turbine blades (DWTB): (a) raw material cut into cubes for incorporation in 

concrete as aggregates, (b) fiber extracted from ground DWTB-GFRP, (c) removal of 

wooden content (for powder preparation), (d-f) preparation of DWTB-GFRP powder, 

and (g) wooden content removed (aggregates). 

Particle size distribution was measured using laser granulometry following ASTM D4464 [104]. 

The particle size distribution is shown in Fig. 4.3. 
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Fig.  4.3. Particle size distribution of general use (GU) Portland cement and decommissioned 

wind turbine blade GFRP (DWTB-GFRP) powder. 

4.3.2.2. Preparation of GFRP confinement tubes  

One type of circular glass fibre reinforced polymer (GFRP) tube identical to that of El-Zefzafy 

et al. [90], investigated in the same research group, was considered. The tube has an inner 

diameter of 152 mm. The tubes were fabricated by filament winding process (Fig. 4.4) using E-

glass fibres and vinyl ester resin.  
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Fig.  4.4.  Fabrication of concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs):  

(a) filament winding setup, and (b) Final GFRP tube. 

Two fibres patterns were used to reinforce the tube: a helical pattern of ±65°and a 

circumferential pattern of 90° to increase the tube hoop strength and thus enhance the 

confinement efficiency. Tension and compression tests were carried out by Boumarafy et al. 

[54] on identical coupons, from the longitudinal direction, following the American standards 

test method ASTM D3039/D3039M [112] and ASTM D695 [113], respectively. The tension 

ring test was performed following ASTM D2290 [114] to determine the hoop strength. Table 

4.2 [54] lists the configuration and mechanical properties of the GFRP tube. After fabrication, 

long GFRP tubes were cut into 300 mm long tubes using a circular saw. These tubes serve as 

stay-in-place forms for the CFFT short columns. 
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Table 4.2. GFRP tube configuration and mechanical properties [54]. 

Diameter 
(mm) 

Stacking 
 sequence 

No, of 
layers 

% 
Fibers 

Tube 
thickness 
(mm) 

Mechanical 
properties 

Axial direction Hoop direction 

EFRP 
(GPa) 

FFRP 
(MPa) 

εx 
(mm/m) 

EFRP 
(GPa) 

FFRP 
(MPa) 

εx 
(mm/m) 

152 [90°, ±65°, 
 ±65°, 90°] 6 74 3.5 

Tension 12 31 2.8 28.4 550 19..5 

Compression 10 -82 -8.7 – – – 

 

4.3.2.3. Concrete mixing and sampling 

Concrete batching was carried out using a 100 L capacity concrete mixer following the mixing 

procedure described in ASTM C192 [99]. In an attempt to enhance mixture homogeneity, 

GFRP-DWTB aggregates were dry-mixed with natural coarse aggregates for 10 min prior to 

adding them to the final mixture. After mixing, specimens were sampled for the different tests. 

Unconfined and confined short columns 152 × 300 mm and confined were cast. Mixtures for 

Series WW were cast into confined and unconfined specimens, while mixtures for Series NW 

were cast only into unconfined specimens (Fig. 4.5). For each test, 3 specimens per mixture 

were prepared. After sampling, specimens were covered with plastic sheets and kept in a room 

with relative humidity (RH) and temperature of approximately 50% and 23 oC, respectively. 

After 24±1 h, specimens were unmolded and transferred for storage in a fog room at 100% RH 

and 22 oC temperature until the age of testing (i.e., 28 and 90 days).  
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Fig.  4.5. Test specimens: Confined (left) and unconfined (right). 

4.3.3. Testing 

4.3.3.1. Compressive behavior  

All short columns samples were brought to room temperature before testing. The contact faces 

(top and bottom) were surface-polished prior to testing to ensure uniform stress distribution 

during testing. A 5000 kN capacity hydraulic press (MTS 810) equipped with a digital 

acquisition system was used (Fig. 4.6) under a displacement-controlled mode at a rate of 1 

mm/min. The compression behavior for each mixture was assessed at 28 and 91 days from the 

average of 3 short columns following the guidelines of ASTM 39 [94].  
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Fig.  4.6. Test rig overview. 

4.3.3.2. Microstructure assessment 

To further understand the effect DWTB-GFRP materials on mechanical performance of 

concrete, a microstructure investigation using a variable pressure scanning electron microscopy 

(SEM) was carried to assess the effect of DWTB-GFRP aggregates on the interfacial transition 

zone (ITZ) with the bulk cementitious matrix following the guidelines of ASTM C1723 [37]. 

Polished concrete samples (with natural aggregates or DWTB-GFRP aggregates) were 

evaluated using a secondary electron (SE) detector operated at 15.0 kV accelerating voltage and 

10 µA emission current. 

4.4. Result analysis and discussions  

The following sections discuss the results of tests performed on unconfined and confined short 

columns under uniaxial compression. The results are presented such that the effect of cement 

replacement by DWTB-GFRP powder is attempted first (section 4.4.1) followed by the effect 

of replacing natural aggregates with DWTB-GFRP aggregates (section 4.4.2).  
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4.4.1. Mixtures with cement replacement by DWTB-

GFRP powder 

4.4.1.1. Uniaxial compression behavior at 28 days 

The effects of DWTB-GFRP powder on the uniaxial compression behavior of plain concrete 

and CFFT specimens at 28 days are presented in Fig. 4.7(a). The compressive strength- axial 

strain curves are depicted in Fig. 4.8(a) and Fig. 4.8(b) for unconfined specimens and in Fig. 

4.8(c) for CFFT confined specimens. Comparative responses between confined and unconfined 

short columns are also depicted in Figs. 4.8 (d-f). 

 

Fig.  4.7. Compression test results for mixtures with cement replacement: a) 28 days; b) 90 

days. 

As expected, noticeable decrease in uniaxial compression resistance was observed with the 

increase of DWTB-GFRP powder containing wood. Strength degradation reached 49% (relative 

to the reference) for the mixture 20WW, which is consistent with results reported elsewhere 

[110]. Although DWTB-GFRP is a SiO2–rich material, its adverse effects on strength gain 

shouldn’t be is non-trivial. Such trend is also observed in common SiO2-rich supplementary 

cementitious materials (SCMs) such as fly ash, slag, and ground glass pozzolans owing to their 

slow reaction and dilution effect hindering strength gain at early ages [30, 31]. Such effects are 

attenuated at later ages as more secondary C–S–H are formed from the pozzolanic reaction as 

to be detailed in the subsequent section.  
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Additional to the dilution effect highlighted above, the retarding effect of DWTB-GFRP is 

further mobilized by the presence of organic content (i.e., polysaccharides in the wooden 

content) interfering with cement hydration kinetics and causing a delay in strength gain as well 

as in the mechanical properties of the end product. For this reason, mixtures without wood 

exhibited less strength drop than mixtures with wood where compressive strength of 81% and 

76% (relative to that of the reference mix) were obtained for the mixtures 10NW and 20NW, 

respectively.  

Interestingly, confined short columns exhibited more than 100% increase in compressive 

strength and more than 600% increase in axial strain compared to unconfined specimens. 

Confined specimens from the mixtures 10WW and 20WW exhibited a 48 and 15% increase in 

compressive strength compared to the unconfined reference mix. Compared to the mixtures with 

aggregate replacement, no significant increase in the elastic stage peak load was observed. 

While a blend of dilution and retarding effect from wood component in DWTB-GFRP limit the 

level of cement replacement with DWTB-GFRP as demonstrated herein and elsewhere [110], it 

is interesting that the valorization of CFFT technology enables overcoming the strength 

degradation effect of DWTB-GFRP. CFFT confinement further enables higher uniaxial 

compression resistance ranging from 15 to 48% depending on cement replacement rate by 

DWTB-GFRP. 
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Fig.  4.8. Compressive strength-axial strain curves for mixtures with cement replacement at 28 

days: (a) With wood (WW), (b) no wood (NW), (c) with wood confined (WWC), (d) 

comparative response between confined and unconfined REF, (e) comparative 

response between confined and unconfined 10% cement replacement with Wood 

containing DWTB-GFRP, (f) comparative response between confined and unconfined 

20% cement replacement with wood containing DWTB-GFRP aggregates; “A” 

denotes the increase the peak strength; “β” denotes the slope of the plastic response. 
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4.4.1.2. Compressive strength at 90 days 

The effects of DWTB-GFRP powder on the uniaxial compression behavior of concrete and 

CFFT specimens on the 90-day strength are presented in Fig. 4.7(b). The compressive strength- 

axial strain curves are depicted in Fig. 4.9(a) and Fig. 4.9(b) for unconfined specimens and in 

Fig. 4.9(c) for CFFT confined specimens. Comparative responses between confined and 

unconfined short columns are also depicted in Fig. 4.9(d-f). 

The noticeable decrease in compressive strength observed at 28 days was partially compensated 

for all the mixtures, with a more noticeable strength increase for mixtures containing wood. The 

noticeable strength increases between 28 and 90 days can be attributed to the two mechanisms: 

(i) the strength gain due to the pozzolanic reaction for the powder rich in SiO2 (for both WW 

and NW series), similarly to the results of [30, 31], and (ii) the time-dependent depletion of the 

retardant effect of the wooden component (for series WW). Mixtures 10WW and 20WW 

attained, respectively, 95 and 86% of the strength of the reference mix at 28 days, while mixtures 

10NW and 20NW attained, respectively, 98 and 94% of the strength of the reference mix at 28 

days. Interestingly, with an average strength exceeding 40 MPa, all mixtures exceeded the target 

strength of 35 MPa sought for the chosen concrete class. 

For confined specimens, the increase in compressive strength due to the confinement effect 

achieved 90–100% relative to the strength of unconfined samples. In general, the use of CFFTs 

technology shows higher effectiveness in lower strengths concrete—given that the confining 

effect is better mobilized when concretes incorporating high content of DWTB-GFRP exhibit 

lower strength and tend to split apart due to the slippery surface of the DWTB-GFRP aggregates 

as further detailed in section 4.4.2.  
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Fig.  4.9. Compressive strength-axial strain curves for mixtures with cement replacement at 90 

days: (a) With wood (WW), (b) no wood (NW), (c) with wood confined (WWC), (d) 

comparative response between confined and unconfined REF, (e) comparative 

response between confined and unconfined 10% cement replacement with Wood 

containing DWTB-GFRP, (f) comparative response between confined and unconfined 

20% cement replacement with wood containing DWTB-GFRP aggregates; “A” 

denotes the increase the peak strength; “β” denotes the slope of the plastic response. 
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4.4.2. Mixtures with aggregate replacement 

4.4.2.1. Compressive strength at 28 days  

The effects of DWTB-GFRP aggregate on compressive strength (for unconfined and confined 

samples) at 28 days are presented in Fig. 4.10(a). The compressive strength versus axial strain 

curves for unconfined specimens are depicted in Figs.11(a-c) and in Fig. 4.11(d-f) for CFFT-

confined specimens compared with unconfined specimens from the same mixtures. 

 
Fig.  4.10. Compression test results for mixtures with aggregate replacement: (a) 28 days; (b) 

90 days. 

A clear trend can be observed: the compressive strength decreases linearly for both types of 

aggregated (WW and NW) with increasing replacement level of aggregates as reported 

elsewhere [12, 15]. The strength in aggregates with wood is nearly twice that for aggregates 

without wood. The decrease in compressive strength can be explained by two main factors: (i) 

lower strength DWTB aggregates (especially for the WW series), and (ii) lower frictional 

adhesion between the smooth DWTB-GFRP aggregate and the cementitious matrix. This leads 

to a lower strength in the interfacial transition zone (ITZ), known to be the weakest link in the 

bulk cementitious matrix as reported elsewhere [12]. Additionally, the micro-bleeding effect 

and the wall effect further exacerbate matrix porosity, thereby leading to decreasing the bond 

between cement matrix and DWTB-GFRP aggregates.  

(a) (b) 
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Fig.  4.11. Compressive strength-axial strain curves for mixtures with aggregate replacement at 

90 days: (a) With wood (WW), (b) no wood (NW), (c) with wood confined (WWC), 

(d) comparative response between confined and unconfined REF, (e) comparative 

response between confined and unconfined 50% aggregate replacement with Wood 

containing DWTB-GFRP (f) comparative response between confined and unconfined 

100% aggregate replacement with wood containing DWTB-GFRP aggregates; “a” 

denotes the increase the peak strength,  “β” denotes the slope of the plastic response. 
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It is worth mentioning that the use of DWTB-GFRP aggregates enabled obtaining lightweight 

concrete. The density of concrete specimens decreased from 2370 kg/m3 for reference mix to 

2059 kg/m3 for mixture 50WW and 1820 kg/m3 for mixture 100WW. This allows to classify the 

mix 100WW as lightweight concrete according to ACI 213R-14 [115]. The compressive 

strength of unconfined specimens from 100WW series exceeds 17 MPa which conforms to the 

lightweight concrete strength criteria [115]. Confined specimens achieved up to 36% superior 

compressive strength compared to the reference concrete mix for 50WWC and 100WWC, while 

conforming to the lightweight concrete density criteria. In general, the use of CFFTs technology 

is more justified for the higher replacement level due to the decreased environmental impact, 

lower density, increase in the elastic stage peak load and acceptable compressive strength. 

4.4.2.2. Compressive strength at 90 days 

The effects of DWTB-GFRP aggregate on compressive strength of concrete and CFFT 

specimens on 90th day are presented in Fig. 4.10 (b), the compressive strength - axial strain 

curves are depicted in Fig. 4.12. The reference mix gained 10% of compressive strength between 

28 and 90 days, followed by a similar strength increase for other mixes. The use of CFFT 

technology significantly increased the compressive strength and axial strain compared to 

unconfined short columns, similarly to the 28-day results.  
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Fig.  4.12. Compressive strength-axial strain curves for mixtures with aggregate replacement at 

90 days: (a) no wood (WW), (b) with wood (NW), (c) with wood confined (WWC), 

(d) comparative response between confined and unconfined REF, (e) comparative 

response between confined and unconfined 50% aggregate replacement with wood 

containing DWTB-GFRP, (f) comparative response between confined and unconfined 

100% aggregate replacement with wood containing DWTB-GFRP aggregates; “A” 

denotes the increase the peak strength, “β” denotes the slope of the plastic response. 
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4.4.2.3. Microstructure assessment of DWTB-GFRP concrete 

Figure 4.13 presents scanning electron microscope (SEM) images at the interfacial transition 

zone (ITZ) between the bulk cementitious matrix and conventional aggregate [Fig. 4.13 (a)] as 

well as between the bulk cementitious matrix and DWTB-GFRP aggregates [Fig. 4.13 (b)]. The 

microstructure of the ITZ in the reference concrete as depicted in Fig. 4.13 (a) shows a porous 

interfacial line between the matrix and the aggregate. Such ITZ is expected and is in alignment 

with former studies [116] whereby the porous interface is associated with the well reported “wall 

effect” and the “micro-bleeding effect” prominent at the ITZ. On the other hand, the ITZ in the 

concrete with 100% replacement of conventional aggregates with DWTB-GFRP aggregates 

shows a characteristic full-depth gap of around 300 μm separating the aggregate from the 

matrix—a gap that is even visible with the naked eye. This characteristic fully-gapped interface 

in concrete incorporating DWTB-GFRP aggregates is caused by the volumetric change in the 

DWTB-GFRP aggregate owing to its hydrophilic wooden content. The latter is known to swell 

given is water absorption propensity prior to shrinking down when concrete dries. Therefore, 

additional to the (i) slippery surfaces of DWTB-GFRP aggregates [at the faces with GFRP—

see Fig. 4.13 (b)], the mechanical performance of concretes incorporating DWTB-GFRP 

aggregates is further influenced by (ii) the volumetric instability of DWTB-GFRP aggregates 

(wooden faces) which shrink as concrete dries, thereby debonding from the matrix. As a result 

of these two factors, DWTB-GFRP aggregates have tendency to split apart as to be discussed in 

section 4.4.2.4. These microstructure assessments further provide insights on the reasons behind 

strength degradation in concretes incorporating DWTB-GFRP aggregates. As such, it is not 

surprising that concretes with DWTB-GFRP aggregates benefited the best from CFFT-GFRP 

confinement when compared to concretes incorporating DWTB-GFRP powder as also 

elaborated further in section 4.4.2.4. 
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Fig.  4.13. Scanning electron microscopy (SEM) image for the interfacial transition zone (ITZ): 

(a) reference concrete, and (b) concrete incorporating DWTB-GFRP aggregates. The 

figure shows a typical ITZ in the reference concrete as contrasted to a characteristic 

gap in the ITZ of DWTB-GFRP concrete due volumetric reduction in DWTB-GFRP 

aggregate upon drying of its hydrophilic wooden portion. 

