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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 waste wind-turbine blades (WWTB)—termed 
as WWTB-GFRP—was utilized as: (i) replacement of Portland cement at 0%, 10%, 20%, and as (ii) 
lightweight aggregate replacement for natural aggregates at 0%, 50%, and 100%. The resulting 
WWTB-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 WWTB-
GFRP materials (containing wood) and processed ones (by wood removal) were investigated. 
Results indicate that while both WWTB-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 WWTB-GFRP concrete with FRP tubes offers an innovative tool to restore the 
strength loss. In fact, valorizing WWTB-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 WWTB-GFRP aggregate content, it resulted in 
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lower slope of the plastic response at higher WWTB-GFRP aggregate content. An analytical 
assessment demonstrated that a WWTB-GFRP aggregate content of 55% will be optimum for 
enhancing both elastic and plastic responses. 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 GFRP aggregates and with higher predictive ability was proposed. Research 
outcomes will contribute to recycling waste materials while endowing further sustainability to 
concrete. 

Keywords: concrete-filled fibre-reinforced polymer tubes; glass fiber-reinforced polymer; low-CO2 
concrete; recycled aggregates; recycled materials; sustainable development; wind turbine blade waste 
materials 
 

1. 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 [2] with the binding target 
for increasing the renewable energy share to 27% by 2030 and cutting greenhouse gas emissions by 
80–95% by 2050 [3]. In Canada, over 3 million households are supplied by wind energy [4]. In the 
United States of America (USA), wind energy is expected to cover up to 35% of the nation’s 
electricity demand by 2050 [5]. Whereas the majority of first installation wind turbine structures are 
tending to the end of their service life [4], the disposal of waste 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 [6], it is 
disappointing that blades are often landfilled [7]. 

Latest research in the EU highlighted four recycling methods for WWTB-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 [8]. 

One of the new avenues to recycle WWTB-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 
WWTB-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 [12], whereas the use of WWTB-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 WWTB-GFRP concrete (with 10% cement replacement) demonstrated strength comparable to that 
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of the reference concrete (the concrete without WWTB-GFRP) [12]. In the same study, we figured 
out that the drop in compressive strength is less in the case of replacement of natural aggregate with 
WWTB-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 WWTB-GFRP 
materials as aggregates in concrete has high potential to bring a twofold benefit: (i) waste 
management for GFRP industry [13], and (ii) 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 [14]. It should be noted 
that the available literature indicates an obvious drop in compressive strength upon the incorporation 
of WWTB-GFRP materials: a drop of approximately 70% between when WWTB-GFRP aggregates 
was used at 0%, 50%, and 100% replacement of limestone aggregates [13,15]. In our recent       
study [12], we identified the wooden content in WWTB-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 WWTB-GFRP aggregates present another drawback. Owing to their slippery and smooth 
surfaces, WWTB-GFRP aggregates tend to split apart from the matrix upon axial loading. Additional 
to the lightweight of WWTB-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 WWTB-GFRP aggregates on concrete 
mechanical performance could be the use of concrete-filled fiber-reinforced polymer (FRP) tubes 
(CFFTs) [16–20]. 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 [16]. 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 [21–23]. The results of Boumarafy et al. (2015) [16] demonstrated a 
significant improvement in compressive strength for 152 × 300 mm CFFT short columns. 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) [20] also 
demonstrated that confinement of short columns using CFFTs enables an increase in compressive 
strength exceeding 150% for confined cylinders compared to unconfined cylinders [20]. Several 
studies were found on recycled aggregate concrete from different origins confined with FRP       
tubes [24–27]. However, to the knowledge of the authors, this study stands out to be first to leverage 
FRP tube technology for valorizing recycled WWTB-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 WWTB-GFRP concrete, and in light of the phenomenal strength 
enhancing effect of CFFTs, can the valorization of WWTB-GFRP concrete in CFFTs enable 
overcoming the drawbacks of WWTB-GFRP concrete? To this end and following our recent 
investigation on WWTB-GFRP concrete [12], this study is intended to apply CFFTs to valorize 
WWTB-GFRP materials in two perspectives: as (i) cement replacement, and (ii) lightweight 
aggregates. Cement replacement by WWTB-GFRP powder at rates of 10% and 20% were attempted, 
while natural coarse aggregate replacement by WWTB-GFRP aggregates at levels of 50% and 100% 
were considered. In both cases, WWTB-GFRP concrete was evaluated in pristine condition as well 
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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 recycling avenues for such waste 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 recycling waste 
materials from industrial processes, thereby fostering the sustainable development. 

