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A B S T R A C T   

End-of-life wind-turbine blades undergo non-selective crushing to produce Raw-Crushed Wind-Turbine Blade 
(RCWTB), which can be recycled as a raw material in concrete. RCWTB contains fibers from glass fiber-reinforced 
polymer that can add ductility and load-bearing capacity to concrete. Concrete mixes with percentage additions 
of between 0.0 % and 6.0 % RCWTB by volume are produced to analyze their compressive stress–strain per
formance, their deflection under bending forces, and their deformability under indirect-tensile stresses. Higher 
RCWTB contents increased deformability in the longitudinal direction under compression, the concrete material 
absorbing energy levels that were up to 111.4 % higher, even though additions of only 6.0 % RCWTB were 
sufficient to strengthen the load-bearing capacity. RCWTB fiber stitching effect was most noticeable in the 
transverse direction under compression, as it reduced elastic deformability and failure strain, removed the yield 
step caused by vertical-splitting cracking, and increased the fracture strain by up to 94.4 %. With regard to 
deflection, RCWTB fibers conditioned concrete compliance at advanced ages without any dependence on the 
modulus of elasticity, and percentage additions from 3.0 % provided load-bearing capacity. This advantage was 
also noted in indirect-tensile stresses for 6.0 % RCWTB. In summary, RCWTB successfully increased the ductility 
and load-bearing capacity of concrete per unit strength and carbon footprint.   

1. Introduction 

Concrete is the most widely used structural material in the civil- 
engineering sector [1]. Its main characteristic is its strength behavior, 
and its key property is compressive strength [2]. However, if the in- 
service behavior of a concrete component is to be accurately predicted 
and sudden failure avoided [3], then knowledge of its deformational 
behavior is also necessary at the design stage [4]. Deformational 
behavior has to be evaluated especially under compressive and bending 
stresses, the most common stresses to which a concrete components are 
subjected [5,6]. Examples of the deformational behavior of concrete 
samples taken from studies of the authors published elsewhere [7,8] are 
shown below in Fig. 1. 

The deformational behavior in a longitudinal direction (i.e., parallel 
to the load) of some concrete specimens under compressive stress is 
reflected by the stress–strain curves on the center of Fig. 1. Those curves 
are characterized in their initially linear sections that reflect some 

proportionality between stress and strain [9]. The proportionality con
stant is the modulus of elasticity, with values of around 30 GPa [10]. At 
approximately 50–60 % of its failure stress (compressive strength), any 
proportionality between stress and strain is lost, and a zone of plastic 
behavior begins and ends at failure [7]. Strain levels are low in the 
longitudinal direction, with failure strain estimated at 2000 µm/m and a 
strain at fracture of around 3000–3500 µm/m according to different 
international standards [11,12]. 

The stress–strain curve in the transverse direction to compressive 
loading (Fig. 1 left) was similar to the same curve obtained in the lon
gitudinal direction, although there were two major differences. On the 
one hand, the yield step or transition between the elastic- and plastic- 
behavior zones, in which strain increased without any variation in 
stress [13]. The yield step coincided with the appearance of micro- 
cracking, due to vertical splitting that propagated towards the axis of 
the concrete specimen under compression [7]. On the other hand, the 
elastic strain in the transverse direction was much lower than in the 
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longitudinal direction [14]. These are generally estimated to be 5 times 
less, hence the Poisson’s coefficient of 0.2 units usually considered for 
concrete [11,12]. However, strain was amplified in the zone of plastic 
behavior, especially when the applied stress approached the ultimate 
compressive strength, until it was around 2 or 3 times greater than the 
longitudinal strain [15]. It is usual to consider 7000–8000 µm/m as 
transverse strain at fracture [11,12]. 

Finally, in terms of bending performance (Fig. 1 right), the 
load–deflection curve of the concrete specimens initially showed a 
curved zone characterized by the onset of micro-cracking, due to slight 
yielding of in this case the concrete specimen under loading [16]. The 
curved zone was then followed by a more linear zone where the inverse 
of the slope, also referred to as the compliance of the specimen, showed 
its bending stiffness, i.e., the extent to which the concrete specimen 
could withstand deflection [17]. This proportionality between load and 
deflection is usually maintained until failure [8]. 

In any of the three situations mentioned above, as the applied load 
was increased, cracks continued to appear in the concrete specimens up 
until failure. Brittle concrete failure occurred, without prior warning 
except for the appearance of the aforementioned cracking [18]. The 
addition of fibers modifies the deformational behavior of the concrete in 
two ways. First, the fibers stitch the cementitious matrix, which de
creases cracking when the concrete is loaded, thus increasing concrete 
deformability [1]. The stitching effect even delays the yield step due to 
vertical micro-cracking in the transverse direction to compressive 
loading [13]. Secondly, the fibers ensure that no sudden failure can take 
place, but that the concrete component is still capable of supporting 
some load after failure while increasing its strain levels [19]. This effect, 
known as load-bearing capacity, is especially noticeable. It is crucial in 
concrete components undergoing bending [20], as it ensures, sufficient 
time for the evacuation of a structure that might otherwise undergo 
sudden failure [21]. 

Those effects are most notably demonstrated by metallic fibers, due 
to their high modulus of elasticity [22]. In bending behavior, they can 
even mean that a concrete component can support higher post-failure 
loads than the failure load [13]. Other fiber types, such as synthetic fi
bers, also contribute to those aspects, although to a lesser extent, due to 
their greater deformability [23,24]. The same advantages are also 
evident in the use of recycled fibers when added in the right proportions 
[25,26]. Adding a very low content can render the above-mentioned 
effects almost imperceptible, while they can be counterproductive in 
very high quantities, mainly in terms of strength [27]. The specific 
characteristics of each recycled fiber means that a separate analysis is 
needed of the effect of each fiber type on deformational behavior 
[28,29]. 

Work began in the wind-energy sector on the dismantlement of the 
first wind farms and the consequent recycling of the wind turbines that 
had reached the end of their service life in the present decade [30]. 
Recovery and recycling of wind-turbine blades are complicated 

processes, due to their composition based on Glass Fiber-Reinforced 
Polymer (GFRP) composite, polyurethane, and balsa wood [31]. Solu
tions have therefore been sought ranging from the reconditioning of the 
blades as urban furniture [31] to their chemical treatment [32], mainly 
either pyrolysis or solvolysis, to separate out their components for 
alternative uses [33]. Once separated, GFRP composites have also been 
used as powder or aggregate in the manufacture of concrete, although 
the results have not been encouraging [34,35]. However, initial at
tempts to cut slender GFRP-composite elements, which are then added 
to the concrete as fibers that can effectively stitch the cementitious 
matrix, have been shown to reduce concrete deformability and 
strengthen load-bearing capacity in the same way as conventional fibers 
[35]. In another investigation, the feasibility of using GFRP-composite 
fibers produced by blade crushing was evaluated [36], yielding com
parable effects to the fibers produced by the cut of slender GFRP ele
ments. However, the main approach has been to add only GFRP- 
composite fibers to concrete, which implies that the GFRP composite 
has to be separated from the other blade components, i.e., balsa wood 
and polyurethane, prior to chemical treatment or mechanical cutting, or 
after crushing and sieving the entire blade [37]. These additional post- 
crushing processes make the blade recovery processes more expensive 
and add to their carbon footprint. 