4.4.2.4. Effect of CFFT-GFRP confinement on compression 
response of DWTB-GFRP aggregate concrete 

With reference to the results presented in previous sections, it is evident that the effect of CFFT 

confinement on compression response differs significantly from the case of cement replacement 

by DWTB-GFRP powder to the case of aggregate replacement by DWTB-GFRP aggregates in 

two perspectives. The first is the effect of confinement on the elastic response denoted by “A” 

and the second is the slope of the plastic response denoted by “β”. 

The use of CFFT technology significantly increased the compressive strength and axial strength 

compared to unconfined short columns. The compressive strength-axial strain curves for CFFT 

short columns demonstrate two distinctive regions: elastic region and plastic region, with a 

limited transition zone beneath, as also observed by [90]. The initial region (the elastic region) 

is represented by a linearly elastic slope, located close to the slope of unconfined short columns 

up to the ultimate unconfined strength. The following stage (transition zone) represents the 

formation of the vertical cracks due to the tensile stresses in the hoop direction (Poisson’s ratio 
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effect) leading to the concrete expansion in the hoop direction and confinement activation. The 

transition zone is followed by the plastic stage, characterized by concrete crushing with fully 

activated confinement and reduced stiffness compared to the elastic region. The curves exhibit 

plastic hardening behavior until the failure load. The average increase in strength and ductility 

was about 120% and 500%, respectively, similar to the results observed elsewhere [80].  

It is important to mention the increase in elastic stage peak load and transition zone for 50WWC 

and 100WWC short columns [referred to as “A” in Fig. 4.11 (e-f)], representing a 14 and 28% 

increase compared to the unconfined short columns, respectively. This can be explained by the 

confining effect that provides reinforcement in the hoop direction (Fig. 4.14) to compensate for 

the lack of bonding between DWTB-GFRP aggregate and the matrix. Such debonding is 

mobilized not only by aggregates’ smooth and slippery GFRP faces, but also by the tendency of 

DWTB-GFRP aggregates to peel off from the matrix as a result of the interfacial gap occurring 

upon drying of their wooden faces—as highlighted earlier. At the plastic stage, it is worth noting 

that the plastic stage slope [referred to as “β” in Fig. 4.11 (c) and Fig. 4.12 (c)] decreases with 

the increase of replacement level of DWTB-GFRP aggregate. This is attributed to the reduced 

rigidity of DWTB-GFRP aggregates (particularly for the wooden component) compared to 

natural aggregates, thereby leading to a drop in the Poisson ratio effect. 
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Fig.  4.14. Confinement action of CFFTs on concrete with aggregate replacement by DWTB-

GFRP. 

4.4.2.5. Relationship between DWTB-GFRP aggregate 
replacement level and the compressive response  

To further elucidate the effect of CFFT-GFRP confinement on enhancing the compressive 

response of DWTB-GFRP aggregate concrete, a simplified analytical assessment has been 

conducted and depicted in Fig. 4.15. The figure shows that the level of augmentation (A) in the 

elastic compressive response of DWTB-GFRP aggregate concrete is linearly inked to the 

DWTB-GFRP aggregate replacement level (L). This linearity has been demonstrated at both 28 

and 90 days with an almost perfect correlation factor (R) of 1.00. At low L values, A is almost 

nil. This is attributed to the fact that A strongly depends on the confinement effect preventing 

DWTB-GFRP aggregates from splitting due to their smooth surfaces and their gapped 
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interfacial transition zone (ITZ) as substantiated in section 4.4.2.3.  As L increases from 0 to 50 

to 100%, A increases to more than 20 and 40%, respectively. It can also be seen that at both 

testing ages of 28 and 90 days, L and A are linked through the proportionality factor C=0.004, 

which is the slope of the line. This value is characteristic to the mechanical and geometrical 

parameters of the confined specimen as well as its confining GFRP tube, namely, (i) concrete 

compressive strength (i.e., water to binder ratio), (ii) GFRP tube tensile strength, and (iii) the 

ratio between the GFRP tube thickness and the diameter of concrete core. As such, in the quest 

for higher C values to foster higher A with increasing L, future research may be directed towards 

optimizing the above-mentioned parameters. 

Further evidence—on the strong dependence of A on aggregate content and the opposing 

confining strength provided by GFRP tube to resist aggregate slippage—can be found in the 

analysis of the effect of confinement on the strength of concrete incorporating DWTB-GFRP 

powder presented in section 4.4.1.3. In fact, in the absence of DWTB-GFRP aggregates, it was 

demonstrated that while DWTB-GFRP powder significantly enhances the plastic response by 

increasing its slope, hence the energy absorption capacity, DWTB-GFRP powder has no effect 

on the elastic response.  

Another factor worth consideration is the enhancement in the plastic response designated by the 

slope (β) of the post-peak segment. It was shown in section 4.4.1.3 that while cement 

replacement with DWTB-GFRP powder has no effect on the elastic response A, it significantly 

affected the slope β of the plastic response where higher DWTB-GFRP powder led to lower β 

due to the reduction in strength experienced at higher content of DWTB-GFRP powder. A 

similar trend was also confirmed in concretes incorporating DWTB-GFRP aggregates as 

demonstrated in Fig. 4.15. In the figure, the descending curves show the variation in β (slope of 

the plastic segment) as the level of DWTB-GFRP aggregates (L) increases. At both 28 and 90 

days, the relationship between β and L appears strongly linear with an R2 of 0.90 whereby at 

higher L there is a clear drop in β. Interestingly, overlapping the trend of the effect of DWTB-

GFRP aggregate on the elastic response (A) and the trend of the effect of DWTB-GFRP 

aggregate on the plastic response (β) provide a quite useful information. The two trends are 

opposite whereby the former (A) increases while the latter (β) deceases. As such, the two trends 

intersect at an optimum L value of approximately 55%. This means that, in applications 
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necessitating lightweight concrete without stringent requirement on the plastic response, L can 

be pushed to its maximum limit (L=100%) to take full advantage of DWTB-GFRP aggregates 

while going green. However, in applications where stability is fundamental and rigidity at post 

cracking is critical, L can be maintained at fairly low values to benefit from higher β. In contrast, 

in applications necessitating improvement in both parameters A and β, the above simplified 

analysis suggests that the content of DWTB-GFRP in aggregate (L) needs to be maintained at 

the optimum content, within 55% for the current experimental campaign. This optimum value 

is experiment-sensitive and can vary depending on above mentioned factors, i.e., (i) matrix 

compressive strength (i.e., water to binder ratio), (ii) CFFT hoop tensile strength, and (iii) the 

ratio between the CFFT tube thickness and the diameter of concrete core. 

 
Fig.  4.15. Relationship between DWTB-GFRP aggregate replacement level (L), percentage 

augmentation (A) in elastic compressive response of DWTB-GFRP aggregate 

concrete, slope (β) of the elastic response. 
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4.4.2.6. Analytical modeling of the compressive behavior of 
confined DWTB-GFRP-aggregate concrete 

To provide further analytical assessment of the compressive response of model DWTB-

GFRP concrete in CFFT confinement, the empirically derived A and β coefficient described 

earlier were utilized by valorizing (and calibrating) existing stress-strain models developed by 

multiple researchers and adopted by the American Concrete Institute [89–93]. One of such 

stress-strain models is the one initially developed by Lam and Teng (2003) [92] then adopted 

by ACI 440.2R-17 guidelines [93]. In this model, the stress-strain curve of FRP confined 

concrete is represented with two curves i.e., a parabolic first curve (Eq. 1) followed by linear-

elastic second curve (Eq. 2) with a slope 𝐸" (Eq. 3). The parabolic curve meets the linear-elastic 

curve at a transition strain 𝜀! (Eq. 4). 

(1) 𝑓# = 𝐸#𝜀# −
(%!&%")
()!¢ 	

𝜀#", 0 ≤ 𝜀# ≤ 𝜀! 

(2) 𝑓# = 𝑓#¢ 	+ 𝐸"𝜀# , 𝜀! ≤ 𝜀# ≤ 𝜀#,,-. 

(3) 𝐸" =
")!!¢ &")!¢ 	
/#!$

 

(4) 𝜀! =
")!¢ 	

(%!&%")
 

where 𝑓##¢  is the maximum confined concrete compressive strength, calculated as follows: 

(5) 𝑓##¢ = 𝑓#¢ + 𝜓)3.3𝜅-𝑓0 

𝑓0 is the maximum confinement pressure, 𝜓) = 0.95, 𝜅- can be taken as 1.0 for circular 

cross-section.  

(6) 𝑓0 =
"%%1!/%&

2
 

The effective strain in the FRP at failure 𝜀)3 can be given by: 

(7) 𝜀)3 = 𝜅/𝜀)4 

With 𝜅/ = 0.586 according to Lam and Teng (2003) [92], and 𝜀)4 the design rupture strain 

of FRP reinforcement attained at failure.  

The maximum compressive strain in the FRP-confined concrete can be found as: 

(8) 𝜀##4 = 𝜀#
, 31.50 + 12𝜅5

)'
)!
6/%&
/!
, 7

6.(8
8 
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𝜅5 can be taken as 1.0 for circular cross-section, and 𝜀#
,  is the compressive strain of 

unconfined concrete and can be taken as 0.002.  

 

Using the experimental data compiled in this campaign, the analytical compressive behavior 

predicted by ACI 440.2R-17 was plotted for the three classes of concretes tested in this 

experimental campaign, namely concrete with 0%, 50% and 100% aggregate replacement by 

DWTB-GFRP. The corresponding ACI predicted response as compared to the experimental 

response for the above three classes of concrete are presented in Figs. 4.16 (a), (b), (c), 

respectively. There are two distinctive features to highlight:  

 

First, for conventional concretes not containing DWTB-GFRP aggregates (labeled by REF in 

Fig. 4.16 (a)) it can be seen from the graphs that, with primarily the knowledge of the 

compressive strength of unconfined concrete (𝑓#¢), ACI 440.2R-17 analytical model (the double 

line curve with square markers in Fig. 4.16 (a)) predicts to some extent the compressive 

behaviour of conventional concrete specimens, whether unconfined (REF: the red-dashed line 

curve) or confined (REFC: the green dashed line curve). See Fig. 16 (a), with the remark that if 

we use ACI model for the unconfined case, the second segment of the curve will be omitted. 

Thus, ACI model can predict the behavior of conventional concrete to some extent.  

 

However, when DWTB-GFRP aggregates are used, the ACI 440.2R-17 model can’t capture 

well the compressive behaviour of concrete by relying solely on the compressive strength of the 

unconfined concrete (𝑓#¢) as we did with conventional concrete. This is due to the complex nature 

of concrete incorporating DWTB-GFRP aggregates, whereby their compressive failure 

mechanism under confinement activates the confining tensile hoop strength to counterbalance 

the tendency of aggregates to split du to: (i) their slippery GFRP surfaces, and (ii) the intrinsic, 

porous, aggregate-matrix interfacial gap caused by the drying shrinkage of the wooden faces of 

DWTB-GFRP aggregates, as elaborated earlier. These mechanisms behind introducing A and β 

to characterise the compressive behavior of concrete incorporating DWTB-GFRP aggregates 

 

Therefore, integrating the coefficients, A and β into the ACI 440.2R-17 constitutive laws allows 

refining ACI model such that its predicted results are the closest to the experimental ones. By 
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integrating A and β into Eq. 1, Eq. 2 and Eq.4, the modified versions of these three equations 

can be presented as:  

(9) 𝑓# = 𝐸#𝜀# −
(%!&9)
()!¢(:;<)	

𝜀#", 0 ≤ 𝜀# ≤ 𝜀! 

(10) 𝑓# = 𝑓#¢(𝐴 + 1) 	+ 𝛽𝜀# , 𝜀! ≤ 𝜀# ≤ 𝜀#,,-. 

(11) 𝜀! =
")!¢(:;<)	
(%!&9)

 

With 𝐸" = 𝛽 represent the second slope of the graphs in the post-elastic portion, and (A+1) 

represents the slope of the elastic portion. Notice that Eq.10 factors 𝑓#¢ by a term of (𝐴 + 1) to 

account for the increase in 𝑓#¢  contributed by the confinement effect.   

 

Fig. 4.16 also shows a plot of ACI 440.2R-17 model as well as the adjusted equations (termed 

here in as “modified”). The modified ACI 440.2R-17 model (solid dark line with circular 

markers in all graphs) allows higher predictability for the compressive behavior not only for 

concretes incorporating 50% DWTB-GFRP (Fig. (b)) and 100% (Fig. 16 (c)) DWTB-GFRP, 

but also for the reference mixture (Fig. 16 (a)).   

One interesting feature of this ongoing analytical assessment is that the proposed modified ACI 

440.2R-17 model can be used in conjunction with the relationship between DWTB-GFRP 

aggregate replacement level presented in Fig. 15. In fact, knowing that A and β coefficient (that 

determine the compressive response of confined concrete with DWTB-GFRP aggregates) are 

linearly correlated to the DWTB-GFRP aggregate replacement level (L), the modified ACI 

440.2R-17 model can be used to predict the compressive behaviour of confined specimens at 

various replacement levels of DWTB-GFRP aggregate.  

Therefore, with the knowledge of the target replacement level (L) of natural aggregates with 

DWTB-GFRP aggregates (say L= 55% which appears to be an optimum point for A and β, 

alike), one can use Fig. 4.15 to obtain the corresponding A and β coefficients. Then, with the 

prior knowledge of target unconfined concrete strength (𝑓#¢), one can integrate these parameters 

(𝑓#¢, 𝐴	and	𝛽	) in the modified ACI 440.2R-17 model to predict the compressive behavior of the 

corresponding DWTB-GFRP aggregate concrete.  