2. Experimental program 

2.1. Materials properties 

2.1.1. Wind turbine blade waste material 

The recycled WWTB-GFRP material (Figure 1) used in the project was received from the (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 [12]. The results are as follows: (i) 
WWTB-GFRP material consists of 64% glass fiber, 29% epoxy resin, and 7% wood by weight; (ii) 
The glass fiber in WWTB-GFRP consists of 55% SiO2, 23% CaO, and 14% Al2O3; (iii) The average 
density of WWTB-GFRP powder is 1.66 g/cm3, (iv) The density of WWTB-GFRP aggregates with 
wood content is 0.680 g/cm3, and (v) The density of WWTB-GFRP aggregate without wood is 1.7 
g/cm3. 

 

Figure 1. Waste wind-turbine blades (WWTB) material processing: (a) whole turbine 
blade, (b) cutting of whole turbine into smaller pieces, and (c) WWTB-GFRP aggregates. 
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2.1.2. Basic concrete constituents 

Type General Use (GU) Portland Cement (CSA A3001) equivalent to Type I cement (ASTM 
C1157) [21] 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 [22] were used. A nominal maximum size of 20 mm (one-fifth of the narrowest forms 
dimensions) was chosen according to ACI 318-19 [23] and an aggregate grade of 14 mm was added 
according to ASTM C192 [24]. The selection of two different grades of aggregates is aimed at 
increasing the packing density to achieve optimum mechanical strength. Potable water from the 
laboratory was used for concrete mixing. The source of water is free from any form of contamination. 

2.2. Mixture proportions 

To investigate the effect of GFRP-WWTB on concrete properties, two different forms of GFRP-
WWTB were considered: (i) as received GFRP-WWTB 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-WWTB 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 1 presents the proportions and dry densities of concrete mixtures 
incorporating GFRP-WWTB (series WW and NW). 

Table 1. Mixture proportions and dry densities of WWTB-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 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 

20 mm coarse aggregate 632 632 632 632 632 316 0 316 0 

12 mm coarse aggregate 421 421 421 421 421 421 421 421 421 

WWTB-GFRP 0 41 82 41 82 76 153 174 348 

Density 2370 2257 2216 2267 2229 2059 1820 2180 2062 

2.3. Specimen preparation 

Specimen preparation comprised three stages: (i) preparation of GFRP-WWTB material, (ii) 
fabrication of GFRP confining tubes, and (iii) mixture preparation and casting. 
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2.3.1. GFRP-WWTB preparation 

GFRP-WWTB is prepared in two forms for further testing. For cement replacement, GFRP-
WWTB panels were chipped using the industrial woodchipper, followed by grinding using the ball 
mill (Figure 2). For aggregate replacement, GFRP-WWTB 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 (Figure 2g). 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. Particle size distribution was measured using laser granulometry 
following ASTM D4464 [25]. The particle size distribution is shown in Figure 3. 

Figure 2. Preparation of waste glass fiber-reinforced polymer (GFRP) material from 
wind-turbine blades (WWTB): (a) raw material cut into cubes for incorporation in 
concrete as aggregates, (b) fiber extracted from ground WWTB-GFRP, (c) removal of 
wooden content (for powder preparation), (d–f) preparation of WWTB-GFRP powder, 
and (g) wooden content removed (aggregates). 
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Figure 3. Particle size distribution of general use (GU) Portland cement and waste wind 
turbine blade GFRP (WWTB-GFRP) powder. 