The aim of this study is to analyze the deformational behavior of 
concrete produced with Raw-Crushed Wind-Turbine Blade (RCWTB), a 
waste material obtained from the non-selective crushing of wind-turbine 
blades, i.e., with no separation of components [38]. RCWTB therefore 
consists of GFRP-composite fibers mixed up with approximately spher
ical particles of balsa wood and polyurethane [38]. Five concrete mix
tures were prepared with percentage additions of between 0.0 % and 
6.0 % RCWTB by volume, which were tested in compression, bending 
and indirect-tensile tests, continuously recording loads/stresses and 
deflections/strains. In that way, longitudinal and transverse stress–
strain curves under compression, load–deflection curves under bending, 
and deformational curves under indirect-tensile stresses were obtained. 
The final objective was to define what RCWTB content is necessary to 
effectively increase the ductility of concrete. To the best of the authors’ 
knowledge, those aspects related to the deformational behavior of 
concrete produced with this type of waste have not been analyzed in any 
other study on the recovery of wind-turbine blades as raw materials for 
concrete production. 

2. Materials and methods 

2.1. Concrete components 

In addition to mains water, the concrete mixes were prepared with 
locally sourced raw materials. First, CEM II/A-L 42.5 R as per EN 197-1 
[39], an ordinary Portland cement with small additions of limestone. 
Second, crushed siliceous aggregate, supplied in 0/2 mm, 2/6 mm, and 

Fig. 1. Examples of longitudinal and transverse stress–strain curves under compression (left) [7] and load–deflection curves under bending (right) [8].  
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6/22 mm fractions, whose physical properties and gradation curves are 
shown in Table 1 and Fig. 2, respectively. Finally, two plasticizers, 
which improved concrete workability without increasing the water 
content. 

The RCWTB was obtained in two phases. The first phase consisted of 
crushing pieces from the central part of wind-turbine blades (LM21 
model), which basically comprised sandwich panels of GFRP, balsa 

wood, and polyurethane. Crushing took place in a knife mill, identical to 
the ones used to crush plastic [40], that ground up the different com
ponents to obtain GFRP-composite fibers, composite micro-fibers 
agglomerated in the form of “fluffs”, and approximately spherical par
ticles of balsa wood and polyurethane. In the second phase, sieving 
ensured that all the components could pass through a 10-mm-aperture 
sieve. This sieve size was defined experimentally and allowed ensuring 
adequate sizes of GFRP-composite fibers and balsa-wood and poly
urethane particles for concrete production to maximize the stitching 
effect of the GFRP-composite fibers. Those components that could not 
pass through the sieve were once again subjected to cyclical crushing 
and sieving. RCWTB had a density of 1.63 kg/dm3 according to EN 
1097-6 [39], and its composition was 66.8 % by weight of GFRP- 
composite fibers, 6.3 % by weight of balsa-wood particles, 8.3 % by 
weight of polyurethane particles, and 18.6 % by weight of composite 
micro-fibers. The GFRP-composite fibers had an average length in the 
longitudinal direction of 13.1 mm and an equivalent diameter of 0.73 
mm. The particles of balsa wood and polyurethane had a size mainly 
between 2 and 5 mm. A photograph of the material is shown in Fig. 3. 
Further details of this RCWTB can be found in a previous paper of the 
authors [38]. 

2.2. Mix design 

The mix was designed to analyze the performance of concrete with 
percentage additions between 0.0 % and 6.0 % RCWTB by volume. Thus, 
the fiber additions achieved were similar to the amounts described in 
another study of the authors on fiber-reinforced concrete [13]. RCWTB 
was added as an overall addition, so that the cement content per m3 of 
concrete decreased. In doing so, the RCWTB fibers added some strength, 
partially compensating for the decrease in cement content, which in turn 
reduced the overall carbon footprint of the concrete, to which cement is 
by far the largest contributor [41]. 

First, the M0.0 reference mix was designed. To do so, the content of 
each aggregate fraction was defined by calculating the optimal particle 
packing ratios according to the Fuller’s curve. Thus, the 0/2 mm fraction 
represented 24.8 % of the total aggregate volume; the 2/6 mm fraction, 
30.1 %; and the 6/22 mm fraction, 45.1 %. In addition, a conventional 
cement content (320 kg/m3), a water/cement ratio of 0.40, and a 
combined content of both plasticizers of 1.0 % of the cement mass were 
selected. It resulted in an S3 slump class (slump of 12.5 ± 2.5 mm) 
concrete as per EN 206 [39] of adequate strength for structural use. 
Based on the composition of the M0.0 mix, percentage additions of 1.5 
%, 3.0 %, 4.5 %, and 6.0 % RCWTB by volume were added, to produce 
the mixes M1.5, M3.0, M4.5, and M6.0, respectively. The water and the 
plasticizer contents were increased when the residue was added, in order 
to preserve the slump class. In this way, workability had no effect on the 
results since similar compaction levels were reached in the vibration 
phase for all the concrete mixes. The RCWTB was always embedded in 
the concrete mass in similar conditions while the concrete mixes 
exhibited workability levels suitable for use [7]. The comparative 
compositions of all the mixes are shown in Table 2 and their adjustment 
to the S3 slump class (EN 206 [39]) is also specified in the last row. 

Table 1 
Physical properties of crushed siliceous aggregate.  

Aggregate 
fraction 

Saturated-surface-dry density 
(kg/dm3) 

24-hour water absorption 
(% wt.) 

0/2 mm  2.62  0.52 
2/6 mm  2.58  1.83 
6/22 mm  2.59  1.66  

Fig. 2. Gradation curves of crushed siliceous aggregate.  

Fig. 3. Raw-crushed wind-turbine blade.  

Table 2 
Comparative design of concrete mixes (kg) and slump.  

Mix component M0.0 M1.5 M3.0 M4.5 M6.0 

Cement 320 
Aggregate (0/2 mm # 2/6 mm # 6/22 mm) 500 # 600 # 900 
Water 128 133 137 142 146 
Plasticizer 1 # Plasticizer 2 2.20 # 1.10 2.62 # 1.31 3.04 # 1.52 3.46 # 1.73 3.88 # 1.94 
RCWTB 0.0 24.5 49.0 73.5 98.0 
Slump (cm) 10.0 10.5 13.0 13.5 12.0 

RCWTB additions without modifying the amount of the other concrete components increased the produced volume and, therefore, reduced the cement content per 
cubic meter. 
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2.3. Experimental plan 

After mixing, the slump of the mixes was tested in accordance with 
EN 12350-2 [39], the results of which are shown in Table 2. Subse
quently, the specimens to be used in the hardened-state tests were pre
pared. The specimens were demolded 24 h after manufacture and stored 
in a humid chamber as per EN 12390-2 [39] until the testing ages. Each 
test was performed on three specimens and the arithmetic mean of all 
three results are presented in this paper. 

Three different hardened-state tests were performed on each mix to 
evaluate the deformational behavior of concrete with RCWTB as an 
overall addition:  

• 10 × 20-cm cylindrical specimens underwent deformational 
behavior tests under compression at 90 days. Compressive-strength 
tests were conducted as per EN 12390-3 [39], by applying 
compressive loading that was increased monotonically at a rate of 
2kN/s until specimen breakage. However, unlike the conventional 
compressive-strength test, continuous measurements of both the 
load and the longitudinal and transverse strains were performed with 
a load cell and six strain gauges, respectively. Three strain gauges 
were placed in the longitudinal direction to the load and another 
three in the transverse direction. The longitudinal and the transverse 
stress–strain curves under compression could then be plotted with 
the recorded data for each mix and analyzed [9].  