While our results confirm that ACI 440.2R-17 model has low sensitivity to the behavior of 

confined concretes containing DWTB-GFRP aggregates, it should be clarified that our 

assessment is based on our test data, whereby A and β coefficient are governed primarily by the 
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aggregate replacement level (L%). More extensive research at different L values while 

examining further factors affecting A and β can help to further calibrate the model.  

 

Fig.  4.16. Experimental and analytical stress-strain curves for unconfined and confined 

specimens: (a) Reference concrete series REF and REFC; (b) 50 WW and 50 WWC 

series; (c) 100 WW and 100WWC series. 
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4.5. Conclusion 

In this study, two schemes for valorising glass fiber-reinforced polymer materials originating 

from disassembled wind-turbine blades (DWTB-GFRP) in concrete were investigated. Powder 

with wood and after wood removal (at 10–20% cement replacement), and lightweight 

aggregates with wood and after wood removal (at 50–100% replacement of coarse limestone 

aggregate) were incorporated into concrete and tested at 28 and 90 days. With reported 

mechanical strength loss in DWTB-GFRP concrete observed herein and elsewhere, an 

innovative approach was adopted herein to overcome this challenge. It consists of confining 

DWTB-GFRP concrete using concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs) 

technology. Specific findings are as follows: 

• While DWTB-GFRP powder negatively affects compressive strength of concrete mainly 

due polysaccharides in the wooden content interfering with cement hydration kinetics,  

DWTB-GFRP aggregates adversely affected the compressive strength of concrete due to 

two factors : (i) the smooth surface of DWTB-GFRP aggregates leading to lower adherence 

and less mechanical interlocking with the matrix when compared to limestone aggregate, 

and (ii) the separation of DWTB-GFRP aggregates from the matrix as a result of their 

wooden faces shrinking as concrete dries (as microstructurally evidenced herein). Yet, upon 

removal of the wooden content, all mixtures incorporating DWTB-GFRP material passed—

at 90 days—the target strength of 35 MPa intended for the tested grade of concrete. 

• Despite the drop in mechanical strength observed with DWTB-GFRP concretes, mixes with 

up to 100% aggregate replacement by DWTB-GFRP incorporating wood enable obtaining 

formulations satisfying the requirement for lightweight concrete in terms of compressive 

strength (≈ 17 MPa) and density (≈ 1820 kg/m3). 

• Upon valorizing DWTB-GFRP materials suing CFFTs technology, enhancement in strength 

at 90-120% for both powders and aggregates (with wood and without wood, alike) was 

observed. CFFT confinement allowed to significantly improve the compressive strength of 

all mixtures. For mixtures with aggregate addition, an increase of 14 and 28% was observed 
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for 50 and 100% replacement, respectively. For mixtures with powder addition, the increase 

in compressive strength of 90–100% was observed 

• CFFT confinement shifted the compressive stress-strain response of DWTB-GFRP concrete 

from the conventional brittle response to a ductile one, whereby the confinement affected 

the elastic and plastic responses differently. As the replacement level of aggregates by 

DWTB-GFRP aggregates increased from 0 to 100%, CFFT confinement increased the 

elastic limit, but a lower slop of the plastic response was recorded at higher DWTB-GFRP 

aggregate content. An analytical assessment demonstrated that a DWTB-GFRP aggregate 

content of 55% will be optimum for enhancing both elastic and plastic responses while going 

green and lightweight. 

• Building upon the ACI 440.2R-17 model for predicting the compressive response of 

confined concrete incorporating conventional aggregates, a modified model more sensitive 

to DWTB-GFRP aggregates and with higher predictive ability was proposed. 

• The coupled effect of DWTB-GFRP and CFFT confinement enabled to obtain (i) a low-cement 
concretes exhibiting the mechanical performance of high-performance concrete (above 60 MPa) for 

the case of cement replacement, and (ii) a DWTB-GFRP-based lightweight concretes exhibiting the 

compressive strength of conventional concrete (above 35 MPa) for the case of aggregate 

replacement. 

Overall, CFFT confinement of DWTB-GFRP concretes enables restoring the strength loss and 

taking benefit of this sustainable alternative while fostering a higher strength to weight ratio 

given the lightweight concretes obtained. Low-cement and low-natural aggregate concretes with 

equal or superior strength compared to conventional concretes can be obtained using the 

combination of DWTB-GFRP with CFFT technology. Thus, it can be concluded that DWTB-

GFRP is a promising material for valorization in concrete construction to enable the transition 

to carbon neutrality in the cement and concrete sector while promoting the sustainable 

development through offering a second life to decommissioned materials. 
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5. FREEZE/THAW CYCLING EFFECTS ON 
CONCRETES INCORPORATING FRP 

MATERIALS FROM WIND-TURBINE 

BLADES 
5.1. Introduction  

The wind power is a growing industry gaining popularity in the last decades due to the increasing 

awareness of environmental matters [117]. Wind energy is expected to cover up to 15-18% of 

the global electricity demand by 2050 [91]. Up to 10.4% of the energy consumed in the 

European Union (EU) is produced by wind turbines in a normal wind year with approximately 

77,000 turbines estimated [92]. The EU’s future energy plans include reducing greenhouse gas 

emissions by 80-95% by 2050 and covering up to 27% of the energy consumption by renewable 

energy by 2030, which is unachievable without increasing the wind energy production [93]. In 

the United States of America (USA), wind energy is expected to fulfill up to 20% of the nation’s 

electricity demand by 2030 and up to 35% by 2050 [8].  

In Canada, more than 3 million households (6% of electricity demand) are supplied by wind 

energy with 295 wind farms operating on Canada’s territory, including two of the three northern 

territories. The installed capacity of wind generation reached 12.239 MW in 2017 [3].  

The project lifetime of a wind turbine is 20 years and today older wind turbine structures are at 

the end of their lifecycle. A common practice is to recycle portions of a wind turbine that contain 

large quantities of steel, such as the tower, gearbox, and hub. Around 80% of the total weight 

of a wind turbine can be recycled, though no solution has been determined for the blades [4]. 

Some portion of the blade (mainly fiberglass composite materials) is potentially recyclable [5], 

yet the material from the decommissioned blade is responsible for the major portion of the 

turbine to landfill [6].  

One of the promising valorisation solutions for the DWTB-GFRP is the extraction of discrete 

fibers to be used as a replacement of synthetic macrofibers in fiber reinforced concrete. The 

results from [110]demonstrated positive effects for concrete with DWTB-GFRP fibers addition 

with the increase of flexural strength up to 15% for 1.75 vol % fibers addition with the slight 
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positive effect of wood removal on compressive and flexural strength. The long-term resistance 

of concrete to harsh environmental conditions such as freeze-thaw and DWTB-GFRP fibers to 

high concrete alkalinity needed further investigation.  

Multiple studies were performed for recycled glass fiber reinforced concrete in terms of 

compressive and flexural strength [7,27,38,42] and freeze-thaw resistance of virgin fiber 

reinforced concrete [67,118–123]. [9] used thermoset-based GFRP waste in the concrete mix. 

Reduced concrete performance in terms of mechanical and durability properties was reported, 

thus, the low dosage of GFRP was suggested for non-structural applications. However, under 

the pressure of the environmental issues, few extractions methods were identified and applied 

for glass fibers in the acrylic waste [38], but still, the results were not promising. Limited 

research evidence was found on the ecoefficiency of fibers extraction techniques and GFRP 

waste use as reinforcement in concrete. [27] used recycled glass fibers from acrylic waste 

obtained using a shredder and investigated its effects on the mechanical properties of concrete 

containing up to 0.3 vol. % of recycled glass fibers. The increase in compressive strength up to 

21% and in tensile strength up to 28% was observed. [42] used mechanically recycled (chipped) 

GFRP as fiber reinforcement in cement mortar (42kg/m3 for all mixtures). The highest 

compressive and flexural strength of 47.3 MPa and 9.83 MPa, respectively, were achieved. The 

compressive strength was either increased up to 20% or decreased by 10% depending on fiber 

type. Flexural strength was increased up to 44% or decreased by 6%. The source of recycled 

material and non-uniformity of fibers had a big influence on the mechanical properties of mortar. 

The great number of fiber balls and particles of the sieved GFRP fiber cluster reduced the 

workability and compressive strength of mortar.  

According to [68–70], the steel fibers with the length of 54-60mm did not have a significant 

influence on concrete freeze-thaw resistance. [64] and [71] reported a beneficial influence of 

steel fibers (length of 20 mm) on resistance to the internal destruction of concrete due to frost, 

evaluated based on changes in the value of dynamic modulus of elasticity. [72] noticed that the 

incorporation of steel fibers with a length of 35 mm makes it difficult to air-entrain concrete 

properly, thus it causes the decrease in frost resistance. The beneficial effect of short 

polypropylene fibers on surface scaling due to cyclic freezing and thawing was pointed out by 

[73], who used the fibers with a length of 6,5 mm, and by [74], who used 8 mm fibers. However, 

according to [75], the incorporation of polypropylene fibers to self-compacting concrete caused 
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the decrease in its internal frost resistance. [76] investigated polypropylene fiber reinforced 

concrete resistance to surface scaling due to cyclic freezing and thawing. the effectiveness of 

dispersed reinforcement was related mainly to the type (material) and geometry. The steel fibers 

used appeared to be more effective than the polypropylene ones. 

To my best knowledge, there is no published research on the freeze-thaw resistance of concrete 

reinforced by chipped GFRP materials from DWTB. 

This study is focused on evaluating the effects of freeze-thaw exposure of concrete reinforced 

by mechanically shredded DWTB fibers. Fiber addition rates of 1–1.75 wt.% were investigated. 

The resulting concrete mixtures were characterized for their mechanical performance 

(compressive strength and flexural capacity at 28 days, 90 days, and after 200 freeze-thaw cycles 

exposure). Research outcomes are expected to contribute to the advancement of cleaner products 

for the cement and concrete industry while significantly fostering sustainable development.  

5.2. Experimental program 

5.2.1. Materials properties 

5.2.1.1. Wind turbine blade decommissioned material 
The DWTB-GFRP material used in the project was received from the Bouffard group (QC, 

Canada). The material is obtained from disassembled wind turbines at the end of their lifecycle 

(Fig. 5.1a). Part of the material was chipped using an industrial woodchipper of high processing 

capacity (Fig. 5.1b). For another part of the material wood was manually separated (Fig. 5.1c) 

followed by chipping separated GFRP using an industrial woodchipper of high processing 

capacity. Fibers of length between 20 and 30mm and the length-to-diameter ratio between 5 and 

15 were obtained (Fig. 5.1d). 
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Fig.  5.1. Decommissioned wind-turbine blades (DWTB) material processing: (a) whole 

turbine blade, (b) industrial woodchipper of high processing capacity (c) DWTB with wood 

separated, and (d) fibers extracted. 

5.2.1.2. Basic concrete constituents 
Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type I cement [96] was 

used. Natural river sand (nominal maximum size of 5 mm) with a specific gravity of 2.61 and 

water absorption of 0.91% was also used. Crushed limestone aggregates with nominal maximum 

sizes of 14 mm and 20 mm and a specific gravity of 2.7 were considered. Potable water from 

the laboratory was used for concrete mixing. The source of water is free from any form of 

contamination. 

5.2.1.3. Mixture proportions 
To investigate the effect of GFRP-DWTB on concrete properties, two different forms of GFRP-

DWTB were considered: (i) as received GFRP-DWTB after chipping, as well as (ii) chipped 

after manual removal of wooden content. GFRP-DWTB material was incorporated as a fiber 

reinforcement (at 0, 1 and 1.75 vol. %). Table 5.1 presents the proportions of concrete mixtures 
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incorporating GFRP-DWTB after cutting and chipping as received and after wood removal. 

Mixture Ref is the reference mixture (plain concrete), for the mixtures containing fibers, the first 

number describes fiber addition rate (% wt.), letters describe the type of fiber used (WW for 

fibers with wood, NW for fibers after wood removal). 

Table 5.1. Mixture proportions of GFRP-DWTB concrete (kg/m3 of concrete). 

Mixture 
Ref 

(Control) 
1%WW 1.75%WW 1%NW 1.75%NW 

W/B ratio 0.48 0.48 0.48 0.48 0.48 

Cement, 410 410 410 410 410 

Water, 200 200 200 200 200 

Sand, 735 735 735 735 735 

14mm aggregates 421 421 421 421 421 

20mm aggregates 632 632 632 632 632 

GFRP-DWTB with 

wood 
0 18 30 0 0 

GFRP-DWTB no wood 0 0 0 18 30 

 

5.2.1.4. Specimen preparation 
Specimen preparation comprised two stages. The first concerns the preparation of GFRP-

DWTB. The second concerns the preparation of concrete mixtures and casting specimens. 

5.2.1.5. Decommissioned Wind Turbine Blade material 
preparation 

Woodchipper at the site of the industrial partner was used to prepare the fibers from GFRP-

DWTB. The wooden part was separated manually and then the GFRP polymer part was 

processed using the same woodchipper.   

5.2.1.6. Specimen preparation 
Concrete batching was carried out using a 100 L capacity concrete mixer following the mixing 

procedure described in ASTM C192 [99]. In an attempt to enhance mixture homogeneity, 



104 

 

GFRP-DWTB material was dry-mixed with coarse aggregate for 10 min prior to adding to the 

final mixture. 

After mixing, specimens were sampled for the different tests. Cylinders 150 x 300 mm were 

used for the compressive test, prisms 100x100x400mm were used for 4 - point bending test. 

After sampling, specimens were covered with plastic sheets and kept in a room with relative 

humidity (RH) and temperature of approximately 50% and 23oC, respectively. After 24±1 h, the 

specimens were unmolded and transferred for storage. Specimens were placed in a fog room at 

100% RH and 22oC temperature (for 28-day and 90-day compressive and flexural test). At 28 

days, part of the specimens was transferred into the environmental chamber (to simulate the 

freeze-thaw exposure) and were kept there until the age of testing. 3 specimens for each test 

were prepared. 

5.2.1.7. Freeze-thaw exposure 
The environmental chamber able to reach temperatures between 40oC and -40oC was used to 

simulate the freeze-thaw exposure. Concrete core thermocouples were used to measure the 

temperature inside the specimens to help to determine the appropriate program to be used for 

controlling the environmental chamber (Fig. 5.2). Specimens were kept in the air. The freezing 

cycles consisted of lowering the temperature in the middle of the specimens from +4oC to −18oC 

in a period of 4 h. The thawing cycles consisted of raising the temperature in the middle of the 

saturated concrete specimens from −18oC to 4oC in a period of 4 h. Thus, the specimens 

underwent three freeze-thaw cycles per 24 hours, similar to the accelerated freeze-thaw test 

described in ASTM C666/C666M [135], for a total of 67 days for 200 Freeze-Thaw cycles. 
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Fig. 5.2. Temperature variation inside specimens during 24h (3 freeze-thaw cycles). 