2.3.2. Preparation of GFRP confinement tubes 

One type of circular glass fibre reinforced polymer (GFRP) tubes identical to that of El-Zefzafy 
et al. [20], 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 (Figure 4) using E-glass fibres 
and vinyl ester resin. 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 El-Zefzafy et al. [20] on 
identical coupons, from the longitudinal direction, following the American standards test method 
ASTM D3039/D3039M [26] and ASTM D695 [27], respectively. The tension ring test was 
performed following ASTM D2290 [28] to determine the hoop strength. Table 2 lists the 
configuration and mechanical properties of the GFRP tube. After fabrication, long GFRP tubes were 
cut 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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Figure 4. Fabrication of concrete-filled fibre-reinforced polymer (FRP) tubes (CFFTs): 
(a) filament winding setup, and (b) Final GFRP tube.

Table 2. GFRP tube configuration and mechanical properties (REF). 

Diameter 

(mm) 

Stacking 

sequence 

No, of 

layers 

% 

Fibers 

Tube 

thickness 

(mm) 

Mechanical 

properties 

Axial direction Hoop direction 

EFRP 

(GPa) 

FFRP 

(MPa) 

εx 

(mm/mm) 

EFRP 

(GPa) 

FFRP 

(MPa) 

εx 

(mm/mm) 

152 (90°, ±65°, 

±65°, 90°) 

6 74 3.5 Tension 12 31 2.8 28.4 550 19.5 

Compression 10 −82 −8.7 - - -

2.3.3. Concrete mixing and sampling 

Concrete batching was carried out using a 100 L capacity concrete mixer following the mixing 
procedure described in ASTM C192 [24]. In an attempt to enhance mixture homogeneity, GFRP-
WWTB 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 (Figure 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 ℃, respectively. After 24 ± 1 h, specimens were 
unmolded and transferred for storage in a fog room at 100% RH and 22 ℃ temperature until the age 
of testing (i.e., 28 and 90 days). 
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Figure 5. Test specimens: Confined (left) and unconfined (right). 

2.4. Testing 

2.4.1. 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 (Figure 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 [29]. 

 

Figure 6. Test rig overview. 
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2.4.2. Microstructure assessment 

To further understand the effect WWTB-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 WWTB-GFRP aggregates on the interfacial transition zone 
(ITZ) with the bulk cementitious matrix following the guidelines of ASTM C1723 [30]. Polished 
concrete samples (with natural aggregates or WWTB-GFRP aggregates) were evaluated using a 
secondary electron (SE) detector operated at 15.0 kV accelerating voltage and 10 µA emission 
current. 

3. 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 WWTB-GFRP powder is attempted first (section 3.1) followed by the effect of 
replacing natural aggregates with WWTB-GFRP aggregates (section 3.2). 

3.1. Mixtures with cement replacement by WWTB-GFRP powder 

3.1.1. Uniaxial compression behavior at 28 days 

The effects of WWTB-GFRP powder on the uniaxial compression behavior of plain concrete 
and CFFT specimens at 28 days are presented in Figure 7a. The compressive strength-axial strain 
curves are depicted in Figure 8a and Figure 8b for unconfined specimens and in Figure 8c for CFFT 
confined specimens. Comparative responses between confined and unconfined short columns are 
also depicted in Figure 8d–f. 

 

Figure 7. Compression test results for mixtures with cement replacement: (a) 28 days; (b) 
90 days. 
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Figure 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 
WWTB-GFRP, (f) comparative response between confined and unconfined 20% cement 
replacement with wood containing WWTB-GFRP aggregates; “A” denotes the increase 
the peak strength; “β” denotes the slope of the plastic response. 
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As expected, noticeable decrease in uniaxial compression resistance was observed with the 
increase of WWTB-GFRP powder containing wood. Strength degradation reached 49% (relative to 
the reference) for the mixture 20WW, which is consistent with results reported elsewhere [12]. 
Although WWTB-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 [31,32]. 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. 