• Deflection-behavior tests were performed under bending at 7 and 90 
days on 7.5 × 7.5 × 27.5-cm prismatic specimens. The test was 
identical to a four-point flexural-strength test as per EN 12390-5 
[39], so the load was gradually increased until failure using a 
displacement control at a rate of 0.40 mm/min. Nevertheless, in 
order to evaluate the load-bearing capacity of the concrete, the test 
was not ended after the maximum load had been applied, but when 
the specimen was no longer able to support any load. The test press 
was set up for continuous recording of the applied load and the 
displacement of the load-application piston during the test, the re
sults of which determined the load–deflection curves at both ages. 
The load–deflection curves were studied at 7 days (early age) and at 
90 days (advanced age), for a detailed evaluation over time of the 
RCWTB fibers and their effect on the load-bearing capacity of the 
concrete specimens, an effect usually found under bending [19,21].  

• Deformability tests on 10 × 20-cm cylindrical specimens under 
indirect-tensile stresses were performed at 90 days to evaluate the 
load-bearing capacity of the concrete, as with the deflection- 
behavior test. A Brazilian splitting test as per EN 12390-6 [39] was 
therefore conducted. Thus, the cylindrical specimen was supported 
on one of its generatrixes, while a continuously increasing load was 
applied on the opposite generatrix until the specimen was no longer 
able to support any load. The stress increment was set at 0.04 MPa/s, 
the minimum value in the above-mentioned standard, so optimum 
recording of the load that the press was applying and the 

displacement of the load-application piston was ensured [7]. The 
results of that test provided a representation of the deformational 
curves under indirect-tensile stresses (indirect-tensile strength vs. 
piston displacement). 

Some mechanical properties of the concrete mixes of this study are 
presented elsewhere [42]. They are also introduced in this paper to 
analyze its relationship with the strain, deflection and absorbed-energy 
values. 

3. Results and discussion 

3.1. Longitudinal stress–strain performance under compression 

The main results that can be drawn from the deformational-behavior 
test under compression in the longitudinal direction are detailed in 
Table 3. The longitudinal stress–strain curves are depicted in Fig. 4. 

3.1.1. Performance analysis 
The longitudinal stress–strain curves under compression revealed the 

elastic- and the plastic-behavior zones described in the introduction, as 
shown in Fig. 4. In that case, the higher the RCWTB content, the lower 
the modulus of elasticity. Moreover, the plastic-behavior zone also 
encompassed a wider range of strains with increasing RCWTB contents. 
The addition of RCWTB therefore increased both elastic and plastic 
deformability, i.e., concrete ductility. The values provided in Table 3 
clearly underline that performance. 

In relation with the elastic-behavior zone, the modulus of elasticity 
decreased approximately linearly up to additions of 4.5 % RCWTB 
(Table 3). Fibers allow very slightly increasing the elastic stiffness of 
concrete by stitching the cementitious matrix if no other aspect of the 
concrete composition is modified when adding them [43]. In this case, 

Table 3 
Key values of the longitudinal stress–strain behavior under compression.  

Property Parameters M0.0 M1.5 M3.0 M4.5 M6.0 

Modulus of elasticity Value (GPa) 41.4 38.4 34.4 28.9 30.4 
Δ RCWTB content (%) 0.0 − 7.4 − 17.0 − 30.1 − 26.6 

Strain at the limit of proportionality Value (μm/m) 824 1013 985 1149 918 
Δ RCWTB content (%) 0.0 22.9 19.5 39.4 11.4 

Compressive strength (failure stress) Value (MPa) 58.0 62.8 52.2 46.8 47.4 
Δ RCWTB content (%) 0.0 8.3 − 10.0 − 19.3 − 18.3 

Failure strain Value (μm/m) 1645 1892 2039 2571 2942 
Δ RCWTB content (%) 0.0 15.0 24.0 56.3 78.8 

Strain at fracture Value (μm/m) 1645 1892 2039 2571 3255 
Δ RCWTB content (%) 0.0 15.0 24.0 56.3 97.9 

Absorbed energy Value (MJ/m3) 0.0536 0.0637 0.0662 0.0791 0.1133 
Δ RCWTB content (%) 0.0 18.8 23.5 47.6 111.4 

‘Δ RCWTB content (%)‘ refers to the percentage variation with respect to the M0.0 reference mix. 

Fig. 4. Longitudinal stress–strain curves under compression.  
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the effect of the RCWTB fibers may have been that. However, the 
necessary increase in the water/cement ratio to preserve workability 
when adding RCWTB (Table 2) [13], and mainly the presence of poly
urethane and balsa-wood particles in this waste, which are more flexible 
than natural-aggregate particles [44], may have also offset the stitching 
effect and reduced the elastic stiffness. This behavior was not repro
duced with RCWTB additions of 6.0 %, as there were sufficiently large 
amounts of fibers within the concrete to compensate for both negative 
aspects. The decrease in the modulus of elasticity was not linked to an 
increase in the strain at the limit of proportionality, as might have been 
expected on the basis of other studies [7]. Although that strain level 
increased following the addition of RCWTB, no clear trend was found, as 
the increases in strain levels observed at the limit of proportionality 
were of 39.4 % and 11.4 %, respectively, between the M0.0 and the M4.5 
mixes and between the M0.0 and M6.0 mixes. 

The use of RCWTB also affected the levels of compressive strength 
(Table 3). The addition of 1.5 % RCWTB increased compressive strength 
levels by 8.3 % with respect to the M0.0 mix as a result of the fiber crack- 
stitching effect, thus compensating for the weakening effects of 
increasing the water/cement ratio (Table 2) [45] and the presence of 
balsa-wood and polyurethane particles [46]. Then, the compressive 
strength followed similar trends with higher additions of RCWTB than 
the modulus of elasticity. Thus, it decreased in the M3.0 and M4.5 mixes 
(maximum decrease of 19.3 % in the M4.5 mix), due to the two negative 
aspects described above. Similar performance for the compressive 
strength and the modulus of elasticity has also been obtained when 
adding other types of plastic fibers to concrete [47,48]. However, 
compressive strength was almost identical in the M4.5 and M6.0 mixes, 
at around 47 MPa, so additions of 6.0 % RCWTB may provide a sufficient 
fiber proportion within the concrete for the stitching effect to predom
inate [28]. 

Regardless of the strength behavior, the failure strain of concrete 
always increased following RCWTB additions (Table 3). In an initial 
approach, that effect can be intuitively attributed to two aspects. On the 
one hand, the first aspect was the greater flexibility of polyurethane and 
balsa-wood particles compared to the crushed siliceous aggregate that 
they replaced [44]. Nevertheless, it was thought to have had little in
fluence, because those particles could also favor cracking at high loads, 
due to a weaker interfacial transition zones than those of natural 
aggregate [49], thereby mainly influencing the elastic behavior of the 
samples. On the other hand, the second aspect was the fiber stitching 
effect that limited concrete cracking [18]. That effect is also the 
generally intended purpose of commercial fibers, so that a concrete 
structure will show early warning signs of possible collapse, with
standing higher strain levels and avoiding sudden brittle failure [16]. 
Under compressive stress, the fibers present in the RCWTB effectively 
strengthened the concrete specimens: the higher the percentage addi
tions of RCWTB, the more noticeable the strengthening effect. Thus, the 
failure strain was 78.8 % higher in the M6.0 mix than in the M0.0 mix 
(2942 µm/m vs. 1645 µm/m). 