5.2.1.8. Test procedure 
All specimens were brought to room temperature before being tested. The compressive strength 

was evaluated on 150 × 300 mm cylinders (3 specimens for each mixture) following the 

guidelines of [94]. The flexural capacity was conducted on 100 × 100 × 400 mm prisms on 3 

specimens using a 4-point bending configuration at a loading rate of (ask the technician who did 

for you the test) following the procedure described in ASTM C78 [107] with the loading rate of 

0.075mm/min. Following the flexural capacity test, the flexural toughness was determined 

following the ASTMC1609 [125] approach, whereby the toughness is defined as the area under 

the flexural load-deflection curve immediately before failure. Flexural toughness was calculated 

using Microsoft Excel. The flexural toughness of all mixtures was compared to the Reference 

mix at 28 days (100%). All these mechanical tests were performed at 28 and 90 days and after 

200 freeze-thaw cycles exposure.  

5.3. Analysis and discussion of the experimental results 

5.3.1. Mechanical performance at 28 days 
The following sections describe and discuss the results of compressive and flexural tests 

performed on cylinders and prisms after 28 days curing in a fog room under uniaxial 

compression and the 4-point bending test. The comparative results for all mixtures are presented 

in (Fig. 5.3a) for compressive strength, (Fig. 5.3b) for flexural strength, and (Fig. 5.3c) for 

flexural toughness.  
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Fig. 5.3. Experimental results: (a) compressive strength; (b) flexural strength, (c) flexural 

toughness. 
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5.3.1.1. Compressive strength at 28 days 
The effects of DWTB-GFRP fibers on the compressive strength of concrete mixtures are 

presented in (Fig. 5.3a). At 28-day age, the Reference mixture achieved 48 MPa strength in 

compression. Mixtures 1%WW and 1.75%WW showed a slight decrease in compressive 

strength (4% and 6% respectively). Mixtures 1%NW and 1.75%NW demonstrated a 2% and 

4% decrease in compressive strength. As it can be concluded from the results, the elimination 

of the wood reduces the negative effect of fibers’ addition on compressive strength. Obtained 

results are similar to those obtained in previous research for fibers including wood.  

5.3.1.2. Flexural capacity at 28 days 
The effects of DWTB-GFRP fibers on the flexural capacity of concrete mixtures are presented 

in (Fig. 5.3b). The flexural strength – deflexion curves are presented in (Fig. 5.4a-e). At 28-day 

age, the Reference mixture achieved 6 MPa in a 4-point bending test. Mixtures 1%WW and 

1.75%WW showed a 6% and 15% increase in flexural strength, respectively. Mixtures 1%NW 

and 1.75%NW 12% and 22% increase in flexural strength. As can be seen from the results, the 

elimination of the wood increases the positive effect of fibers addition. Obtained results are 

similar to those obtained in previous research for fibers including wood. The increase in flexural 

strength for fibers without wood is similar though inferior to that observed for similar addition 

levels of virgin steel and glass fibers [32,125,126]. 

5.3.1.3. Flexural toughness at 28 days 
The average flexural toughness of tested specimens at 28 days is depicted in (Fig. 5.3c). With 

the increase of fiber content and decrease of wooden content flexural toughness increase 

noticeably. For mixtures with 1% fiber addition with and without wood, the increase in flexural 

toughness reached 58% and 69%, respectively. The increase in flexural toughness for mixtures 

with 1.75% fibers addition is noticeably more pronounced for the mixture without wood 

reaching a 420% increase in flexural toughness, while the mixture with wood gained 126%.  
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Fig. 5.4. Flexural strength-mid-span deflexion curve at 28 days: (a) reference mixture; (b) 

1%WW mixture; (c) 1%NW mixture; (d) 1.75%WW mixture; (e) 1%NW mixture. 
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5.3.2. Mechanical performance at 90 days 
The following sections describe and discuss the results of compressive and flexural tests 

performed on cylinders and prisms after 90 days of curing in a fog room under uniaxial 

compression and a 4-point bending test. 

5.3.2.1. Compressive strength at 90 days 
The effects of DWTB-GFRP fibers on the compressive strength are depicted in (Fig. 5.3a). At 

90-day age, the Reference mixture achieved 52 MPa strength in compression which shows an 

8% increase compared to 28 days. Mixtures 1%WW and 1.75%WW showed a slight decrease 

in compressive strength (4% and 6% respectively) compared to the Reference mixture of the 

same age, respectively. Mixtures 1%NW and 1.75%NW demonstrated a 2% and 4% decrease 

in compressive strength compared to the Reference mixture of the same age. As it can be seen 

from the results, longer curing time did not influence noticeably the relationship between fiber 

type and addition rate and compressive strength.  

5.3.2.2. Flexural capacity at 90 days 
The effects of DWTB-GFRP fibers on the flexural capacity of concrete mixtures after curing 

for 90 days in a fog room are presented in (Fig. 5.3b). The flexural strength – deflexion curves 

are presented in (Fig. 5.5a-e). 

At 90-day age, the Reference mixture achieved 6.7 MPa in the 4-point bending test, showing an 

8% and 9% increase compared to 28 days. Mixtures 1%WW and 1.75%WW showed a 5% and 

14% increase in flexural strength compared to the Reference mixture of the same age. Mixtures 

1%NW and 1.75%NW demonstrated a 12% and 22% increase in flexural strength compared to 

the mixture of the same age. As it can be seen from the results, longer curing time did not 

influence noticeably the relationship between fiber type and addition rate and compressive and 

flexural strength. No noticeable deterioration of fibers by high alkalinity of cement mortar was 

observed at 90-day period. That can be explained by the presence of a protective layer of epoxy 

resin around fibers preventing direct contact between E-glass and alkali. 
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5.3.2.3. Flexural toughness at 90 days 
The average flexural toughness of tested specimens after 90 days of curing is depicted in (Fig. 

5.3c). All mixtures demonstrated toughening compared to the 28-day results for each mixture, 

with the same effects of fibers addition as at 28 days. In general, with the increase of fiber 

content and decrease of wooden content flexural toughness increases noticeably. Reference 

mixture gained 17% of flexural toughness of reference mixture at 28 days. For mixtures with 

1% fiber addition with and without wood, the increase in flexural toughness reached 75% and 

85% compared to the reference mixture at 28 days, respectively. The increase in flexural 

toughness for mixtures with 1.75% fibers addition is noticeably more pronounced for the 

mixture without wood reaching a 483% increase in flexural toughness, while the mixture with 

wood gained 203%.  
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Fig. 5.5. Flexural strength-mid-span deflexion curve at 90 days: (a) reference mixture; (b) 

1%WW mixture; (c) 1%NW mixture; (d) 1.75%WW mixture; (e) 1%NW mixture. 
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5.3.3. Mechanical performance after 200 freezing and thawing 

cycles 
The following sections describe and discuss the results of compressive and flexural tests 

performed on cylinders and prisms after 200 cycles in the environmental chamber under uniaxial 

compression and a 4-point bending test. 

5.3.3.1. Compressive strength after 200 freezing and thawing 
cycles 

The effects of DWTB-GFRP fibers on the compressive strength of concrete mixtures after being 

exposed to 200 freeze-thaw cycles are presented in (Fig. 5.3a). No visible damage was caused 

to specimens due to freeze-thaw exposure in the air environment (i.e., cracks, chipping, 

deformations). A reduction of compressive strength was observed compared to the specimens 

of the same mixtures kept in a fog room. 

Mixtures 1%NW and 1.75%NW demonstrated a 2% and 4% decrease in compressive strength 

compared to the Reference mixture kept in the environmental chamber. No significant 

difference between the Reference mixture and mixtures without wood was observed in terms of 

strength loss due to the freeze-thaw exposure. Mixtures 1%WW and 1.75%WW showed a slight 

decrease in compressive strength (4% and 6% respectively) compared to the Reference mixture 

kept in the environmental chamber. The negative effects of freeze-thaw exposure are more 

pronounced than in mixtures without wood. This may be due to the high water absorption of the 

wood leading to higher water content compared to mixtures without wood. 

5.3.3.2. Flexural capacity after 200 freezing and thawing 
cycles  

The effects of DWTB-GFRP fibers on the flexural capacity of concrete mixtures after being 

exposed to 200 freeze-thaw cycles are presented in (Fig. 5.3b). The flexural strength – deflexion 

curves are presented in (Fig. 5.6a-e). 

No visible damage was caused to specimens due to freeze-thaw exposure in the air environment 

(i.e., cracks, chipping, deformations). A reduction of flexural strength was observed compared 

to the specimens of the same mixtures kept in a fog room for all mixtures. A reduction in flexural 
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strength was larger than in compressive strength, possibly due to the microcrack formation 

caused by temperature changes and freeze-thaw cycles.  

Mixtures 1%NW and 1.75%NW demonstrated a 12% and 22% increase in flexural strength 

compared to the Reference mixture kept in the environmental chamber. No significant 

difference between the Reference mixture and mixtures without wood was observed in terms of 

strength loss due to the freeze-thaw exposure. Mixtures 1%WW and 1.75%WW showed a 5% 

and 14% increase in flexural strength compared to the Reference mixture kept in the 

environmental chamber. The negative effects of freeze-thaw exposure are more pronounced 

than in mixtures without wood. This may be due to the high water absorption of the wood 

leading to higher water content compared to mixtures without wood. 

5.3.3.3. Flexural toughness after 200 freezing and thawing 
cycles 

The average flexural toughness of tested specimens after 90 days of curing is depicted in (Fig. 

5.3c). All mixtures demonstrated a decrease in flexural toughness compared to the 90-day results 

for each mixture and a slight decrease compared to the 28-day results with a negligible increase 

for mixture 1.75%WW, with the same effects of fibers addition as at 28 days. In general, with 

the increase of fiber content and decrease of wooden content flexural toughness increases 

noticeably. Reference mixture lost 9% of flexural toughness of reference mixture at 28 days. 

For mixtures with 1% fiber addition with and without wood, flexural toughness decreased from 

158% and 169% to 134% and 156% of the Reference mixture at 28 days, respectively. The 

decrease in flexural toughness for mixtures with 1.75% fibers addition is noticeably more 

pronounced for the mixture without wood dropping from 520% to 422% of reference mixture 

at 28 days, respectively. The mixture with wood gained 4% what can be negligible. Freeze-thaw 

cycles had a more pronounced effect on flexural toughness for mixtures without wood, possibly 

due to the destruction of bonding between fiber and concrete and the smoother surface of fibers 

without wood, while fibers with wood had a more irregular surface due to the wooden part, 

continuing providing some bond between the fibers and concrete matrix. 
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Fig. 5.6. Flexural strength-mid-span deflexion curve after 200 cycles freeze-thaw exposure: 

(a) reference mixture; (b) 1%WW mixture; (c) 1%NW mixture; (d) 1.75%WW mixture; (e) 

1%NW mixture. 
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5.3.4. Flexural strength-mid-span deflection curve 

analysis for the 4-point bending test. 
The flexural strength-deflexion curves for each mixture are presented in (Fig.5.4-5.6). Each 

graph represents the results of the 4-point bending test for each mixture after curing 28 or 90 

days in a fog room, or after being exposed to 200 freeze-thaw cycles in the environmental 

chamber. In the name of specimens, the first letters define mixture tested, the following number 

represents the curing conditions (28/90 for 28 and 90 days respectively, and F for 200 freeze-

thaw cycles), and the last number represents the number of the specimen (1, 2, 3). The 4-point 

bending test for Reference concrete mix exhibited a drastic decline in flexural strength after 

brittle failure for all curing conditions (Fig 4a), often reported in the literature as a typical curve 

for plain concrete in 4-point bending tests [32,125,126] 4-point bending curves for mixtures 

with fibers addition are similar to the results of de [32] for polymeric fibers and [126] for steel 

fibers. [126] defined three different behavioral types of the load-displacement curve of the steel 

fiber-reinforced concrete. First, the smaller the fiber content and the lower the tensile strength 

of the fiber, the wider and more drastic the load reduction appears in the section where the load 

reduces after the first peak load was reached (type A). Second, the greater the increase in the 

fiber content and the higher the tensile strength of the fiber, the longer the load-displacement 

curve increases over the first peak load after a slight load decline (type B). Finally, after the 

cracking of the concrete matrix, the load transfer to the fiber increases nonlinearly, without any 

load reduction (type C). In the case of DWTB-GFRP fibers, the mixture with 0.75% fibers with 

wood and without wood shows a slightly smoother curve peak at the failure point similar to the 

results of [126] for mixture with 0.5% of hooked steel fibers (Type A), with noticeably shorter 

post-peak stage followed by the rapid load decrease. That type of curve can be explained by 

smaller fiber content and weak bond between fibers and concrete matrix compared to the hooked 

steel fibers at the post-peak stage, where the flexural behavior is generally driven by fibers 

tensile strength and slip bond resistance between fiber and concrete matrix. Mixture without 

wood reaches a higher value of flexural strength due to the absence of negative effects of 

wooden content on concrete strength, but overall behavior is similar for both mixtures (0.75% 

with wood and without wood). Mixture with 1.75% of fibers with wood exhibits very 

pronounced peak with rapid load decrease after, followed by smooth decrease curve driven by 

fibers (Type A). The observed curve is similar to Specimen 2 for the mixture with 1% of hooked 
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steel fibers added. The increase in fiber content increases post-peak curve length, the lower 

strength of added material (fibers and wood) determines the post-peak behavior according to the 

model proposed by [126]. The curve for 1.75% of fibers added without wood demonstrates a 

slight strength increase driven mainly by fibers, similarly to the Type C curve by [126]. At a 

1.75% addition rate, the wood removal had a pronounced effect on fiber strength allowing the 

Type C flexural behavior.  

 

5.3.5. Wood content effects analysis. 
The comparative graphs of compressive and flexural strength change (compared to the 

Reference results) for each mixture and each curing condition are depicted in Fig. 5.7 (a-c), the 

flexural toughness change and flexural capacity change (compared to the Reference results) are 

depicted in Fig. 5.7 (d-f). The graphs illustrate well the negative impact of wood presence on 

concrete properties. As it can be seen from the graphs, the mixtures with wood show lower 

results in both compression and flexion, as also discussed in the previous chapter, but the wood 

also impacted negatively the freeze-thaw durability of specimens. The gap between the flexural 

strength (referred to as “B” in Fig. 5.7a-c) increases for the mixtures with wood and without 

wood after the freeze-thaw exposure. The wood presence also had a significant influence on 

flexural toughness, especially after freeze-thaw exposure. The value “A” (Fig. 5.7d-f) refers to 

the change in the flexural toughness increase due to the wood removal, and this value increases 

for the specimens exposed to the freeze-thaw cycles even for the lower addition levels. This 

decrease in strength can be explained by the higher water absorption capacity of the wood 

inclusions. Wood inclusions retain water and expand during the concrete preparation and shrink 

while drying, resulting in higher porosity and higher water content. These two factors together 

are the main reason for the increased negative impact of the freeze-thaw exposure on concrete 

properties.  
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Fig.  5.7. Comparison of compressive and flexural strength change (as a percentage of the 

Reference mix results) for each mixture and each curing condition: (a) 28-day 

compression and flexion; (b) 90-day compression and flexion; (c) compression and 

flexion test results after freeze-thaw exposure; (d) 28-day flexural strength and flexural 

toughness; (e) 90-day flexural strength and flexural toughness; (f) flexural strength and 

flexural toughness after freeze-thaw exposure. “A” denotes the change in flexural 

toughness for the same fiber addition levels due to the wood removal, “B” denotes the 

change in flexural strength for the same fiber addition levels due to the wood removal. 
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5.4. Conclusion 
In this study, the viability of valorizing DWTB-GFRP in concrete as fiber reinforcement was 

investigated. The addition rate of 1-1.75 vol. % into concrete for the fibers containing wood as 

received from the industrial partner, and after wood removal, were studied. Results indicate that 

DWTB-GFRP fibers addition slightly decreases compressive strength for all mixtures and 

increases flexural strength for all mixtures. Wood removal increases flexural strength gain and 

decreases compressive strength reduction for all mixtures. Quantity and type of fiber influence 

the failure mode and post-peak behavior, and the strength-displacement curves are similar to 

those for steel fiber reinforced concrete. Specific findings are as follows: 

• When DWTB-GFRP is incorporated in concrete as fiber reinforcement, an enhancement 

in flexural capacity of up to 22% was achieved. 