Additional to the dilution effect highlighted above, the retarding effect of WWTB-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 WWTB-GFRP limit the 
level of cement replacement with WWTB-GFRP as demonstrated herein and elsewhere [12], it is 
interesting that the valorization of CFFT technology enables overcoming the strength degradation 
effect of WWTB-GFRP. CFFT confinement further enables higher uniaxial compression resistance 
ranging from 15% to 48% depending on cement replacement rate by WWTB-GFRP. 

3.1.2. Compressive strength at 90 days 

The effects of WWTB-GFRP powder on the uniaxial compression behavior of concrete and 
CFFT specimens on the 90-day strength are presented in Figure 7b. The compressive strength-axial 
strain curves are depicted in Figure 9a and Figure 9b for unconfined specimens and in Figure 9c for 
CFFT confined specimens. Comparative responses between confined and unconfined short columns 
are also depicted in Figure 9d–f. 
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Figure 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 
WWTB-GFRP, (f) comparative response between confined and unconfined 20% cement 
replacement with wood containing WWTB-GFRP aggregates; “A” denotes the increase 
the peak strength; “β” denotes the slope of the plastic response. 

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 
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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 [31,32], 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 WWTB-GFRP exhibit lower strength 
and tend to split apart due to the slippery surface of the WWTB-GFRP aggregates as further detailed 
in section 3.2. 

3.2. Mixtures with aggregate replacement 

3.2.1. Compressive strength at 28 days 

The effects of WWTB-GFRP aggregate on compressive strength (for unconfined and confined 
samples) at 28 days are presented in Figure 10a. The compressive strength versus axial strain curves 
for unconfined specimens are depicted in Figure 11a–c and in Figure 11d–f for CFFT-confined 
specimens compared with unconfined specimens from the same mixtures. 

 

Figure 10. Compression test results for mixtures with aggregate replacement: (a) 28 days; 
(b) 90 days. 



150 

Clean Technologies and Recycling    Volume 2, Issue 3, 136–164. 

Figure 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 WWTB-GFRP (f) comparative response between confined and 
unconfined 100% aggregate replacement with wood containing WWTB-GFRP 
aggregates; “A” denotes the increase the peak strength, “β” denotes the slope of the 
plastic response. 
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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 
WWTB aggregates (especially for the WW series), and (ii) lower frictional adhesion between the 
smooth WWTB-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 [15]. Additionally, the micro-bleeding effect and the wall effect further 
exacerbate matrix porosity, thereby leading to decreasing the bond between cement matrix and 
WWTB-GFRP aggregates.  

It is worth mentioning that the use of WWTB-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 [33]. The compressive strength of 
unconfined specimens from 100WW series exceeds 17 MPa which conforms to the lightweight 
concrete strength criteria [33]. 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. 

3.2.2. Compressive strength at 90 days 

The effects of WWTB-GFRP aggregate on compressive strength of concrete and CFFT 
specimens on 90th day are presented in Figure 10b, the compressive strength-axial strain curves are 
depicted in Figure 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, which is consistent with 28-day results. 
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Figure 12. 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 WWTB-GFRP, (f) comparative response between confined and 
unconfined 100% aggregate replacement with wood containing WWTB-GFRP 
aggregates; “A” denotes the increase the peak strength, “β” denotes the slope of the 
plastic response. 
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3.2.3. Microstructure assessment of WWTB-GFRP concrete 