The fracture-strain values also reflected increased deformability in 
the plastic region (Table 3). Failure strain and fracture strain coincided 
up to RCWTB contents of 4.5 %. However, the fracture strain of the M6.0 
mix was around 300 µm/m higher than the failure strain. Those results 
clearly reflected that the RCWTB-fiber stitching effect added load- 
bearing capacity under compression, i.e., the concrete was still capable 
of withstanding load after breakage at higher strain levels [16]. The 
RCWTB fiber-stitching effect under compression was therefore compa
rable to commercial fibers [13,20]. The increased deformability 
following the addition of RCWTB was also evident from the increase in 
absorbed energy (Table 3) of the M6.0 mix, which was twice that of the 
M0.0 mix. RCWTB clearly helped to increase concrete ductility, as was 

Fig. 5. Longitudinal stress–strain performance under compression. Relationship between the modulus of elasticity and: (a) the failure strain; (b) the fracture strain; 
(c) the absorbed energy. In all three figures, the dashed blue line represents the regression line of the four mixes containing up to 4.5 % RCTWB, while the continuous 
yellow line represents the regression line up to 6.0 % RCWTB. 
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also observed in another study when only the RCWTB fibers, without 
balsa wood and polyurethane, were added to concrete specimens [37]. 

3.1.2. Relation between elastic and plastic behavior 
The modulus of elasticity is the most commonly used concrete 

property for the evaluation of concrete deformability levels [50]. The 
results of analyzing the plastic deformability of concrete containing 
RCWTB on the basis of its modulus of elasticity are therefore shown in 
Fig. 5. In each part of the figure, two regression lines are represented. 
The dashed blue line represents the least squares regression of the results 
for the mixes with percentage additions equal to or lower than 4.5 % 
RCWTB. In contrast, the unbroken yellow line represents the regression 
results for the five concrete mixes containing up to 6 % RCWTB. 

For RCWTB contents up to 4.5 % (M0.0, M1.5, M3.0 and M4.5 
mixes), a highly accurate linear relationship (R2 coefficient above 95 %) 
can be observed between the modulus of elasticity and the three prop
erties that characterize the plastic deformability of concrete: failure 
strain, fracture strain, and absorbed energy. Therefore, the plastic 
behavior of concrete under strain can be described according to the 
elastic stiffness, as described in the conventional models available in the 
standards [11,12]. A higher modulus of elasticity resulted in lower strain 
levels within the plastic field and more brittle failures, with lower levels 
of energy absorbed during the test. 

The results for the M6.0 mix disrupted the direct dependence be
tween the modulus of elasticity and the plastic-deformability values. As 
mentioned in the previous section, the use of 6.0 % RCWTB meant that 
the concrete contained sufficient fibers to increase both the modulus of 
elasticity and the failure strain with respect to the M4.5 mix, and to 
increase the fracture strain to higher levels than the failure strain. For 
this RCWTB content, the stitching effect of the fibers effectively 
compensated for the discussed negative aspects related to balsa-wood 
and polyurethane particles. The concrete therefore demonstrated effi
cient load-bearing capacity and significantly increased the absorbed 
energy. So, although the elastic stiffness decreased in this concrete mix, 
all three plastic-deformability values increased, considerably reducing 
the accuracy of the linear relationship between the elastic modulus and 
those values. As with conventional fibers, the plastic-deformability 
approximation applied to plain concrete without fibers was no longer 

valid when the fiber effect became evident, in this study at percentage 
additions of 6.0 % RCWTB [13]. 

3.1.3. Performance prediction 
The CEB-FIB model [51] is the most widely known and used among 

the existing models for estimating the longitudinal stress–strain curve of 
concrete under compression [52]. It is based on a dimensionless coef
ficient, K, (Equation (1) that is dependent on the compressive strength, 
fc, in MPa, and an initial strain, ε0, in µm/m (Equation (2) calculated 
with the modulus of elasticity, E, in GPa and the compressive strength, 
fc, in MPa. With the values of both coefficients, the applied stress, σ, may 
be calculated in MPa as a function of the longitudinal strain, ε, in µm/m 
as per Equation (3). The model applied with no modifications produced 
estimates to an accuracy of ± 10 % of the longitudinal stress–strain 
curves of the mixes with percentage additions of up to 4.5 % RCWTB, as 
shown in Fig. 6a. However, the fit in the compressive-strength vicinity 
for the M6.0 mix was very poor, as can also be seen in Fig. 6a. The result 
was predictable, as the fiber content with that amount of RCWTB 
effectively improved concrete ductility, as noted from the relationship 
between the modulus of elasticity and the plastic-deformability values. 

K = 1+ 2 × exp( − (fc/40) ) (1)  

ε0 =

(

4+ 3 × K +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(4 + 3 × K)
2
− 40

√ )

×
100 × fc

E
(2)  

σ =
fc ×

(
K × ε/ε0 − (ε/ε0)

2
)

1 + (K − 2) × ε/ε0
(3)  

The solution that balanced accuracy and simplicity to reflect the RCWTB 
fiber effect and for accurate estimation of the longitudinal stress–strain 
curve under compression of the M6.0 mix was to define an applied stress, 
σ’, in MPa according to the piecewise function described in Equation (4). 
Thus, for additions of up to 4.5 % RCWTB, the applied stress, σ’, would 
be equal to the applied stress, σ, provided by the CEB-FIB model [51]. At 
higher amounts of RCWTB, both applied stresses would also match an 
applied stress, σ, of 99 % compressive strength. From that point, the 
applied stress, σ’, could be calculated by multiplying the CEB-FIB 

Fig. 6. Comparison of experimental stresses and estimated stresses of the longitudinal stress–strain curve under compression: (a) without model correction; (b) with 
model correction. 
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applied stress, σ, by an exponential coefficient dependent on the applied 
stress, σ, itself. The model presented an R2 coefficient of 99.98 %, so that 
the stress–strain curve of the five mixes could be estimated to an accu
racy of ± 10 %, as shown in Fig. 6b. 

σ′ =

⎧
⎨

⎩

σif RCWTB content ≤ 4.5%
σif RCWTB > 4.5% and σ ≤ 99%fc

σ × exp
(
2.201 − 0.321 ×

̅̅̅
σ

√ )
in other cases

(4)  

3.2. Transverse stress–strain performance under compression 

In the deformational-behavior test under compression, the transverse 
and the longitudinal strain levels were recorded at the same time. The 
transverse stress–strain curves under compression (Fig. 7) and their key 
values (Table 4) could then be calculated. 

The transverse stress–strain curves showed the usual shape [13]. 

Thus, an elastic zone with much smaller strain levels than in the longi
tudinal direction was initially detected, after which a plastic zone was 
observed. That plastic zone started with a yield step caused by vertical- 
splitting cracking in the M0.0 mix. However, that zone was not identi
fied in the other mixes, so it was thought that the fiber stitching effect in 
the RCWTB prevented vertical-splitting cracking, in the same way as 
commercial fibers can prevent it [13]. The use of minimal RCWTB 
amounts meant that sufficient fibers were available to withstand any 
sharp increase in strain, common to all types of non-fiber-reinforced 
concretes [7], as shown for example in Fig. 1. 

Several effects of RCWTB in relation to the transverse deformability 
of the concrete specimens under compression are shown in Table 4:  

• Transverse deformability within the elastic zone, shown by the 
Poisson’s coefficients (5.0 % lower in the M6.0 mix than in the M0.0 
mix), decreased with higher percentage additions of RCWTB. The 
RCWTB-fiber stitching effect within the cementitious matrix there
fore decreased specimen bulging during the test [14]. However, 
additions of 1.5 % RCWTB contained insufficient fiber amounts to 
replicate that effect. As happened in the longitudinal direction, the 
strain at the limit of proportionality showed no clear trend with 
larger amounts of RCWTB.  