• The flexural strength increases with the increase of fiber content and decrease of wooden 

content. 

• A noticeable increase in flexural toughness with the increase in fiber content and 

decrease of wooden content is observed. 

• The compressive strength decreases of up to 7% was observed for mixture with 1.75% 

of fibers with wood added. 

• The compressive strength decreases with the increase of wooden content and with the 

increase of fiber content. 

• No significant difference in strength decrease was observed after 90 days curing and 200 

freeze-thaw cycles exposure between Reference mixture and mixtures with fibers 

without wood. 

• Mixtures with wood addition demonstrated a slight strength decrease after being exposed 

to the 200 freeze-thaw cycles in the air compared to the Reference mixture after the same 

curing conditions.  

• Mixtures without wood demonstrated a slight compressive and flexural strength 

decrease after being exposed to the 200 freeze-thaw cycles. A similar strength decrease 

was observed for the Reference mixture after 200 cycles of freeze-thaw exposure.  
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• The decrease in flexural toughness was more noticeable for mixtures without wood 

possibly due to the reduction of bond strength between smoother surfaces and concrete 

matrix resulting in a shorter post-peak stage and lower overall deflexion. 

• Flexural strength-mid-span deflexion curve shape varied depending on the fiber addition 

rate and type of the fiber added. A weaker fiber-concrete bond was observed resulting 

in a shorter post-peak stage and lower flexural toughness compared to virgin fiber 

reinforced concretes. 

Therefore, the DWTB-GFRP material can be valorized when it is added to concrete in the fiber 

form where the flexural capacity can be improved. Slight negative effects of wooden content on 

mixture durability were observed and no negative effects on concrete durability for fibers 

without wood were observed. In general, this study supports the use of DWTB-GFRP in 

concrete as fiber reinforcement. The techniques of valorisation of fibers producing more 

homogeneous length and width of fibers are to be found, and an explicit environmental analysis 

is needed to estimate the positive environmental effects of DWTB-GFRP valorisation. 
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6. FREEZE/THAW CYCLING EFFECTS ON 
CONCRETE-FILLED-FRP TUBES WITH 

VALORIZED FRP MATERIALS FROM 

DECOMMISSIONED WIND TURBINE 

BLADES. 
6.1. Introduction  

This chapter investigates the freeze-thaw durability of CFFT-GFRP confined concretes 

incorporating decommissioned glass fiber-reinforced polymer (GFRP) materials originating 

from disassembled wind-turbine blades (DWTB) – (DWTB-GFRP) as powder and lightweight 

coarse aggregate after being exposed to freezing and thawing in the air environment. In chapter 

4, the uniaxial compressive behaviour of CFFT-GFRP structure filled with DWTB-GFRP 

concrete was investigated at 28 and 90 days. The present chapter investigates the uniaxial 

compressive behavior of the same mixtures, confined and unconfined, after being exposed to 

the 200 freeze-thaw cycles with the same cycle parameters as the ones used in chapter 5. The 

compressive strength and stress-strain curves for confined and unconfined mixtures are 

analyzed. 

6.2. State of the art  

6.2.1. Durability of recycled aggregate concrete 
The freeze-thaw durability of recycled aggregate concrete has been investigated by multiple 

researchers [61,62,127,128]. Such parameters as porosity and aggregate properties have a 

significant impact on the concrete resistance to such environmental impacts as freezing and 

thawing [129]. According to [128], the freeze-thaw damage in concrete occurs as follows: 

initially, frozen water expands in concrete pores, the excess water is eliminated by expansion 

pressure, once the expansion pressure exceeds material resistance, local cracks occur. During 

the thaw cycle in a humid environment, more water enters expanded pores. The repeated 

freezing and thawing causes progressive degradation with each repeated cycle. The volume 

expansion and temperature stress also participate to internal structure degradation [130]. In the 
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case of recycled concrete aggregates consisting of old stone aggregate and attached mortar, the 

higher porosity is usually reported [131], leading to lower freeze-thaw resistance [127]. 

However, the increase in recycled aggregate content has a lower impact on durability compared 

to the increase in W/C ratio according to [132].  

According to [133], the treatment of recycled aggregate can have a significant impact on the 

concrete properties, with higher freeze-thaw resistance of recycled aggregate concrete compared 

to virgin aggregate concrete in case of treated (e.g., washed before mixing) recycled aggregate.  

The concrete mass has been reported to decrease due to expanding pore water when freezing, 

then increase at the thawing stage with more water entering the expanded pores. The dynamic 

elasticity modulus and compressive strength have been reported to decrease for both virgin and 

recycled aggregate concrete, though recycled aggregates showed lower results [62]. 

Fox (2016) [8] investigated the effects of the addition of decommissioned wind turbine blade 

material as coarse aggregate in concrete. The 28-day strength decreased linearly with the 

increase of the aggregate replacement ratio. Part of the samples stored in a hot bath demonstrated 

values not suitable for use due to the thermal expansion. The ASTM C157 shrinkage prism test 

results demonstrated a significant expansion over the entire curing cycle for the hot bath samples 

(values between 0.27% and 0.33%). The results of the corrosion test showed an increase of mass 

instead of mass loss, likely due to the water absorption. The composite samples showed mass 

gains of more than three times the amount of the limestone aggregate at the age of 90 days. High 

water absorption is one of the factors which can strongly influence frost resistance.  

6.2.2. Recycled glass powder concrete 
For the glass powder, added as fine particles, reduction in permeability of concrete has been 

reported, leading to enhanced durability. This is due to the pozzolanic activity and pore micro 

filling effect in cement matrix [134,135]. On the other hand, the addition of waste glass as an 

inert filler aggregate of different particle sizes has been reported to reduce mechanical properties 

[136]. According to [43], particle size is the key factor in controlling different concrete 

properties. The use of glass powder of finer particle size as cement replacement was investigated 

by [22,95,137] with the improvement in physical properties of concrete. [137] investigated the 

frost resistance of concrete incorporating fine glass powder as cement replacement after rapid 

freezing exposure and surface scaling resistance. An improvement in durability was reported 
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with better results for smaller particle sizes due to the superior filler effect and pozzolanic 

reaction.  

Al-Akhras et al. (2012) [77] investigated the Performance of glass concrete subjected to 

freeze-thaw cycling with 6%, 12%, and 18% cement replacement by weight of cement. The 

amount of damage was evaluated by measuring the fundamental transverse frequency of 

concrete prisms every 25 cycles of FT exposure. The fundamental transverse frequency of 

simply supported concrete prisms was performed according to ASTM C215-08. The 

performance of GP concrete to FT cycling was observed higher compared to that of plain 

concrete. The resistance of GP concrete to FT damage increased with increasing the GP 

replacement level from 6% to 18%.  

6.2.3. CFFT durability 
El-Zefzafy et al. (2013) and Boumarafy et al. (2015) [54, 96] investigated the durability 

of CFFT structures against freeze-thaw exposure in terms of uniaxial compressive strength. [90] 

tested CFFT specimens immersed in saltwater, [54] used 200 cycled and specimens immersed 

in water, saline, alkaline, and air environment. Both researchers reported good protective 

properties of FRP tube in CFFT structure, with some important changes in compressive behavior 

explained in detail in chapter 2.9.  

6.3. Experimental program 

6.3.1. Material properties 

6.3.1.1. DWTB-GFRP material 
The DWTB-GFRP material from the Bouffard Group (QC, Canada) was used in a form 

of powder and aggregates, the same as in chapter 4. According to the results from [110], the 

density of DWTB-GFRP powder is 1.66 g/cm3, with 64% glass content (55% of glass is SiO2). 

The DWTB-GFRP aggregates with wood have an average density of 680kg/m3, aggregates 

without wood have a density of 1.7 kg/m3.  

6.3.1.2. Basic concrete constituents  
Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type I cement [96] was 

used. Natural river sand (nominal maximum size of 5 mm) with a specific gravity of 2.61 and 
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water absorption of 0.91% was also used. Crushed limestone aggregates with nominal maximum 

sizes of 14 mm and 20 mm and a specific gravity of 2.7 were considered. Potable water from 

the laboratory was used for concrete mixing. The source of water is free from any form of 

contamination. 

6.3.1.3. Mixture proportions 
To investigate the effect of GFRP-DWTB on concrete properties, two different forms of GFRP-

DWTB were considered: (i) as received GFRP-DWTB after manual cutting using the water jet 

saw or grinding chipped material into a fine powder, as well as (ii) after removal of wooden 

content. These two forms are termed throughout this manuscript as series WW (with wood) and 

series NW (no wood). For both series, GFRP-DWTB material was incorporated in replacement 

of coarse aggregates (at rates of 0, 50, and 100% per volume of aggregates) or cement (at rates 

of 0, 10, and 20% per cement mass). Table 6.1 presents the proportions of concrete mixtures 

incorporating GFRP-DWTB (series WW and NW) after cutting and grinding.  

Table 6.1. Mixture proportions of GFRP-DWTB concrete for freeze-thaw test (kg/m3 of 

concrete). 

Mix Proportion  REF 10WW 20WW 10NW 20NW 50WW 100WW 50WW 100WW 

Cement  410 369 328 369 328 410 410 410 410 

Water  200 200 200 200 200 200 200 200 200 

Sand  735 735 735 735 735 735 735 735 735 

20mm coarse 

aggregate 

 
632 632 632 632 632 316 0 316 0 

12mm coarse 

aggregate 

 
421 421 421 421 421 421 421 421 421 

DWTB-GFRP  0 41 82 41 82 76 153 174 348 

 

6.3.1.4. Specimen preparation 
Specimen preparation comprised three stages. The first concerns the preparation of GFRP-

DWTB material. The second concerns the fabrication of a GFRP confining tube. The third 

concerns the preparation of concrete mixtures and casting the specimens. 
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6.3.1.5. DWTB preparation 
GFRP-DWTB is prepared in two forms for further testing, the same way as described in chapter 

4. To be used as an aggregate replacement, GFRP-DWTB was manually cut into 20 mm cubes 

using the jet saw. To be used as cement replacement, panels were chipped using the industrial 

woodchipper, followed by grinding using the ball mill (Fig. 4.2). For the aggregate replacement 

for series NW, wood was manually removed from the material: the cubes from Series WW were 

put into a ball mill for a short cycle to remove wood (Fig.4.2g). This was an attempt to avoid 

the difficulty of grinding arising from the significant divergence in hardness between wood and 

GFRP. For the powder preparation for Series NW, wood was manually removed prior to 

chipping and grinding. Particle size distribution was measured using the granulometry laser 

following the [104]. The particle size distribution is shown in Fig. 4.3. 

6.3.1.6. Specimen preparation 
A 100 L capacity concrete mixer was used to prepare concrete. The concrete mixing was 

performed following the ASTM C192 [99] procedure. The GFRP-DWTB material was dry-

mixed with coarse aggregate for 10 min prior to adding to the final mixture. This was done to 

enhance the homogeneity of the mixture. 

After mixing, the 150 x 300 mm cylinders were cast to be tested in compression. After sampling, 

specimens were covered with plastic sheets and kept in a room with relative humidity (RH) and 

temperature of approximately 50% and 23oC, respectively. After 24±1 h, the specimens were 

unmolded and transferred for storage. Specimens were placed in a fog room at 100% RH and 

22oC temperature (for the 90-day compressive test) or in the environmental chamber (to simulate 

the freeze-thaw exposure) and were kept there until the age of testing. 3 specimens for each test 

were prepared. 

6.3.1.7. Freeze-thaw exposure 
The environmental chamber able to reach temperatures between 40oC and -40oC was used to 

simulate the freeze-thaw exposure. Concrete core thermocouples were used to measure the 

temperature inside the specimens. The same freeze-thaw cycle as the one described in chapter 

5 was used (Fig. 5.2). Specimens were kept in the air. The freezing cycles consisted of lowering 

the temperature in the middle of the specimens from +4oC to −18oC in a period of 4 h. The 

thawing cycles consisted of raising the temperature in the middle of the saturated concrete 
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specimens from −18oC to 4oC in a period of 4 h. Thus, the specimens underwent three freeze-

thaw cycles per 24 hours, similarly to the accelerated freeze-thaw test described in ASTM 

C666/C666M, for a total of 67 days for 200 Freeze-Thaw cycles. 

6.3.1.8. Test procedure 
All cylinders were brought to room temperature before being tested. The contact faces (top and 

bottom) were flattened prior to testing to ensure the uniform stress distribution during the test. 

The 5000 kN capacity hydraulic press (MTS 810) equipped with a digital acquisition system 

was used to perform the testing (Fig. 4.6). The loading rate was controlled automatically by the 

machine and was 1 mm/min. The compressive strength was evaluated (3 specimens for each 

mixture) following the guidelines of [94]. 

6.4. Analysis and discussion of the experimental results 
The following sections represent and discuss the results of compression tests performed on 

unconfined and confined cylinders under uniaxial compression after being exposed to 200 

freeze-thaw cycles in the air. Test results are compared to the result for the same mixtures after 

90-day curing in the fog room presented in Chapter 4. 

6.4.1. Mixtures with aggregate replacement 

The effects of DWTB-GFRP aggregate on compressive strength of concrete and CFFT 

specimens after 200 freeze-thaw cycles are presented in Fig. 6.1 (a, b), the photos of tested 

specimens are presented in Fig. 6.2, the compressive strength- axial strain curves are depicted 

in Fig.6.3 (a, b) for unconfined specimens and in Fig. 6.3 (c) for CFFT specimens, the CFFT 

confinement effects are depicted in Fig. 6.3 (d-f) and compared with unconfined specimens from 

the same mixtures. The compressive strength of specimens from the REF mixture was chosen 

as 100% for each curing condition and each specimen type (REF90 as 100% for unconfined 

specimens cured in fog room for 90 days, REFFT as 100% for unconfined specimens from 

environmental chamber, REFC90 as 100% for confined specimens from fog room, REFCFT as 

100% for confined specimens from environmental chamber).  
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a)  

b)  

Fig.  6.1. Compression test results for mixtures with aggregate replacement after 90 days 

curing and freeze-thaw exposure: a) unconfined specimens; b) CFFT specimens. 