Figure 13 presents scanning electron microscope (SEM) images at the interfacial transition zone 
(ITZ) between the bulk cementitious matrix and conventional aggregate (Figure 13a) as well as 
between the bulk cementitious matrix and WWTB-GFRP aggregates (Figure 13b). The 
microstructure of the ITZ in the reference concrete as depicted in Figure 13a shows a porous 
interfacial line between the matrix and the aggregate. Such ITZ is expected and is in alignment with 
former studies [34] 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 WWTB-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 WWTB-
GFRP aggregates is caused by the volumetric change in the WWTB-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 WWTB-
GFRP aggregates (at the faces with GFRP—see Figure 13b), the mechanical performance of 
concretes incorporating WWTB-GFRP aggregates is further influenced by (ii) the volumetric 
instability of WWTB-GFRP aggregates (wooden faces) which shrink as concrete dries, thereby 
debonding from the matrix. As a result of these two factors, WWTB-GFRP aggregates have 
tendency to split apart as to be discussed in section 3.2.4. These microstructure assessments further 
provide insights on the reasons behind strength degradation in concretes incorporating WWTB-
GFRP aggregates. As such, it is not surprising that concretes with WWTB-GFRP aggregates 
benefited the best from CFFT-GFRP confinement when compared to concretes incorporating 
WWTB-GFRP powder as also elaborated further in section 3.2.4. 

 

Figure 13. Scanning electron microscopy (SEM) image for the interfacial transition zone 
(ITZ): (a) reference concrete, and (b) concrete incorporating WWTB-GFRP aggregates. 
The figure shows a typical ITZ in the reference concrete as contrasted to a characteristic 
gap in the ITZ of WWTB-GFRP concrete due volumetric reduction in WWTB-GFRP 
aggregate upon drying of its hydrophilic wooden portion. 
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3.2.4. Effect of CFFT-GFRP confinement on compression response of WWTB-GFRP aggregate 
concrete 

With reference to the results presented in sections 3.1.1 through 3.2.2, it is evident that the 
effect of CFFT confinement on compression response differs significantly from the case of cement 
replacement by WWTB-GFRP powder to the case of aggregate replacement by WWTB-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 [20]. 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, the transition zone, represents the formation of the vertical 
cracks due to the tensile stresses in the hoop direction—Poisson’s ratio effect—leading to concrete 
expansion in the hoop direction, thereby activating the confinement action. 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 [19]. 

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 Figure 11e–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 (Figure 14) to compensate for the 
lack of bonding between WWTB-GFRP aggregate and the matrix. Such debonding is mobilized not 
only by aggregates’ smooth and slippery GFRP faces, but also by the tendency of WWTB-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 Figure 11c and Figure 12c) decreases with the increase of replacement 
level of WWTB-GFRP aggregate. This is attributed to the reduced rigidity of WWTB-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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Figure 14. Confinement action of CFFTs on concrete with aggregate replacement by 
WWTB-GFRP. 

3.2.5. Relationship between WWTB-GFRP aggregate replacement level and the compressive 
response  

To further elucidate the effect of CFFT-GFRP confinement on enhancing the compressive 
response of WWTB-GFRP aggregate concrete, a simplified analytical assessment has been 
conducted and depicted in Figure 15. The figure shows that the level of augmentation (A) in the 
elastic compressive response of WWTB-GFRP aggregate concrete is linearly inked to the WWTB-
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 WWTB-GFRP 
aggregates from splitting due to their smooth surfaces and their gapped interfacial transition zone 
(ITZ) as substantiated in section 3.2.3. 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. 
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Figure 15. Relationship between WWTB-GFRP aggregate replacement level (L), 
percentage augmentation (A) in elastic compressive response of WWTB-GFRP aggregate 
concrete, slope (β) of the elastic response. 

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 WWTB-GFRP powder 
presented in section 3.1.3. In fact, in the absence of WWTB-GFRP aggregates, it was demonstrated 
that while WWTB-GFRP powder significantly enhances the plastic response by increasing its slope, 
hence the energy absorption capacity, WWTB-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 3.1.3 that while cement replacement with 
WWTB-GFRP powder has no effect on the elastic response A, it significantly affected the slope β of 
the plastic response where higher WWTB-GFRP powder led to lower β due to the reduction in 
strength experienced at higher content of WWTB-GFRP powder. A similar trend was also confirmed 
in concretes incorporating WWTB-GFRP aggregates as demonstrated in Figure 15. In the figure, the 
descending curves show the variation in β (slope of the plastic segment) as the level of WWTB-
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 WWTB-GFRP aggregate on the elastic response (A) and the 
trend of the effect of WWTB-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 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 WWTB-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 WWTB-GFRP in aggregate (L) needs to be maintained at the optimum 
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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. 