• The addition of RCWTB always reduced the failure strain with 
respect to the M0.0 mix, presumably due to the absence of the abrupt 
increase in strain caused by the yield step [7]. However, the higher 
the waste content, the smaller the decrease (25.9 % for the M1.5 mix 
and 12.0 % for the M6.0 mix), as shown in Fig. 8a. The ductility of 
concrete increased due to the RCWTB-fiber stitching effect, and it 
was perhaps the reason for the cracking due to the weak interfacial 
transition zones generated by surrounding the particles of balsa 
wood and polyurethane to be almost imperceptible [49]. 

Fig. 7. Transverse stress–strain curves under compression.  

Table 4 
Key values of the transverse stress–strain behavior under compression.  

Property Parameter M0.0 M1.5 M3.0 M4.5 M6.0 

Poisson’s coefficient Value 0.202 0.206 0.196 0.192 0.192 
Δ RCWTB content (%) 0.0 1.9 − 2.9 − 4.8 − 4.9 

Strain at the limit of proportionality Value (μm/m) 167 209 193 220 176 
Δ RCWTB content (%) 0.0 25.1 15.6 31.7 5.4 

Compressive strength (failure stress) Value (MPa) 58.0 62.8 52.2 46.8 47.4 
Δ RCWTB content (%) 0.0 8.3 − 10.0 − 19.3 − 18.3 

Failure strain Value (μm/m) 5231 3875 4135 4393 4601 
Δ RCWTB content (%) 0.0 − 25.9 − 21.0 − 16.0 − 12.0 

Strain at fracture Value (μm/m) 5706 6720 7253 7815 11,091 
Δ RCWTB content (%) 0.0 17.8 27.1 37.0 94.4 

Absorbed energy Value (MJ/m3) 0.2716 0.3961 0.3641 0.3526 0.4975 
Δ RCWTB content (%) 0.0 45.8 34.1 29.8 83.2 

‘Δ RCWTB content (%)’ refers to the percentage variation with respect to the M0.0 reference mix. 

Fig. 8. Transverse stress–strain performance under compression: (a) comparison between failure strain and fracture strain; (b) evolution of absorbed energy with 
RCWTB content. 
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• Higher percentage additions of RCWTB implied higher concrete 
ductility that was also evident as the fracture strain increased 
(Fig. 8a). In fact, the fracture strain of the M6.0 mix was almost twice 
that of the M0.0 mix (11091 µm/m vs. 5706 µm/m). Furthermore, 
the higher the RCWTB content, the greater the fracture strain 
compared to the failure strain, and therefore the stronger the load- 
bearing capacity [18]. Consequently, the RCWTB mixes had higher 
levels of absorbed energy than the M0.0 mix (Fig. 8b), although the 

levels of absorbed energy remained constant at additions between 
1.5 % and 4.5 %. RCWTB. The M6.0 mix had by far the highest levels 
of absorbed energy, 83.2 % higher than the M0.0 mix, due to the 
increased strain at fracture [13]. 

3.3. Deflection performance under bending forces 

The test press continuously recorded the deflection behavior under 
bending, registering applied load and piston displacement at the center 
of the specimen [13]. The results were used to generate the 
load–deflection curves, shown in Fig. 9, and their key values, detailed in 
Table 5. The stronger load-bearing capacity due to the fiber effect is 
mainly detected in the bending behavior [19,21,27]. The test was 
therefore performed at 7 and at 90 days to evaluate the changes to that 
capacity over time, from a very early age to an age at which the me
chanical behavior of the concrete was thought to have stabilized [7]. 

The curves had standard shapes [8]. Initially curved, due to the 
adjustment of the specimen to the loading piston, and then linear be
tween the applied load and the deflection up until to the point of failure. 
Furthermore, the mixes containing percentage additions equal to or 
higher than 3.0 % RCWTB were able to withstand loading after the 
failure point. All those aspects are discussed in detail in the following 
subsections. 

3.3.1. Analysis of pre-failure performance 
The pre-failure bending behavior of concrete is characterized by the 

compliance of the material, which is the inverse of the slope of the linear 
zone of the load–deflection curve [17]. It can be expressed in mm/kN 
and it reflects the deflection of the concrete specimen as the load in
creases. The compliance values of all the mixes at both ages were 
calculated with the data in Fig. 9 and are detailed in Table 5. 

The effect of RCWTB on concrete compliance was different at 7 and 
at 90 days. In general, 7-day compliance increased proportionally with 
the RCWTB content. With respect to the M0.0 mix (0.0305 mm/kN), the 
compliance increased by 1.8 % in the M1.5 mix (0.0310 mm/kN) and by 
16.7 % in the M6.0 mix (0.0356 mm/kN). This behavior was closely 
linked to the modulus of elasticity (Table 5), there being an inversely 
proportional relation between both properties, as shown in Fig. 10a, 
which reflects the results based on the theory of Strength of Materials 
[53]. Thus, the decrease in the elastic modulus caused by RCWTB led in Fig. 9. Load-deflection curves under bending: (a) 7 days; (b) 90 days.  

Table 5 
Key values of the load–deflection behavior under bending.  

Property Parameters 7 days 90 days 

M0.0 M1.5 M3.0 M4.5 M6.0 M0.0 M1.5 M3.0 M4.5 M6.0 

Modulus of elasticity Value (GPa) 38.2 35.2 31.5 26.1 28.2  41.4  38.4  34.4  28.9  30.4 
Δ RCWTB content (%) 0.0 − 7.9 − 17.7 − 31.7 − 26.3  0.0  − 7.4  − 17.0  − 30.1  − 26.6 
Δ 7–90 days (%) − − − − − 8.4  8.9  9.3  10.9  7.9 

Compliance Value (mm/kN) 0.0305 0.0310 0.0330 0.0343 0.0356  0.0594  0.0480  0.0380  0.0384  0.0406 
Δ RCWTB content (%) 0.0 1.8 8.3 12.6 16.7  0.0  − 19.2  − 36.1  − 35.3  − 31.6 
Δ 7–90 days (%) − − − − − 94.7  54.7  14.9  11.8  14.1 

Flexural strength 
(failure stress) 

Value (MPa) 5.39 5.33 5.34 5.48 5.57  6.12  5.97  5.88  6.06  6.22 
Δ RCWTB content (%) 0.0 − 1.1 − 1.0 1.7 3.4  0.0  − 2.5  − 3.9  − 1.0  1.6 
Δ 7–90 days (%) − − − − − 13.5  11.9  10.2  10.6  11.6 

Failure deflection Value (mm) 0.52 0.55 0.43 0.46 0.50  0.69  0.61  0.53  0.61  0.70 
Δ RCWTB content (%) 0.0 5.8 − 17.3 − 11.5 − 3.8  0.0  − 11.6  –23.2  − 11.6  1.4 
Δ 7–90 days (%) − − − − − 32.7  10.9  23.3  32.6  40.0 

Stress at fracture Value (MPa) 4.52 4.77 0.55 0.55 0.56  5.57  5.27  0.59  0.61  0.52 
Δ RCWTB content (%) 0.0 5.7 − 87.9 − 87.7 − 87.6  0.0  − 5.5  − 89.4  − 89.1  − 90.6 
Δ 7–90 days (%) − − − − − 23.4  10.3  8.1  9.8  − 6.9 

Deflection at fracture Value (mm) 0.56 0.47 0.58 0.92 1.14  0.72  0.65  0.63  0.90  0.98 
Δ RCWTB content (%) 0.0 − 16.1 4.3 63.5 102.7  0.0  − 9.7  − 13.2  24.8  36.0 
Δ 7–90 days (%) − − − − − 29.1  38.9  7.6  − 1.4  − 13.4 

Absorbed energy Value (mm⋅kN) 2.41 2.11 2.01 3.33 3.99  3.45  3.44  2.65  3.61  3.78 
Δ RCWTB content (%) 0.0 − 12.1 − 16.6 38.6 66.0  0.0  − 0.3  –23.2  4.8  9.7 
Δ 7–90 days (%) − − − − − 43.2  62.5  31.9  8.3  − 5.3 

‘Δ RCWTB content (%)’ refers to the percentage variation with respect to the M0.0 reference mix at each age. 
‘Δ 7–90 days (%)’ refers to the percentage variation of the 90-day value of each mix with respect to the 7-day value of the same mix. 
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turn to higher compliance values at 7 days and higher bending 
deformability in the linear zone of the load–deflection curve at this age. 