 The linear decrease in compressive strength with the increase in aggregate content was 

observed for both curing conditions. The result for mixture 100NW after 90 days is similar to 

that of [8], due to the similarity of DWTB-GFRP material without wood to the decommissioned 

wind turbine blades used by [8]. The relative strength decrease due to the aggregate replacement 
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is similar for unconfined and confined specimens, which can be explained by the strength 

decrease of concrete influencing both elastic and plastic stages of compressive behaviour of the 

CFFT structure [79]. For the specimens that underwent 200 freeze-thaw cycles, the compressive 

strength decrease is more pronounced for the unconfined specimens than for confined ones. This 

is assumingly due to the more noticeable decrease in compressive strength of concrete due to 

the freeze-thaw exposure than for the CFFT tube. All confined specimens obtained results 

superior to the target strength of reference concrete (40MPa). No visible damage to the 

specimens due to the freeze-thaw exposure was observed. The failure occurred due to the FRP 

confining tube failure in the hoop direction (Fig. 6.2). A noticeable increase in elastic 

compressive strength was observed for confined specimens with 50% and 100% aggregate 

replacement due to the confining effect compensating the lack of strength in the ITZ. The overall 

behaviour of CFFT structures didn’t change due to the freeze-thaw exposure. On the other hand, 

freeze-thaw exposure in the air causes internal damage due to the freezing and thawing of pore 

water in concrete, though the protective action of GFRP tube in the aggressive environment 

reported by [54] needs more investigation in different curing environments.  

 

Fig.  6.2. Tested specimens: a) 50WWFT; b) 50WWCFT and 100WWFT; c) 100WWFT. 
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Fig.  6.3. Compressive strength-axial strain curves for mixtures with aggregate replacement 

after freeze-thaw exposure. 
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6.4.2. Mixtures with cement replacement 

The effects of DWTB-GFRP powder on compressive strength of concrete and CFFT 

specimens are presented in Fig. 6.4 (a, b), the compressive strength- axial strain curves are 

depicted in Fig. 6.5 (a, b) for unconfined specimens and in Fig. 6.5 (c) for CFFT specimens, 

the CFFT confinement effects are depicted in Fig. 6.5 (d-f) and compared with unconfined 

specimens from the same mixtures.  

a)  

b)  

Fig.  6.4. Compression test results for mixtures with cement replacement after 90 days curing 

and freeze-thaw exposure: a) unconfined specimens; b) CFFT specimens. 
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The specimens incorporating DWTB-GFRP as powder demonstrated lower strength compared 

to reference concrete, the higher strength decrease was observed for the specimens exposed to 

freeze-thaw cycles, though both results are noticeably higher than after 28 days (as discussed in 

Chapter 4). A slightly stronger strength decrease compared to the Reference mix is observed for 

the specimens incorporating wood. On the other hand, the relative strength decrease due to 

freezing and thawing compared to the specimens of the same age in the same mixture was 

slightly higher for the mixtures without wood, which can be a possible result of wood powder 

participating in the stress distribution during freezing cycle, but the difference wasn’t significant 

enough to provide a conclusive result. The results for specimens incorporating DWTB-GFRP 

demonstrated less homogeneous results what is caused by the high inhomogeneity of initial 

DWTB-GFRP powder. The noticeable inhomogeneity is noticeable for the specimens with 20% 

replacement level and not for 10% replacement level, which allows to conclude that higher 

replacement levels lead to less homogeneous results. Though all the unconfined mixtures 

exceeded the target strength of 35MPa. All the confined specimens exceeded 65 MPa. The 

compressive strength of specimens after freeze-thaw exposure is influenced by three 

mechanisms: (i) the strength gains due to the pozzolanic reaction for the powder rich in SiO2 

(for both WW and NW series), similarly to the results of [108,109], (ii) termination of the 

retardant effect of wood powder allowing cement hydration (for series WW), and (iii) freeze-

thaw effect. The effect of strength decrease with the increase in the pozzolan content was also 

observed by [138], and is influenced by the fineness of added pozzolan. The larger particle size 

creates a larger pore structure, thus decreasing the frost resistance. 

For confined specimens, the increase of compressive strength due to the confinement achieved 

90-100% of unconfined strength. The use of CFFT demonstrated higher effectiveness for larger 

replacement levels assuming the economic and ecological impact, and the compressive strength 

of the CFFT structures. 

On the other hand, the protective properties of GFRP tube against the aggressive environment, 

reported by [54,90] couldn’t be proved only by testing in the air, since in the case of freeze-thaw 

in the air the damage caused to the concrete is caused generally by pore water in concrete. 

Further testing in the aggressive environment is needed, such as freeze-thaw exposure in 

saltwater, reported to cause the most damage to the concrete by [54], and in the alkali solution 

to verify the impact of high alkalinity on the GFRP tube and DWTB-GFRP added in concrete. 
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Fig.  6.5. Compressive strength-axial strain curves for mixtures with cement replacement after 

freeze-thaw exposure. 
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6.5. Conclusions 

In this chapter, the freeze-thaw durability of concrete incorporating DWTB-GFRP and with the 

application of CFFT technology has been investigated. The effects of freeze-thaw exposure in 

the air on the compressive strength of concrete were evaluated for plain and CFFT confined 

concrete incorporating DWTB-GFRP material and compared to the 90-day results for the same 

mixtures from the fog room. The following conclusions can be made: 

• freeze-thaw exposure caused a decrease in compressive strength of all specimens from 

all mixtures compared to the specimens kept in the fog room for 90 days. 

• for the mixtures with wood addition, the strength decrease due to freezing and thawing 

was similar between mixtures for confined and unconfined specimens. 

• the noticeable increase in elastic stage strength was observed for mixtures with aggregate 

replacement, similarly to the results for 28 and 90 days (Chapter 4) due to the confining 

action of CFFT providing reinforcement in the hoop direction. 

• for the mixtures with powder addition, both specimens kept in a fog room and exposed 

to freezing and thawing demonstrated the increase in strength compared to the 28-day 

strength. 

• the specimens with powder addition exposed to freezing and thawing demonstrated 

lower compressive strength compared to the specimens kept in a fog room. 

• the fineness of the powder and wooden content influencing the pore structure of concrete 

and thus, the frost resistance, is assumingly the reason for the decrease in frost resistance 

• CFFT technology application noticeably increased the compressive strength of concrete 

mixtures, though freezing and thawing in the air does not allow to explore the protective 

properties of CFFT against aggressive environments such as saline and alkaline solutions 

generally reported in the literature. 

• the use of DWTB-GFRP caused the increase in inhomogeneity of the results for tested 

specimens due to the inhomogeneity of the source material. 

• the inhomogeneity of the results was more noticeable for mixtures with powder addition 

and higher replacement levels. 
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• the CFFT technology application for mixtures with aggregate replacement gives a larger 

relative increase in maximum elastic strength. 

• the CFFT technology application for mixtures with powder replacing cement is more 

effective for higher replacement levels, allowing to reduce the difference in the 

compressive strength for 10% and 20% replacement levels.  
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7. CONCLUSIONS AND 

RECOMMENDATIONS 
7.1. Summary 

This thesis presented the investigation of the significant topic of Valorisation of 

Decommissioned Wind Turbine Blade Glass Fiber Reinforced Polymer material (DWTB-

GFRP) in concrete. Three possible solutions were evaluated: coarse aggregate replacement by 

manually cut material; cement replacement by DWTB-GFRP grounded into fine powder; fiber 

reinforcement by shredded DWTB-GFRP material. The effects of treatment of DWTB-GFRP 

material by manual removing of wooden part were equally evaluated. The improvement of the 

compressive strength of new concrete by the application of CFFT technology was investigated 

for the aggregate and powder forms. The chemical analysis, compressive and flexural strength 

at 28 and 90 days, and after freeze-thaw exposure in the air were evaluated. Analytical modeling 

for the CFFT short columns filled with DWTB-GFRP aggregate concrete was performed using 

the ACI 440.2R-17 model, and the new modified model adapted to the new concrete was 

proposed allowing to increase the precision of the analytical model for the case of DWTB-GFRP 

aggregates. 

7.2. Conclusions 

7.2.1. First part: Valorization of recycled FRP materials 

from wind turbine blades in concrete 
The viability of use of DWTB-GFRP in concrete was investigated. An extensive material 

characterisation was performed in order to measure the density, composition, chemical 

inorganic content, shape of aggregates, powder fineness and dimensions of fibers, pozzolanic 

reactivity using the XRF and XRD methods, pyrolysis, laser granulometry, pycnometer and 

standard pozzolanic activity strength test. Following the material characterisation, the series of 

concrete mixtures were designed incorporating DWTB-GFRP in three forms: cut into cubes as 

coarse aggregate replacement, chipped into fibers as received from the industrial partner, and 

ground into fine powder to replace cement. The replacement levels of 33-100% of coarse 

aggregate, 1-1.75 vol.% and 10-30% powder replacement were chosen for compressive and 
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flexural strength tests. For a part of the specimens, the wooden content was manually removed, 

and the compressive and flexural tests were performed after 28 and 90 days. The experimental 

results demonstrated the following points: 

• The non-organic component (glass fiber) consists of 55% SiO2, 23% CaO, 14% Al2O3. 

• Amorphous glassy part allows to expect the pozzolanic reactivity. 

• The whole DWTB-GFRP material consist of 64% glass, 29% epoxy resin and 7% wood 

by weight. 

• The density of DWTB-GFRP powder is 1.66 g/cm3 with fineness comparable to that of 

Portland cement but with high inhomogeneity of the results for DWTB-GFRP. 

• For the strength activity index, the noticeable decrease in compressive strength and delay 

in setting time due to the retardant properties of wooden part. 

• For the mechanical properties, the incorporation of DWTB-GFRP as powder caused a 

significant decrease in compressive strength at 28 days due to the retardant properties of 

wooden part containing polysaccharides interfering with cement hydration kinetics. 

• The addition of DWTB-GFRP as aggregate replacement resulted in lower compressive 

and flexural strength due to the lack of adherence in the interfacial transition zone. 

• When DWTB-GFRP is incorporated in concrete as fiber reinforcement, an enhancement 

in flexural capacity of up to 15% was achieved without a noticeable drop in compressive 

strength.  

• Wood removal enables mixtures with 10% cement replacement by DWTB-GFRP 

powder to demonstrate comparable compressive strength as that of the reference mixture 

(without DWTB-GFRP) in 90 days. 

Therefore, while DWTB-GFRP material can be valorized in different ways (powder, fiber, 

aggregates) to produce low-CO2 concrete, the most advantageous effect of this material is 

obtained when the wooden content is removed, or when it is used in the fiber form where the 

flexural capacity can be significantly improved. 
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7.2.2. Second part: Compressive behavior of FRP-tube-

confined concrete short columns using valorized FRP 

materials from wind turbine blades: Experimental 

investigation and analytical modelling 

In this chapter, the two possible solutions for valorizing DWTB-GFRP in concrete were 

investigated with the application of Concrete Filled Fiber Tube reinforcement technology 

(CFFT). Powder with wood and after wood removal (at 10-20% cement replacement), and 

lightweight aggregates with wood and after wood removal (at 50-100% replacement of coarse 

limestone aggregate) were incorporated into concrete and tested at 28 and 90 days, CFFT 

technology was tested for powder and aggregates with wood at 28 and 90 days. Specific findings 

are as follows: 

• The incorporation of DWTB-GFRP aggregates into concrete decreases the compressive 

strength and density of concrete, with larger decrease values for aggregates with wood. The 

smooth surface of DWTB-GFRP leads to lower adherence with the matrix and creating a 

low-strength interfacial transition zone. Combined with lower compressive strength of 

DWTB-GFRP material compared to limestone aggregate (especially for the aggregates with 

the wood included) it is responsible for the strength loss. Unconfined concrete with 100% 

aggregate replacement by DWTB-GFRP including the wood conforms to the lightweight 

concrete criteria in terms of density and compressive strength. 

• The incorporation of DWTB-GFRP powder including wood content causes a significant 

decrease in the 28-day compressive strength of concrete principally due to the presence of 

high organic content, particularly wood containing polysaccharides interfering with cement 

hydration kinetics. 

• 28-day strength decrease for DWTB-GFRP powder incorporation after wood removal is less 

pronounced than for powder with wood. 

• A significant strength increases for both powders with wood and without wood was observed 

between 28 and 90 days, reaching between 87 and 96% of reference mix strength at 90 days 

and exceeding the target strength of 35 MPa. 
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• CFFT confinement allowed to significantly improve the compressive strength of all mixtures 

by 90-120%. For mixtures with aggregate addition, the increase of elastic stage peak value 

by 14-28% was observed due to the confinement for 50 and 100% replacement, respectively. 

For mixtures with powder addition, the increase in compressive strength of 90-100% was 

observed. 

• An existing ACI 440-2R-17 analytical model was adapted to the case of DWTB-GFRP 

aggregates by introducing the coefficients as a function of the aggregate replacement level 

allowing better precision in comparison with experimental data. 

• In general, the use of CFFT technology is more justified for the higher replacement levels 

from the environmental and structural points of view. 

Concluding all the aforementioned, CFFT confinement application allows to significantly 

increase the compressive strength of concrete. Low-CO2 concrete with equal or superior to 

standard concrete strength can be obtained using the combination of DWTB-GFRP with CFFT 

technology. 

7.2.3. Third part: Freezing and thawing durability of 

concretes incorporating valorized glass fiber-reinforced 

polymer materials from decommissioned wind-turbine 

blades 
In this chapter, the durability of DWTB-GFRP in concrete as fiber reinforcement was 

investigated. The addition rate of 1-1.75 vol. % into concrete for the fibers containing wood as 

received from the industrial partner, and with wood removed, were studied. Results indicate that 

DWTB-GFRP fibers addition resulted in a slight decrease of compressive strength for all 

mixtures and a noticeable increase in flexural strength for all mixtures. Wood removal results 

in larger flexural strength gain and smaller compressive strength reduction for all mixtures. 

Quantity and type of fiber influence the failure mode and post-peak behavior, and the strength-

displacement curves are similar to those for steel fiber reinforced concrete. Specific findings are 

as follows: 

• An enhancement in flexural capacity of up to 22% was achieved for 1.75% DWTB-

GFRP addition. 
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• The flexural strength increases with the increase of fiber content and decrease of wooden 

content. 

• An increase in flexural toughness is observed for all mixtures and the increase in fiber 

content and decrease of wooden content had beneficial effects on flexural toughness. 

• A compressive strength decrease of up to 7% was observed for mixture with 1.75% of 

fibers with wood added. 

• The compressive strength decreases mostly with the increase of wooden content and 

slightly with the increase of fiber content. 

• No significant difference in strength decrease was observed after 90 days curing and 200 

freeze-thaw cycles exposure between the reference mixture and mixtures with fibers 

without wood. 

• Mixtures with wood addition demonstrated a slight strength decrease after being exposed 

to the 200 freeze-thaw cycles compared to the reference mixture after the same curing 

conditions.  