3.2.6. Analytical modeling of the compressive behavior of confined WWTB-GFRP-aggregate 
concrete 

To provide further analytical assessment of the compressive response of model WWTB-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 [35–38]. One of such stress–strain 
models is the one initially developed by Lam and Teng (2003) [38] then adopted by ACI 440.2R-17 
guidelines [30]. 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 E2 (Eq 3). The parabolic curve meets the linear-elastic curve at a transition strain 𝜀௧ (Eq 4). 

𝑓௖ ൌ 𝐸௖𝜀௖ െ ሺா೎ିாమሻ

ସ௙೎
  

𝜀௖
ଶ, 0 ൑ 𝜀௖ ൑ 𝜀௧        (1) 

𝑓௖ ൌ 𝑓௖
  ൅ 𝐸ଶ𝜀௖,  𝜀௧ ൑ 𝜀௖ ൑ 𝜀௖,௠௔௫      (2) 

𝐸ଶ ൌ ଶ௙೎೎
 ିଶ௙೎

  

ఌ೚೎ೠ
         (3) 

𝜀௧ ൌ ଶ௙೎
  

ሺா೎ିாమሻ
          (4) 

where 𝑓௖௖
  is the maximum confined concrete compressive strength, calculated as follows (Eq 5): 

𝑓௖௖
 ൌ 𝑓௖

 ൅ 𝜓௙3.3𝜅௔𝑓௟        (5) 

𝑓௟ is the maximum confinement pressure, 𝜓௙ ൌ 0.95, 𝜅௔ can be taken as 1.0 for circular cross-
section (Eq 6). 

𝑓௟ ൌ
ଶா೑௡௧ఌ೑೐

஽
         (6) 

where n is the number of layers of FRP jackets (n = 1 for FRP tube), t is the tube thickness. The 
effective strain in the FRP at failure 𝜀௙௘ can be given by (Eq 7): 

𝜀௙௘ ൌ 𝜅ఌ𝜀௙௨         (7) 

With 𝜅ఌ ൌ 0.586 according to Lam and Teng (2003) [38], and 𝜀௙௨ the design rupture strain of 
FRP reinforcement attained at failure. 

The maximum compressive strain in the FRP-confined concrete can be found as (Eq 8): 

𝜀௖௖௨ ൌ 𝜀௖
, ൬1.50 ൅ 12𝜅௕

௙೗

௙೎
ቀ

ఌ೑೐

ఌ೎
, ቁ

଴.ସହ
൰     (8) 
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𝜅௕ 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 WWTB-GFRP. The 
corresponding ACI predicted response as compared to the experimental response for the above three 
classes of concrete are presented in Figure 16a–c, respectively. There are two distinctive features to 
highlight: 

First, for conventional concretes not containing WWTB-GFRP aggregates (labeled by REF in 
Figure 16a) 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 Figure 16a) 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 Figure 16a, 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 WWTB-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 WWTB-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 WWTB-GFRP 
aggregates, as elaborated earlier. These mechanisms behind introducing A and β to characterise the 
compressive behavior of concrete incorporating WWTB-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 
integrating A and β into Eqs 1,2,4, the modified versions of these three equations (Eqs 9–11) can be 
presented as: 

𝑓௖ ൌ 𝐸௖𝜀௖ െ ሺா೎ିఉሻ

ସ௙೎
ሺ஺ାଵሻ 

𝜀௖
ଶ, 0 ൑ 𝜀௖ ൑ 𝜀௧      (9) 

𝑓௖ ൌ 𝑓௖
ሺ𝐴 ൅ 1ሻ  ൅ 𝛽𝜀௖,  𝜀௧ ൑ 𝜀௖ ൑ 𝜀௖,௠௔௫      (10) 