Although the modulus of elasticity at 90 days had also decreased in 
proportion with the percentage additions of RCWTB, compliance was 
reduced with additions of up to 3.0 %, after which it slightly increased. 
The relationship between the modulus of elasticity and compliance at 
90 days was therefore a second-degree polynomial, as shown in Fig. 10b. 
The modulus of elasticity conditioned concrete stiffness within the 
compressed zone during the deflection-behavior test [53], while the 
RCWTB fibers conditioned stiffness within the zone under tension:  

• At 7 days, adhesion between the cementitious matrix and the RCWTB 
fibers was low, so the stitching effect in the tension zone was weak 
and the fibers were unable to withstand the increase in concrete 
deflection, because of the reduction in the modulus of elasticity after 
the RCWTB was added [54].  

• Low percentage additions of RCWTB effectively reduced concrete 
deformability under bending stresses at 90 days, due to higher 
adherence levels between the cementitious matrix and the fibers, 
making the RCWTB stitching effects more noticeable and compen
sating for the lower modulus of elasticity (decrease of 19.2 % for the 
M1.5 mix with respect to the M0.0 mix) [55]. Nevertheless, rather 
than a reduction in compliance with additions of more than 3.0 % 
RCWTB, compliance slightly increased, due to the decrease in the 
modulus of elasticity (compliance decreases of 36.1 % and 31.6 % for 
the M3.0 and M6.0 mixes regarding the M0.0 mix, respectively) [8]. 

Finally, compliance increased with age in all the mixes, perhaps due 
to their higher brittleness and the greater tendency of concrete to crack 
at older ages [25]. However, the higher the percentage additions of 
RCWTB, the lower the increase in compliance, due to the stitching effect 

of the RCWTB fibers. 

3.3.2. Analysis of the failure point 
Both the flexural strength and the failure deflection [21], which 

characterized the failure point, are shown in Table 5. 
The 7-day flexural strength remained constant for RCWTB contents 

between 0.0 % and 3.0 %, and slightly increased at higher contents (3.4 
% increase for the M6.0 mix with respect to the M0.0 mix). Although the 
RCWTB-fiber stitching effect never reduced concrete compliance at 
early ages, they did increase flexural strength [55]. The behavior at 90 
days was similar, although only the M6.0 mix showed a slightly higher 
flexural strength than the reference mix. In any case, all strength vari
ations were reduced, less than 4.0 % in percentage terms. The strength 
increases between 7 and 90 days showed no dependency on the per
centage additions of RCWTB. 

The failure-deflection trends were also similar at both ages, 
decreasing with additions of up to 3.0 % RCWTB (deflection 17.3 % 
lower at 7 days and 23.2 % lower at 90 days than the M0.0 mix), after 
which it increased, so that the M6.0 mix showed almost the same failure 
deflections as those of the reference mix (variations lower than 4.0 % 
with regard the M0.0 mix). From an intuitive point of view, it could be 
thought that higher compliance should equate with higher failure 
deflection [17]. As shown in Fig. 11a, that premise was true in the 
RCWTB concrete mixes, although it was not a very precise relation, as 
the failure deflection was also conditioned the initial zone of the 
load–deflection curve and the compliance variations in absolute terms 
were low. On the other hand, the flexural strength of the mixes defines 
the extent of the linear zone of the load–deflection curve [37]. In fact, 
flexural strength and failure strain presented the most accurate relation, 
as depicted in Fig. 11b, mainly because both properties showed similar 
trends and a clear proportionality. Therefore, the failure deflection was 

Fig. 10. Deflection performance under bending. Relation between modulus of elasticity and compliance: (a) 7 days; (b) 90 days.  

Fig. 11. Deflection performance under bending. Failure deflection as a function of: (a) compliance; (b) flexural strength.  
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mainly conditioned by the ultimate strength of concrete (flexural 
strength), and not so much by the slope of the linear zone of the 
load–deflection curve, whose inverse is the compliance. Failure deflec
tion increased with age in all the mixes, as did compliance, presumably 
due to increased initial micro-cracking to adapt to the load [8]. 

3.3.3. Analysis of load-bearing capacity 
Conventionally, brittle breakage of concrete occurs when it reaches 

the failure point under bending stresses and is unable to support any 
further loading [19]. However, the fiber additions strengthen the load- 
bearing capacity of the concrete specimens, so that the applied load 
decreases progressively as deflection increases [18]. Although the 
presence of balsa-wood and polyurethane particles reduced the ultimate 
deflection, their influence was null after failure, with fibers being the 
only RCWTB component that affected the flexural behavior of the con
crete after that point. The fibers therefore stitched the cracks after the 
failure, thus strengthening the load-bearing capacity of the concrete 
within percentage additions of 3.0 % or more RCWTB, as the fracture 
values in Table 5 and the load–deflection curves in Fig. 9 might suggest. 

The M0.0 and M1.5 mixes showed very similar values for failure 
deflection and deflection at fracture at both ages (Fig. 12), with differ
ences of around 0.04 mm. Moreover, their fracture-stress values were 
only 0.50 MPa lower than their failure-stress values (Fig. 13). Both as
pects were indicative of the brittle failure that those concrete mixes 
underwent [20]. The stress at fracture of the other three mixes was 
0.50–0.60 MPa at both ages, although their flexural strengths were al
ways higher than 5.0 MPa (Fig. 13). Those mixes supported load after 
failure, which progressively decreased as the deflection increased 
(Fig. 9). In Fig. 12, the deflection at fracture is shown to be between 
0.10–0.15 mm greater than the failure deflection for the M3.0 mix, while 
the M4.5 and M6.0 mixes showed post-failure deflection increases of at 
least 0.30 mm, which represented approximately 50 % of the failure 

deflection. The higher increase in post-failure deflection in the mixes 
with higher RCWTB amounts meant that the load decreased more 
slowly, making the RCWTB-fiber stitching effects more noticeable 
[13,21]. Sudden and unexpected failure of a concrete structure con
taining RCWTB could therefore be avoided, and evacuation times 
lengthened [25]. 

The trends for deflection at fracture and failure deflection of the 
RCWTB specimens were very similar. Thus, compared to the M0.0 mix, 
fracture deflection decreased when 1.5 % RCWTB was added, remaining 
approximately constant at 3.0 % RCWTB, and increasing at higher 
percentage additions. Regarding the time factor, the deflection at frac
ture had increased between 7 and 90 days for percentage additions 
between 0.0 % and 3.0 % of RCWTB, due to the influence of the failure 
deflection. However, the 1.4 % and the 13.4 % decreases for the M4.5 
mix and the M6.0 mix, respectively, were probably due to increased 
adhesion between the cementitious matrix and the RCWTB fibers 
[24,27], which limited the post-failure deformability of the mix in much 
the same way as compliance. Stress at fracture at percentage additions of 
over 3.0 % RCWTB remained approximately constant, regardless of age. 
Given the variations of flexural strength (Table 5), the aforementioned 
aspects caused the absorbed energy to decrease with percentage addi
tions of up to 3.0 % RCWTB, after which the absorbed energy increased 
at higher additions. In the same way, at higher percentage additions of 
RCWTB, the lower increase of absorbed energy between 7 and 90 days 
was due to the temporal reduction of deflection at fracture. Once again, 
the reason might be the increased adhesion of the RCWTB fibers to the 
cementitious matrix at advanced ages [27]. 