• The decrease in flexural toughness was more noticeable for mixtures without wood 

possibly due to the reduction of bond strength between smoother surfaces and concrete 

matrix resulting in a shorter post-peak stage and lower overall deflexion. 

• Flexural strength-mid-span deflexion curve shape varied depending on the fiber addition 

rate and type of the fiber added. A weaker fiber-concrete bond was observed resulting 

in a shorter post-peak stage and lower flexural toughness compared to virgin fiber 

reinforced concretes. 

Therefore, the DWTB-GFRP material can be valorized when it is added to concrete in the fiber 

form where the flexural capacity can be improved significantly. Slight negative effects of 

wooden content on mixture durability were observed and no negative effects on concrete 

durability for fibers without wood were observed. In general, this study supports the use of 

DWTB-GFRP in concrete as fiber reinforcement.  
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7.2.4. Fourth part: Freezing and thawing durability of 

concretes incorporating valorized FRP materials from 

decommissioned wind turbine blades under confinement 

In this chapter, the freeze-thaw durability of concrete incorporating DWTB-GFRP and with the 

application of CFFT technology has been investigated. The effects of freeze-thaw exposure in 

the air on the compressive strength of concrete were evaluated for plain and CFFT confined 

concrete incorporating DWTB-GFRP material and compared to the 90-day results for the same 

mixtures from the fog room. The following conclusions can be made: 

• Freeze-thaw exposure caused a decrease in compressive strength for all specimens from 

all mixtures compared to the specimens kept in the fog room for 90 days. 

• For the mixtures with wood addition, the strength decreases due to the freezing and 

thawing was similar between mixtures for confined and unconfined specimens. 

• The noticeable increase in elastic stage strength was observed for mixtures with 

aggregate replacement, similarly to the results for 28 and 90 days (Chapter 4) due to the 

confining action of CFFT providing reinforcement in the hoop direction. 

• For the mixtures with powder addition, both specimens kept in a fog room and exposed 

to freezing and thawing demonstrated an increase in strength compared to the 28-day 

strength.  

• The specimens with powder addition exposed to freezing and thawing demonstrated 

lower compressive strength compared to the specimens kept in a fog room. 

• The fineness of the powder and wooden content influencing the pore structure of 

concrete and thus, the frost resistance, is assumingly the reason for the decrease in frost 

resistance. 

• CFFT technology application noticeably increased the compressive strength of concrete 

mixtures, though freezing and thawing in the air does not allow to explore the protective 

properties of CFFT against aggressive environments such as saline and alkaline solutions 

generally reported in the literature. 

• The use of DWTB-GFRP caused the increase in inhomogeneity of the results for tested 

specimens due to the inhomogeneity of the source material. 
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• The inhomogeneity of the results was more noticeable for mixtures with powder addition 

and for higher replacement levels. 

• The use of CFFT technology is more effective from the economic and ecological points 

of view.  

• The CFFT technology application for mixtures with aggregate replacement gives a larger 

relative increase in maximum elastic strength of structure. 

• The CFFT technology application for mixtures with powder replacing cement is more 

effective for higher replacement levels, allowing to reduce the difference in the 

compressive strength for 10% and 20% replacement levels.  

7.3. Recommendations for future work 
The present research is a feasibility study for the DWTB-GFRP material valorisation in 

concrete, which opened the way to investigate new topics. While the findings of the present 

study give some possible ways and solutions, additional studies are recommended to provide 

more exhaustive data. 

7.3.1. First part: Valorization of recycled FRP materials 

from wind turbine blades in concrete 
• Measure the porosity and water absorption of DWTB-GFRP. 

• Following the Pozzolanic Strength Activity Index Test [105], investigate the influence 

of DWTB-GFRP addition on the pore structure of mortar and pozzolanic reactivity 

presence using the advanced methods of chemical and macrostructural analysis. 

• Further investigate of the influence of DWTB-GFRP addition into concrete onto the 

microstructure of concrete and verify the presence of pozzolanic reactivity (if added as 

powder) using the electron scanning microscope. 

• Investigate the behavior of concrete incorporating DWTB-GFRP aggregates in the 

Interfacial Transition Zone, bond strength, and ways to improve the bond strength. 

• Investigate the effects of different forms of DWTB-GFRP addition on workability and 

air entrainment of concrete. 
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• Investigate possible ways to optimize the procedure of preparing the DWTB-GFRP 

aggregates and the ways to improve the bond strength between aggregates and cement 

matrix. 

• Provide more experimental data allowing the application of the probabilistic approach 

assuming the increased inhomogeneity of DWTB-GFRP and the effects of the 

inhomogeneity on the concrete properties. 

7.3.2. Second part: Behavior of recycled FRP materials 

from wind turbine blades under confinement 
• Investigate the effects of different tube thicknesses on the physical properties of CFFT 

structure filled with concrete incorporating DWTB-GFRP 

• Identify the optimal value of DWTB-GFRP addition rate and CFFT tube thickness on 

physical properties of CFFT structure from the economic and environmental points of 

view.  

• Investigate the influence of DWTB-GFRP addition on the bond strength between GFRP 

tube and concrete. 

• Investigate the structural behavior of CFFT structures filled with concrete incorporating 

DWTB-GFRP for larger-scale structures such as columns, beams, girders, etc.  

• Investigate the possible effects of the combination of different valorisation solutions for 

DWTB-GFRP in the same mixture on concrete strength as plain concrete structure and 

as CFFT structure 

• Increase the number of tested specimens and incorporate a probabilistic approach into 

the developed analytical models. 

7.3.3. Third part: Freezing and thawing durability of 

concretes incorporating valorized glass fiber-reinforced 

polymer materials from decommissioned wind-turbine 

blades 
• Investigate the bonding between DWTB-GFRP fiber and concrete matrix, the tensile 

strength of recycled DWTB-GFRP fiber, the effects of the high alkalinity of cement on 
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the microstructure of DWTB-GFRP fiber using such analytical tools as scanning 

electron microscopy. 

• Test more addition ratios of DWTB-GFRP fiber into concrete and analyze the effects of 

different addition ratios on compressive and flexural strength of concrete incorporating 

DWTB-GFRP. 

• Investigate the resistance of concrete reinforced with DWTB-GFRP fiber to rapid 

freezing and thawing following the ASTM C666/C666M, 2003 [135] guidelines. 

• Investigate the effects of immersion in different environments (water, saline, and 

alkaline solutions) during the freezing and thawing on concrete performance for different 

addition rates of DWTB-GFRP. 

• Investigate the effects of different environments (water, saline, and alkaline solutions) 

on the DWTB-GFRP fiber microstructure and tensile strength. 

7.3.4. Fourth part:  Freezing and thawing durability of 

concretes incorporating valorized FRP materials from 

decommissioned wind turbine blades under confinement  
• Perform the chemical and microstructural analysis of specimens incorporating DWTB-

GFRP as powder, verify the presence of pozzolanic reactivity in concrete, the porosity 

and pore distribution, and the effects of freeze-thaw exposure on these parameters. 

• Investigate the influence of DWTB-GFRP aggregates on water content, water 

absorption, and porosity of concrete. 

• Investigate the influence of freezing and thawing in different environments (water, 

saline, and alkaline solutions) on the bond strength between cement matrix and 

DWTB-GFRP aggregates in the Interfacial Transition Zone. 

• Investigate the effects of immersion in different environments (water, saline, and 

alkaline solutions) during the freezing and thawing on the properties of concrete 

incorporating DWTB-GFRP powder and aggregates, GFRP confining tube, bonding 

between concrete and GFRP confining tube. 
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8. CONCLUSIONS ET RECOMMANDATIONS 
8.1. Sommaire 

Cette thèse a présenté l’investigation du sujet important de la valorisation du matériau polymère 

renforcé de fibres de verre des pales d’éoliennes en fin de vie (DWTB-GFRP) dans le béton. 

Trois solutions possibles ont été évaluées : le remplacement des granulats par des matériaux 

coupés manuellement; le remplacement du ciment par du DWTB-GFRP broyé en poudre fine; 

le renforcement des fibres par un matériau DWTB-GFRP déchiqueté. Les effets du traitement 

du matériau DWTB-GFRP par retrait manuel de la partie en bois ont également été évalués. 

L’amélioration de la résistance à la compression du béton neuf par l’application de la 

technologie CFFT a été étudiée pour les formes d’agrégat et de poudre. L’analyse chimique, la 

résistance à la compression et à la flexion à 28 et 90 jours, et après exposition au gel-dégel dans 

l’air ont été évaluées. 

8.2. Conclusions 

8.2.1. Première partie : Valorisation de matériaux FRP 
recyclés issus de pales d’éoliennes en béton 

La viabilité de l’utilisation de DWTB-GFRP dans le béton a été étudiée. Une caractérisation 

approfondie des matériaux a été réalisée afin de mesurer la densité, la composition, la 

composition chimique de contenu inorganique, la forme des agrégats, la finesse de la poudre et 

les dimensions des fibres, la réactivité pouzzolanique à l’aide des méthodes DRX et FRX, de la 

pyrolyse, de la granulométrie laser, du pycnomètre et du test de l’index de l’activité 

pouzzolanique standard. Suivant la caractérisation du matériau, la série de mélanges de béton a 

été conçue en incorporant du DWTB-GFRP sous trois formes : coupé en cubes comme 

remplacement d’agrégat grossier, déchiqueté en fibres tel que reçu du partenaire industriel et 

broyé en poudre fine pour remplacer le ciment. Les niveaux de remplacement de 33 à 100 % 

d’agrégat grossier, de 1 à 1,75 % en volume et de 10 à 30 % de remplacement de poudre ont été 

choisis pour les tests de résistance à la compression et à la flexion. Pour une partie des 

échantillons, la partie en bois a été enlevée manuellement, et les essais de compression et de 

flexion ont été effectués après 28 et 90 jours. Les résultats expérimentaux ont mis en évidence 

les points suivants : 
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• Le composant non organique (fibre de verre) est constitué de 55 % de SiO2, 23 % de 

CaO, 14 % d’Al2O3. 

• La présence de partie vitreuse amorphe. 

• L’ensemble du matériau DWTB-GFRP est composé de 64 % de verre, 29 % de résine 

époxy et 7 % de bois. 

• La densité de la poudre DWTB-GFRP est de 1,66 g/cm3 avec une finesse supérieure à 

celle du ciment Portland, mais avec une grande hétérogénéité des résultats pour DWTB-

GFRP. 

• Pour l’indice d’activité pouzzolanique, la diminution significative de la résistance à la 

compression et l’augmentation de temps de prise en raison des propriétés retardatrices 

de la partie en bois ont été observées. 

• Pour les propriétés mécaniques, l’incorporation de DWTB-GFRP sous forme de poudre 

a provoqué une diminution significative de la résistance à la compression à 28 jours en 

raison des propriétés retardatrices de la partie en bois contenant des polysaccharides 

interférant avec la cinétique d’hydratation du ciment. 

• L’ajout de DWTB-GFRP comme remplacement d’agrégat a entraîné une résistance à la 

compression et à la flexion inférieure en raison du manque d’adhérence dans la zone de 

transition interfaciale. 

• Lorsque le DWTB-GFRP est incorporé dans le béton en tant que renfort de fibres, une 

amélioration de la capacité de flexion allant jusqu’à 15 % a été obtenue sans baisse 

notable de la résistance à la compression. 

• Le retrait du bois permet aux mélanges avec 10 % de la poudre DWTB-GFRP de 

démontrer une résistance à la compression comparable à celle du mélange de référence 

(sans DWTB-GFRP) en 90 jours. 

• Par conséquent, alors que le matériau DWTB-GFRP peut être valorisé de différentes 

manières (poudre, fibre, granulats) pour produire du béton à faible teneur en CO2, l’effet 

le plus avantageux de ce matériau est obtenu lorsque la partie en bois est retirée, ou 

lorsqu’il est utilisé sous la forme de fibre améliorant la résistance à la flexion. 
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8.2.2. Deuxième partie : Comportement en compression de 
colonnes courtes en béton confinées à des tubes de PRF 

utilisant des matériaux de PRF recyclés provenant de pales 

d'éoliennes : étude expérimentale et modélisation 

analytique. 
Dans ce chapitre, les deux solutions possibles pour valoriser le DWTB-GFRP dans le béton ont 

été étudiées avec l’application de la technologie de renforcement des tubes de fibres remplis de 

béton (CFFT). De la poudre avec du bois et après retrait du bois (à 10-20 % de remplacement 

du ciment), et des granulats légers avec du bois et après retrait du bois (à 50-100 % de 

remplacement du gros granulat calcaire) ont été incorporés dans le béton et testés à 28 et 

90 jours. La technologie CFFT a été testée pour la poudre et les agrégats avec du bois à 28 et 

90 jours. Les conclusions spécifiques sont les suivantes : 

• L’incorporation d’agrégats DWTB-GFRP dans le béton diminue la résistance à la 

compression et la densité du béton, avec des valeurs de diminution plus importantes pour 

les agrégats avec du bois. La surface lisse du DWTB-GFRP réduit l’adhérence à la 

matrice cimentaire et crée une zone de transition interfaciale de faible résistance. 

Combiné à une résistance à la compression inférieure du matériau DWTB-GFRP par 

rapport aux agrégats de calcaire (en particulier pour les agrégats avec le bois inclus), il 

est la raison majeure de la perte de résistance. Le béton non confiné avec un 

remplacement à 100 % des agrégats par du DWTB-GFRP, y compris le bois, est 

conforme aux critères du béton léger en termes de densité et de résistance à la 

compression. 

• L’incorporation de DWTB-GFRP en forme de poudre contenant du bois entraîne une 

diminution significative de la résistance à la compression à 28 jours principalement en 

raison de la présence d’une teneur élevée en matières organiques, en particulier du bois 

contenant des polysaccharides interférant avec la cinétique d’hydratation du ciment. 

• La diminution de résistance à 28 jours pour l’incorporation de poudre DWTB-GFRP 

après retrait du bois est moins prononcée que pour la poudre avec du bois. 
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• Une augmentation significative de la résistance pour les deux poudres avec et sans bois 

a été observée entre 28 et 90 jours, atteignant entre 87 et 96 % de la résistance du 

mélange de référence à 90 jours et dépassant la résistance cible de 35 MPa. 

• Le confinement CFFT a permis d’améliorer significativement la résistance à la 

compression de tous les mélanges de 90 à 120 %. Pour les mélanges avec ajout de 

granulats, l’augmentation de la charge maximale dans la phase élastique de 14 à 28 % a 

été observée en raison du confinement pour 50 et 100 % de remplacement, 

respectivement. Pour les mélanges avec ajout de poudre, l’augmentation de la résistance 

à la compression de 90-100 % a été observée. 

• En général, l’utilisation de la technologie CFFT est plus justifiée pour les niveaux de 

remplacement plus élevés du point de vue environnemental et structurel. 

Concluant tout ce qui précède, l’application de confinement CFFT permet d’augmenter 

significativement la résistance à la compression du béton. Un béton à faible teneur en CO2 avec 

une résistance du béton égale ou supérieure à celle du béton standard peut être obtenu en utilisant 

la combinaison de DWTB-GFRP avec la technologie CFFT. 