𝜀௧ ൌ ଶ௙೎
ሺ஺ାଵሻ 

ሺா೎ିఉሻ
          (11) 

With 𝐸ଶ ൌ 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. 
Figure 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% WWTB-GFRP (Figure 16b) and 100% (Figure 16c) WWTB-GFRP, but also for 
the reference mixture (Figure 16a). 
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Figure 16. Experimental and analytical stress–strain curves for unconfined and confined 
specimens: (a) Reference concrete series REF and REFC; (b) 50WW and 50WWC series; 
(c) 100WW and 100WWC series. 

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 WWTB-GFRP aggregate 
replacement level presented in Figure 15. In fact, knowing that A and β coefficient (that determine 
the compressive response of confined concrete with WWTB-GFRP aggregates) are linearly 
correlated to the WWTB-GFRP aggregate replacement level (L), the modified ACI 440.2R-17 model 
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can be used to predict the compressive behaviour of confined specimens at various replacement 
levels of WWTB-GFRP aggregate. 

Therefore, with the knowledge of the target replacement level (L) of natural aggregates with 
WWTB-GFRP aggregates (say L = 55% which appears to be an optimum point for A and β, alike), 
one can use Figure 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 
WWTB-GFRP aggregate concrete. 

While our results confirm that ACI 440.2R-17 model has low sensitivity to the behavior of 
confined concretes containing WWTB-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 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. 

4. Summary and conclusions 

As summarized graphically in Figure 17, this study investigated two schemes for valorising 
glass fiber-reinforced polymer materials originating from disassembled wind-turbine blades 
(WWTB-GFRP) in concrete. WWTB-GFRP 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 WWTB-GFRP concrete observed herein and 
elsewhere, an innovative approach was adopted herein to overcome this challenge. It consists of 
confining WWTB-GFRP concrete using concrete-filled fibre-reinforced polymer (FRP) tubes 
(CFFTs) technology. Specific findings are: 
 While WWTB-GFRP powder negatively affects compressive resistance of concrete mainly due 

polysaccharides in the wooden content interfering with cement hydration kinetics, WWTB-
GFRP aggregates adversely affected the compressive strength of concrete due to two factors: (i) 
the smooth surface of WWTB-GFRP aggregates leading to lower adherence and less 
mechanical interlocking with the matrix when compared to limestone aggregate, and (ii) the 
separation of WWTB-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 WWTB-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 WWTB-GFRP concretes, mixes with up 
to 100% aggregate replacement by WWTB-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 WWTB-GFRP materials suing CFFTs technology, enhancement in strength of 
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 for 50% and 
100% replacement, respectively. For mixtures with powder addition, the increase in 
compressive strength of 90–100% was observed 
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 CFFT confinement shifted the compressive stress–strain response of WWTB-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 WWTB-
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 WWTB-GFRP aggregate content. 
An analytical assessment demonstrated that a WWTB-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 WWTB-
GFRP aggregates and with higher predictive ability was proposed. 

 The coupled effect of WWTB-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 WWTB-GFRP-based lightweight concretes 
exhibiting the compressive strength of conventional concrete (above 35 MPa) for the case of 
aggregate replacement. As such, coupling the uses of WWTB-GFRP materials and CFFT 
conferred a threefold benefit to concrete materials: (i) lightweight (supported by FRP’s reduced 
density), (ii) strength (supported by the CFT confinement shifting the failure from the 
traditional brittle one to a more ductile one), and (iii) sustainability (supported by cement and 
aggregate replacement by an otherwise waste material). 

 

Figure 17. Summary of research methodology and outcomes. 

Overall, CFFT confinement of WWTB-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 
WWTB-GFRP with CFFT technology. Thus, it can be concluded that WWTB-GFRP is a promising 
material for valorization in concrete construction to enable the transition to carbon neutrality in the 
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cement and concrete sector while promoting the sustainable development through offering a second 
life to waste materials. 
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