3.3.4. Pre-failure performance prediction 
The estimation of the load–deflection curve of fiber-reinforced con

crete has also been reported in the scientific literature. In general, the 
estimation of the post-failure behavior requires the use of advanced 

Fig. 12. Deflection performance under bending. Comparison of failure and fracture deflections at: (a) 7 days; (b) 90 days.  

Fig. 13. Deflection performance under bending. Comparison of the failure stress and the stress at fracture: (a) 7 days; (b) 90 days.  
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tools, such as the finite element method, which require specific inputs 
such as data on tensile strength [56]. However, the pre-failure behavior, 
more specifically the linear zone of the load–deflection curve defined by 
compliance, can be estimated in simpler ways with the Strength of 
Materials theory and its formulas [53]. 

Equation (5) shows the formula for estimating the pre-failure 
deflection, D, in mm, as a function of the applied load, L, in kN, and 
the modulus of elasticity, E, in kN/m2. In this formula, the arrangement 
of supports and load points of a concrete specimen in a four-point 
flexural-strength test and the dimensions of the 75 × 75 × 275-mm 
prismatic specimens (75-mm width, 75-mm height, 225-mm span) are 
specified. It also includes a coefficient to consider the effect of concrete 
cracking. Experimental deflection was underestimated in the results of 
the model, as can be appreciated in Fig. 14. However, a linear rela
tionship is also shown in that figure between the experimental and the 
estimated deflections. It could therefore be stated that the problem with 
the model in Equation (5) was the assumption of a higher bending 
stiffness than the actual one, which led to an underestimation of the 
concrete compliance value. 

D = 766666.7 ×
L
E

(5)  

Based on the above and seeking a balance between ease of calculation 
and estimation accuracy, the modified model shown in Equation (6) was 
developed. This model simply consisted of the basic model in Equation 
(5), multiplied by a dimensionless coefficient, C, calculated with Equa
tion (7) and Equation (8), using the test results at 7 and 90 days, 
respectively. The objective of the coefficient C was to modify the con
crete compliance in Equation (5), so it was statically defined on the basis 
of the aspects discussed in the section related to the pre-failure behavior. 
Thus, on the one hand, formulas were developed that depended on the 
modulus of elasticity of the concrete at each age (E7, 7-day modulus of 
elasticity in GPa, and E90, 90-day modulus of elasticity in GPa). 
Furthermore, the formulas were adjusted to the relation between 
modulus of elasticity and compliance at both ages (Fig. 10): an inverse 
linear relationship at 7 days and a second-degree polynomial relation
ship at 90 days. The use of that correction coefficient was enough to 

estimate the pre-failure deflection of the concrete mixes in the linear 
zone of the load–deflection curve, once the initial curved zone had been 
exceeded, to an accuracy of ± 20 %, as shown in Fig. 15. 

D = C × 766666.7 ×
L
E

(6)  

C7 =
1

1.056 − 0.018 × E7
(7)  

C90 = 12.233 − 0.637 × E90 + 0.010 × E90
2 (8)  

3.4. Deformational performance under indirect-tensile stresses 

The deflection-behavior test was complemented with a 
deformational-performance test under indirect-tensile stress, to inves
tigate the effectiveness of the RCWTB-fiber stitching effect at strength
ening load-bearing capacity. Thus, a splitting-tensile-strength test was 
conducted, but with continuous recording of the indirect-tensile stress 
and the displacement of the loading piston. The specimen broke in its 
entirety under tensile stress at the failure point of this test, so there was 
no zone in the concrete specimen that kept working under compression, 
in the same way than in the deflection-behavior test [44]. Fibers were 
therefore the only elements that were able to support loading after 
failure. High percentage additions of fibers with an optimal adherence to 
the cementitious matrix are needed to reach that performance [55]. The 
deformational curves that reflect the test results and the key values are 
respectively shown in Fig. 16 and Table 6. 

All the deformational curves showed a perfectly straight line up to 
the failure point. That zone was characterized by two properties:  

• On the one hand, the splitting tensile strength, which remained 
approximately constant at percentage additions between 0.0 % and 
3.0 % RCWTB and decreased by around 8.0 % at higher amounts. 
Results that were thought to have been conditioned by the effect of 
the water/cement ratio on the bond between the cementitious matrix 
and the aggregate [44]. Thus, the effect of the fibers at percentage 
additions of up to 3.0 % RCWTB compensated for the negative effect 

Fig. 14. Comparison of the experimental deflections of the load–deflection curve under bending and the deflections estimated with the non-modified conventional 
model (Equation (5): (a) 7 days; (b) 90 days. 
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of higher water/cement ratios (Table 2) [13]. Nevertheless, the in
crease in this ratio was critical at percentage additions of 4.5 % 
RCWTB, which prompted a sharp decrease in this strength. Higher 
percentage additions of 6.0 % RCWTB (M6.0 mix) led to the same 
behavior as above, where the RCWTB-fiber stitching effect 
compensated the effect of an increased water/cement ratio.  

• On the other hand, tensile deformability, the inverse of the slope of 
the linear zone, recorded in terms of loading piston displacement per 
MPa of indirect-tensile stress applied. The increased additions of 

RCWTB also increased the deformability of the concrete under that 
type of stress. Thus, the M6.0 mix presented a tensile deformability 
that was 34.0 % higher than that of the reference concrete. This 
performance could be due to the increase in the water/cement ratio 
with the increase in the content of this waste, as well as to the 
presence of RCWTB balsa-wood and polyurethane particles [7,46]. A 
very precise inverse linear dependence between the splitting tensile 
strength and the tensile deformability was observed in the mixtures 
(Fig. 17a), so that a higher value of one property resulted in a lower 
value of the other and vice versa. 

As can be noted in Fig. 16, the failure in the concrete mixes with 
percentage additions of 3.0 % RCWTB was sudden, so that the mixes 
were unable to support load after it. The M4.5 mix showed a slight load- 
bearing capacity, so that there was no abrupt curve ending at the failure 
point. However, a load piston displacement of 5.5 mm was detected 
from the failure point to fracture in the M6.0 mix, which showed a large 
load-bearing capacity because the addition of 6.0 % RCWTB provided a 
sufficient fiber content in the concrete to reach this performance. In 
addition, a post-failure zone was also recorded, in which the load sup
ported by the specimen increased. This zone is usually found when 
metallic fibers are used [13]. Its appearance in this study demonstrated 
adequate adhesion between the RCWTB fibers and the cementitious 
matrix and the high tensile strength of the fibers [19,28]. Absorbed 
energy and tensile deformability both increased in a linear relation, as 
there were no large splitting tensile strength variations up to percentage 
additions of 4.5 % RCWTB (dashed blue line, Fig. 17b). The fiber 

Fig. 15. Comparison of the experimental deflections of the load–deflection curve under bending and the deflections estimated with the developed model (Equation 
(6): (a) 7 days; (b) 90 days. 

Fig. 16. Deformational curves under indirect-tensile stresses.  

Table 6 
Key values of the deformational behavior under indirect-tensile stresses.  