8.2.3. Troisième partie : Durabilité au gel et au dégel des bétons 
incorporant des matériaux polymères renforcés de fibres de 

verre provenant de pales d’éoliennes decommissionnées 

Dans ce chapitre, la durabilité du DWTB-GFRP dans le béton en forme de fibres a été étudiée. 

Le taux d’addition de 1 à 1,75 % en volume dans le béton de fibres incluant le bois reçu du 

partenaire industriel, et avec le bois retiré, ont été étudiées. Les résultats indiquent que l’ajout 

de fibres DWTB-GFRP a entraîné une légère diminution de la résistance à la compression pour 

tous les mélanges et une augmentation significative de la résistance à la flexion pour tous les 

mélanges. Le retrait du bois entraîne une augmentation de résistance à la flexion plus élevée et 

une réduction de la résistance à la compression plus faible pour tous les mélanges. La quantité 

et le type de fibre influencent le mode de rupture et le comportement post-rupture, et les courbes 

résistance-déplacement sont similaires à celles du béton renforcé de fibres d’acier. Les résultats 

spécifiques sont les suivants : 
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• Une amélioration de la capacité de flexion jusqu’à 22 % a été obtenue pour l’ajout de 

1,75 % de DWTB-GFRP. 

• La résistance à la flexion augmente avec l’augmentation de la teneur en fibres et la 

diminution de la teneur en bois. 

• Une augmentation significative de la ténacité à la flexion est observée pour tous les 

mélanges et l’augmentation de la teneur en fibres et la diminution de la teneur en bois 

ont eu des effets bénéfiques sur la ténacité à la flexion. 

• Une diminution de la résistance à la compression jusqu’à 7 % a été observée pour un 

mélange avec 1,75 % de fibres avec bois. 

• La résistance à la compression diminue principalement avec l’augmentation de la teneur 

en bois et légèrement avec l’augmentation de la teneur en fibres. 

• Aucune différence significative dans la diminution de la résistance n’a pas été observée 

après 90 jours de durcissement et 200 cycles de gel-dégel entre le mélange de référence 

et les mélanges avec des fibres sans bois. 

• Les mélanges avec bois ont démontré une légère diminution de résistance après avoir 

été exposés aux 200 cycles de gel-dégel par rapport au mélange de référence. 

• La diminution de la ténacité à la flexion était plus significative pour les mélanges sans 

bois, probablement en raison de la réduction de la force d’adhérence entre les surfaces 

plus lisses et la matrice cimentaire, entraînant une phase post-rupture plus courte et une 

déflexion globale plus faible. 

• La forme de la courbe d’essai de la résistance à la flexion variait en fonction du taux 

d’ajout de fibres et du type de fibre ajoutée. Une liaison fibre-béton plus faible a été 

observée, provoquant une étape post-pic plus courte et une ténacité à la flexion inférieure 

par rapport aux bétons renforcés de fibres vierges. 

Par conséquent, le matériau DWTB-GFRP peut être valorisé lorsqu’il est ajouté au béton sous 

forme de fibres où la capacité de flexion peut être considérablement améliorée. De légers effets 

négatifs de la teneur en bois sur la durabilité du mélange ont été observés et aucun effet négatif 

sur la durabilité du béton contenant des fibres sans bois n’a été observé. En général, cette étude 

soutient l’utilisation de DWTB-GFRP dans le béton en forme de fibres. 
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8.2.4. Quatrième partie : Durabilité au gel et au dégel des 
bétons incorporant des matériaux FRP de pales d’éoliennes 

decommissionnées sous confinement 

Dans ce chapitre, la durabilité au gel-dégel du béton incorporant du DWTB-GFRP et avec 

l’application de la technologie CFFT a été étudiée. Les effets de l’exposition au gel-dégel dans 

l’air sur la résistance à la compression du béton ont été évalués pour le béton confiné et non 

confiné incorporant le DWTB-GFRP et comparés aux résultats à 90 jours pour les mêmes 

mélanges gardés à la chambre humide. Les résultats spécifiques sont les suivants : 

• L’exposition au gel-dégel a entraîné une diminution de la résistance à la compression de 

tous les échantillons de tous les mélanges par rapport aux échantillons gardés dans la 

chambre humide pendant 90 jours. 

• L’incorporation d’agrégats DWTB-GFRP dans le béton diminue la résistance à la 

compression et la densité du béton, avec des valeurs de diminution plus élevées pour les 

agrégats avec du bois. La surface lisse du DWTB-GFRP réduit l’adhérence à la matrice 

et crée une zone de transition interfaciale de faible résistance. Combiné à une résistance 

à la compression inférieure du matériau DWTB-GFRP par rapport aux agrégats de 

calcaire (en particulier pour les agrégats avec le bois inclus), cela est responsable de la 

perte de résistance. Le béton non confiné avec un remplacement à 100 % des agrégats 

par du DWTB-GFRP, y compris le bois, est conforme aux critères du béton léger en 

termes de densité et de résistance à la compression. 

• Pour les mélanges avec le bois, la diminution de résistance due au gel et au dégel était 

similaire entre les mélanges confinés et non confinés. 

• L’augmentation importante de la résistance au stade élastique a été observée pour les 

mélanges avec remplacement des granulats, de manière similaire aux résultats à 28 et 

90 jours (Chapitre 4) grâce à l’action de confinement du CFFT. 

• Pour les mélanges avec addition de poudre, les deux échantillons conservés dans une 

chambre humide et exposés au gel et au dégel ont démontré une augmentation de la 

résistance par rapport à la résistance à 28 jours, 
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• Les échantillons avec du DWTB-GFRP en poudre exposés au gel et au dégel ont 

démontré une résistance à la compression inférieure à celle des échantillons conservés 

dans la chambre humide. 

• La taille des particules de la poudre et la teneur en bois influence la structure des pores 

du béton et donc, la résistance au gel-dégel.  

• L’application de la technologie CFFT a augmenté la résistance à la compression des 

mélanges de béton, bien que le gel et le dégel dans l’air ne permettent pas d’explorer les 

propriétés protectrices du CFFT contre les environnements agressifs tels que les 

solutions salines et alcalines généralement rapportées dans la littérature. 

• L’utilisation de DWTB-GFRP a augmenté l’inhomogénéité des résultats pour les 

échantillons testés en raison de l’inhomogénéité du DWTB-GFRP. 

• L’inhomogénéité des résultats était plus marquée pour les mélanges avec ajout de poudre 

et pour des taux de remplacement plus élevés. 

• L’utilisation de la technologie CFFT est plus efficace pour les taux de remplacement 

plus élevés du point de vue économique et écologique. 

• L’application de la technologie CFFT pour les mélanges avec remplacement des 

agrégats donne une augmentation relative plus importante de la résistance élastique 

maximale de la structure. 

8.3. Recommandations pour les travaux futurs 
La présente recherche est une étude de faisabilité pour le recyclage de matériaux DWTB-GFRP 

dans le béton, qui a ouvert la voie à l’investigation de nouveaux sujets. Alors que les résultats 

de la présente étude donnent quelques voies et solutions possibles, des études supplémentaires 

sont recommandées pour fournir des données plus exhaustives. 

8.3.1. Première partie : Valorisation de matériaux FRP 
recyclés issus de pales d’éoliennes en béton 

• Mesurer la porosité et l’absorption d’eau du DWTB-GFRP. 

• Suite au test de l’indice d’activité de résistance pouzzolanique (ASTM C 311-04, 2005), 

étudier l’influence de l’ajout de DWTB-GFRP sur la structure des pores du mortier et la 
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présence de réactivité pouzzolanique en utilisant les méthodes avancées d’analyse 

chimique et macrostructurale. 

• Étudier de manière plus approfondie l’influence de l’ajout de DWTB-GFRP dans le 

béton sur la microstructure du béton et vérifier la présence de réactivité pouzzolanique 

(si ajouté sous forme de poudre).  

• Étudier de manière plus approfondie l’influence de l’ajout de DWTB-GFRP dans le 

béton sur la maniabilité des bétons en état frais. 

• Enquêter sur le comportement du béton incorporant des agrégats DWTB-GFRP dans la 

zone de transition interfaciale, la force d’adhésion et les moyens d’améliorer la force 

d’adhésion. 

• Étudier les moyens possibles d’optimiser la procédure de préparation des agrégats 

DWTB-GFRP et les moyens d’améliorer la force d’adhésion entre les agrégats et la 

matrice de ciment. 

• Fournir plus de données expérimentales permettant l’application de l’approche 

probabiliste en supposant l’inhomogénéité de DWTB-GFRP et les effets de 

l’inhomogénéité sur les propriétés du béton. 

8.3.2. Deuxième partie : Comportement des matériaux FRP 
recyclés des pales d’éoliennes sous confinement 

• Étudier les effets de différentes épaisseurs de tube sur les propriétés physiques de la 

structure CFFT remplie de béton incorporant du DWTB-GFRP. 

• Identifier la valeur optimale du taux d’addition de DWTB-GFRP et de l’épaisseur du 

tube CFFT sur les propriétés physiques de la structure CFFT du point de vue économique 

et environnemental. 

• Étudier l’influence de l’ajout de DWTB-GFRP sur la force de liaison entre le tube de 

GFRP et le béton. 

• Étudier le comportement structurel des structures CFFT remplies de béton incorporant 

du DWTB-GFRP pour les structures à plus grande échelle telles que les colonnes, les 

poutres, etc. 
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• Étudier les effets possibles de la combinaison de différentes solutions de recyclage pour 

DWTB-GFRP dans le même mélange sur la résistance du béton en tant que structure en 

béton et en tant que structure CFFT. 

8.3.3. Troisième partie : Durabilité au gel et au dégel des bétons 
incorporant des déchets de matériaux polymères renforcés 

de fibres de verre provenant de pales d’éoliennes 

decommissionnées 
• Étudier la liaison entre la fibre DWTB-GFRP et la matrice de béton, la résistance à la 

traction de la fibre DWTB-GFRP, les effets de la haute alcalinité du ciment sur la 

microstructure de la fibre DWTB-GFRP en utilisant des outils analytiques tels que la 

microscopie électronique à balayage. 

• Tester les rapports d’ajout de fibre de DWTB-GFRP plus élevés dans le béton et analyser 

les effets de différents rapports d’ajout sur la résistance à la compression et à la flexion 

du béton incorporant du DWTB-GFRP. 

• Étudier la résistance du béton armé avec des fibres de DWTB-GFRP au gel et au dégel 

rapides en suivant les directives ASTM C666/C666M (2003). 

• Étudier les effets de l’immersion dans différents environnements (eau, solutions salines 

et alcalines) pendant le gel et le dégel sur les performances du béton pour différents taux 

d’ajout de DWTB-GFRP. 

• Étudier les effets de différents environnements (eau, solutions salines et alcalines) sur la 

microstructure et la résistance à la traction de la fibre DWTB-GFRP. 

8.3.4. Quatrième partie : Durabilité au gel et au dégel des 
bétons incorporant des matériaux FRP de pales d’éoliennes 

decommissionnées sous confinement 
• Effectuer l’analyse chimique et microstructurale des éprouvettes incorporant du DWTB-

GFRP sous forme de poudre, vérifier la présence de réactivité pouzzolanique dans le 

béton, la porosité et la distribution des pores, et les effets de l’exposition au gel-dégel 

sur ces paramètres. 
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• Étudier l’influence des agrégats DWTB-GFRP sur la teneur en eau, l’absorption d’eau 

et la porosité du béton. 

• Étudier l’influence du gel et du dégel dans différents environnements (eau, solutions 

salines et alcalines) sur la force de liaison entre la matrice de ciment et les agrégats 

DWTB-GFRP dans la zone de transition interfaciale. 

• Étudier les effets de l’immersion dans différents environnements (eau, solutions salines 

et alcalines) pendant le gel et le dégel sur les propriétés du béton incorporant de la poudre 

et des granulats de DWTB-GFRP, le tube de confinement GFRP, la liaison entre le béton 

et le tube de confinement GFRP.  
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Appendix A. Preparation of DWTB-GFRP material. 

Prior to the incorporation into concrete, the DWTB-GFRP material received from the industrial 

partner Bouffard Group (Matane, Quebec) was prepared using the equipment available in the 

laboratories of the engineering faculty of the University of Sherbrooke. The decommissioned 

wind turbine blades were cut into smaller panels (Fig. A.1a) at the site. Part of the material was 

processed using the industrial woodchipper of high processing capacity (Fig. A.1b, c). 

 

Fig. A.1. DWTB-GFRP material preparation at the site of the Bouffard group: a) panels; b) 

woodchipper; c) fibers. 

The panels received at the lab of the University of Sherbrooke were prepared to be used as a 

coarse aggregate replacement, macrofibers and fine powder. The received panels were cut using 

the circular saw from the Structures lab of the University of Sherbrooke (Fig. A.2a). The saw 

was equipped with a water feed to reduce the dust from cutting. The cutting size of 20x20mm 

was chosen (Fig. A.2b).  

The fibers including wood were used as received from the Bouffard Group (Fig. A.1c).  

To produce the fine powder, the ball mill was used (Fig. A.2c), with a ratio of 5kg of the fibers 

for 75kg of metal balls of various diameters between 15mm and 40mm (Fig. A.2d). The grinding 

process consisted of 4 to 7 repeating cycles of 45 min followed by 15 min of cooling. The 

fineness of the powder did not visually improve between 4 and 7 cycles, though more precise 

measurements are needed to confirm these observations (Granulometry Laser test ASTM-

D4464 is recommended for measuring the fineness evolution as a function of the number and 

length of grinding cycles). The resulting powder is shown in Fig. A.2e. 

(a) (b) (c)
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Fig. A.2. Material preparation: a) Circular saw; b) coarse aggregates; c) ball mill; d) metal 

balls from the ball mill; e) fine powder. 

To obtain the material without wood, different procedures were used for aggregates, powder 

and fibers.  

 

Fig. A.3. Preparation of WWTB-GFRP without wood: a) aggregates without wood; b) air 

hammer; c) panels without wood; d) fibers without wood; e) powder without wood. 

(a) (b) (c)

(d) (e)

(a)

(e)

(c)

(d)

(b)
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To remove the wood from the aggregates, the same ball mill (Fig. A.2c) was used. The ratio of 

5kg of the material for 75kg of metal balls (Fig. A.2d) was chosen. The cycle of 1 hour was 

sufficient to separate the wood with a low resistance to grinding from the aggregates (Fig. A.3a). 

To obtain the fibers and fine powder without wood, the wood was removed from the panels 

using the air hammer available at the university of Sherbrooke (Fig. A.3b). Obtained GFRP 

sheets of various thicknesses (Fig. A.3c) were sent to the Bouffard Group site, and the same 

procedure as for the initial panels was applied (woodchipper to produce the fibers, ball mill to 

grind fibers into the fine powder). Obtained fibers and powder are shown in Fig. A.3d and A.3e. 

The scheme of material preparation is also illustrated as an algorithm in Fig. A.4. 
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Fig. A.4. Scheme of preparation of DWTB-GFRP. 

Fibers with wood Aggregates with wood

Powder with wood

Fibers without wood

Aggregates without 
wood

Powder without wood