Property Parameters M0.0 M1.5 M3.0 M4.5 M6.0 

Splitting tensile strength (failure stress) Value (MPa)  4.33  4.35  4.27  3.99  3.97 
Δ RCWTB content (%)  0.0  0.5  − 1.4  − 7.9  − 8.3 

Tensile deformability Value (mm/MPa)  0.1335  0.1329  0.1449  0.1714  0.1789 
Δ RCWTB content (%)  0.0  − 0.4  8.5  28.4  34.0 

Absorbed energy Value (mm⋅MPa)  1.18  1.34  1.27  2.39  15.73 
Δ RCWTB content (%)  0.0  13.6  7.6  102.5  1233.1 

‘Δ RCWTB content (%)’ refers to the percentage variation with respect to the M0.0 reference mix. 
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stitching effect in the M6.0 mix resulted in a huge increase in the 
absorbed energy, 10 times higher than that of the M0.0 mix, so the 
evolution of the absorbed energy considering this RCWTB content was 
approximately exponential. 

3.5. Summary: absorbed energy per unit of strength and carbon footprint 

As observed throughout the study, the use of RCWTB strengthened 
load bearing capacity and increased concrete ductility, although in some 
cases it also reduced the strength of the concrete specimens. Thus, one 
aspect could compensate for the other. Absorbed energy is the quin
tessential magnitude for comparing the ductility of a material subjected 
to a continuous-load-to-failure test, including concrete [46,56]. If this 
energy is calculated per unit of strength, a value of ductility is obtained 
that can be compared between different materials or concrete mixes 
disregarding the mechanical strength. The energy absorbed per unit of 
strength for all the tests is shown in Table 7. That value can generally be 
seen to increase with the use of RCWTB. Percentage additions of RCWTB 
were therefore effective at increasing the energy absorbed by the con
crete under all loading conditions, despite the eventual decrease in 
strength that it sometimes caused. 

The carbon footprint of the concrete mixes per m3 can be calculated 
on the basis of their composition (Table 2) plus the carbon footprint of 
their components as reported in the literature [57–59]. The carbon 
footprint of the mixes is detailed in Table 8. The use of RCWTB reduced 
the carbon footprint, due to the decrease in cement content per m3, the 

component with the highest carbon footprint [41]. The energy absorbed 
per unit of carbon footprint in general increased with additions of 
RCWTB, an aspect that is also reflected in Table 8, which shows that the 
use of this waste material increased the ductility of concrete while 
reducing its negative environmental consequences. 

4. Conclusions 

The potential of Raw-Crushed Wind-Turbine Blade (RCWTB) to in
crease concrete ductility and the potential of its GFRP-composite fibers 
to strengthen load-bearing capacity have both been analyzed in this 
study. Thus, concrete mixes with RCWTB contents of 0.0 %, 1.5 %, 3.0 
%, 4.5 %, and 6.0 % by volume were prepared and subjected to different 
tests to analyze their 90-day longitudinal and transverse stress–strain 
performance under compression, their 7- and 90-day deflection 
behavior under bending, and their 90-day deformational behavior under 
indirect-tensile stresses. The test results yielded the following 
conclusions:  

• Higher percentage additions of RCWTB increased the longitudinal 
failure strain of the specimens under compression. However, the mix 
with a percentage addition of 6.0 % RCWTB was the only mix to 
show a higher fracture than failure strain, meaning that it could 
support loading from the point of failure and demonstrating a large 
increase in absorbed energy. All the magnitudes characterizing the 
ductile behavior of concrete in the longitudinal direction were 

Fig. 17. Deformational performance under indirect-tensile stresses: (a) relationship between splitting tensile strength and tensile deformability; (b) relationship 
between tensile deformability and absorbed energy, in which the dashed blue line means the regression line up to 4.5 % RCWTB and the solid yellow line represents 
the repression line up to 6.0 % RCWTB. 

Table 7 
Absorbed energy per unit of strength.   

M0.0 M1.5 M3.0 M4.5 M6.0 

Longitudinal stress–strain behavior (MJ/(m3⋅MPa)) 0.0009  0.0010  0.0013  0.0017  0.0024 
Transverse stress–strain behavior (MJ/(m3⋅MPa))  0.0047  0.0063  0.0070  0.0075  0.0105 
7-day deflection behavior ((mm⋅kN)/MPa)  0.4471  0.3959  0.3764  0.6077  0.7163 
90-day deflection behavior ((mm⋅kN)/MPa)  0.5637  0.5762  0.4507  0.5957  0.6077 
Deformational indirect tensile behavior ((mm⋅MPa)/MPa)  0.2725  0.3080  0.2974  0.5990  3.9622  

Table 8 
Carbon footprint and absorbed energy per unit of carbon footprint.   

M0.0 M1.5 M3.0 M4.5 M6.0 

Carbon footprint (kg CO2 eq/m3) 306.7 300.9 295.1 289.3 284.5 
Longitudinal stress–strain behavior (MJ/kg CO2 eq)  0.00017  0.00021  0.00022  0.00027  0.00040 
Transverse stress–strain behavior (MJ/kg CO2 eq)  0.00089  0.00132  0.00123  0.00122  0.00175 
7-day deflection behavior ((mm⋅kN)/(kg CO2 eq/m3))  0.00786  0.00701  0.00681  0.01151  0.01403 
90-day deflection behavior ((mm⋅kN)/(kg CO2 eq/m3))  0.01125  0.01143  0.00898  0.01248  0.01329 
Deformational indirect-tensile behavior ((mm⋅MPa)/(kg CO2 eq/m3))  0.00385  0.00445  0.00430  0.00826  0.05530  
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linearly related to the modulus of elasticity of the concrete specimens 
up to percentage additions of 4.5 % RCWTB, as higher amounts 
increased the fiber content until it was sufficient for the fiber 
stitching effect to condition the longitudinal stress–strain behavior of 
the concrete specimens.  

• The RCWTB-fiber stitching effect reduced both the transverse elastic 
deformability under compression and the failure strain of the spec
imens. That same effect also suppressed the yield step due to vertical- 
splitting cracking after the elastic zone. However, both the strain at 
fracture and the difference between failure and fracture strains 
increased with higher contents of this waste, thereby increasing the 
absorbed energy of the concrete.  

• The use of RCWTB also affected the deflection behavior under 
bending of the concrete specimens. First, it conditioned the compli
ance values, as this property was controlled at 7 days by the modulus 
of elasticity, and at 90 days the increased adhesion of the RCWTB 
fibers to the cementitious matrix limited that deformability. Second, 
percentage additions of up to 3.0 % reduced both the flexural 
strength and the failure deflection of the specimens, after which it 
increased, thus both properties demonstrated a close linear rela
tionship regardless of age. Third, RCWTB provided load-bearing 
capacity from contents of 3.0 %, with the consequent increase in 
absorbed energy. The higher bond between RCWTB fibers and the 
cementitious matrix at advanced ages resulted in lower deflection at 
fracture and absorbed energy.  

• Tensile deformability was conditioned by the splitting tensile 
strength, which remained approximately constant at percentage 
additions of up to 3.0 % RCWTB and decreased at higher contents. 
Furthermore, the addition of 6.0 % of this waste material provided a 
remarkable load-bearing capacity under the action of indirect-tensile 
stresses. 

In global terms, the use of RCWTB increased the energy absorbed per 
unit of strength and per unit of carbon footprint. In addition, the lon
gitudinal stress–strain behavior under compression and the pre-failure 
deflection performance under bending of the concrete specimens with 
percentage additions of RCWTB could be estimated with the results of 
the basic models corrected with adjustment coefficients, which is useful 
at the design stage. Therefore, the use of this waste from the wind- 
energy sector as an overall addition is an interesting and successful 
alternative that can increase the ductility and load-bearing capacity of 
concrete. 
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