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Abstract
The bonded mortar in the Coarse Recycled Aggregate (CRA) reduces both the adhesion in the interfacial transition 
zones and the stiffness of concrete, which worsens concrete bending behavior. These aspects are more remarkable 
at early ages due to the lower strength and stiffness developed by the concrete matrix. The stitching effect of the 
66.8% by weight of Glass Fiber-Reinforced Polymer (GFRP) fibers contained in Raw-Crushed Wind-Turbine 
Blade (RCWTB) can counteract these phenomena. This research analyzes the bending behavior of concrete made 
with up to 100% CRA in combination with 6% RCWTB as aggregate replacement. Early ages (1, 3, and 7 days) 
and both moist and ambient curing are considered to cover all possible put-into-service situations of concrete 
elements. Compared to concrete with the same composition but without RCWTB, this waste increased the pre-
failure compliance by up to 26.9%, the failure deflection by up to 12.8%, and the failure stress by up to 37.5% 
when combined with as much as 50% CRA. An earlier concrete age and ambient curing made such effects more 
notable due to the weaker cementitious matrix. Furthermore, RCWTB provided post-failure load-bearing capacity 
to concrete, the incorporation of 6% RCWTB to concrete with 50% CRA increasing the absorbed energy under 
bending loading by 135%. RCWTB also allowed the energy absorbed by concrete to be almost unaffected when 
adding any CRA amount. All these effects were statistically significant and demonstrate that RCWTB improves the 
bending deformability of concrete produced with CRA, mainly because of the deflection improvement it caused.
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1 Introduction

Concrete is a building material mainly characterized by a high compressive strength [1], thereby being used 
for the construction of a wide variety of elements primarily subjected to compressive stresses [2]. However, 
concrete is also used for the design of numerous elements that work under bending conditions, such as beams 
[3] or pavements [4], in which tensile stresses appear. Since concrete does not withstand high levels of tensile 
stresses, steel reinforcement bars are usually placed in the tensile zone of the element to improve such behavior 
[5]. They also help to limit concrete deflections and reduce its brittleness by increasing the energy absorbed 
during loading [6]. In this way, the use of any concrete element working in bending is more comfortable and 
safer [7], being the element even able to bear certain load levels after a sudden failure [8]. However, the better 
the behavior of plain concrete without reinforcement in bending terms, the lower the amount of reinforcement 
required, which leads to economic savings and greater sustainability of the concrete structure [9].

There are numerous wastes that can be used as raw materials for concrete manufacturing [10], which impact 
the performance of concrete in many dimensions [11], bending behavior being among them [12]. One of the 
most common and widely researched wastes is the aggregate from out-of-use crushed concrete [13]. This 
material can be used as both coarse and fine aggregate [14], the use of the latter being more problematic for 
the bending performance of concrete due to its high content of fine mortar particles [15]. However, Coarse 
Recycled Aggregate (CRA) also affects such behavior of concrete. On one hand, the bonded mortar makes the 
CRA particles more flexible than those of Coarse Natural Aggregate (CNA), which reduces concrete stiffness 
when loaded [16]. On the other hand, the bonded mortar also decreases the bond between the cementitious 
matrix and the aggregates in the Interfacial Transition Zones (ITZs) [17], which causes the concrete to fail 
at lower load levels and, sometimes, in a more brittle way [18]. The higher water/cement ratio of concrete 
when CRA is added to compensate for the loss of workability because of the irregular shape and the high 
water-absorption levels of CRA [19] weakens the cementitious matrix due to the increased porosity that water 
evaporation causes [20], which also favors these phenomena [21].

The addition of fibers to concrete is a relatively recent technology that improves the bending behavior of 
concrete. The fibers act as a three-dimensional reinforcement of the cementitious matrix that provides a stitch-
ing effect [22]. Thus, they increase pre-failure stiffness of concrete when their elastic modulus is high enough 
[23] and, in some cases, the failure stress [24]. In addition, they contribute to a less brittle concrete failure, as 
the fibers are capable of supporting load in collaboration with the compressed zone of the concrete element 
once the failure has occurred [4]. This generic behavior is modified by the particularities of each fiber type. 
For example, steel fibers show greater advantages than polymeric fibers, usually polypropylene fibers, since 
they have a higher elastic stiffness that reduces their strain at the same stress level [25]. The use of recycled 
or natural fibers is another possibility [26], which exhibit similar advantages to conventional fibers, and at 
the same time reduce the environmental impact of fiber production [27]. Different fiber types, such as basalt 
[28], glass [29] and natural [30] fibers, are effective in improving the behavior of concrete with CRA.

Glass Fiber-Reinforced Polymer (GFRP) is a composite with a great number of applications because it 
offers a balance between strength and weight [31]. However, its composition based on fiberglass embedded in 
a polymeric matrix, generally based on an epoxy resin, hinders its recycling at the end of its useful life [32]. 
One possibility is to separate the glass fibers from the polymeric matrix by means of chemical or thermal treat-
ments [33], although these procedures significantly deteriorate the mechanical properties of the glass fibers, 
which limits their subsequent use [34]. In addition, these processes emit high amounts of greenhouse gases 
into the atmosphere and are energy-intensive [35]. As a result, mechanical recycling of GFRP is currently an 
interesting alternative [31]. In this way, GFRP is crushed in knife mills, resulting in GFRP fibers, composed 
of both fiberglass and polymer resin, which can be added to concrete [36]. GFRP fibers may increase elastic 
stiffness when added in high amounts, and improve the strength of concrete and its load-bearing capacity 
under bending [37], performance also found when combined with CRA in concrete [38].
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The problem of GFRP recycling can be even more pronounced if it is combined with other materials. Wind-
turbine blades are a good example [39], in which GFRP is sandwiched and interlayered with balsa wood and 
different types of polymers [40]. These components reduce the weight of the blade, glue elements between them, 
and even internally stiffen the hollow section of the blade [41]. GFRP from wind-turbine blades can be recycled as 
indicated in the previous paragraph, but a prior separation of the GFRP from the other components is necessary, 
which hinders the process [39]. The simultaneous crushing of all the elements of wind-turbine blades results in 
a material with a high proportion of GFRP fibers [42], and also with particles of polymers and balsa wood [43] 
that do not prevent the GFRP fibers to successfully contribute to an improved bending performance of concrete 
[44]. This material has been named Raw-Crushed Wind-Turbine Blade (RCWTB) in previous research [43], 
whose efficacy in concrete containing CRA under bending conditions has not yet been scientifically evaluated.

This study analyzes the bending behavior of concrete produced with variable CRA contents between 0 and 
100% by volume of coarse aggregate and 6% RCWTB, and compares it with concrete mixes of identical composi-
tion, but without RCWTB. Deformational, strength and energy-absorption features are considered. In addition, 
this analysis is conducted at an early age of concrete (1, 3, and 7 days) and for both moist and ambient curing, 
with the aim of simulating as accurately as possible the conditions under which the concrete elements are put into 
service. None of these aspects have been previously analyzed in scientific research. The final goal is to elucidate 
whether RCWTB can improve the bending performance of concrete with CRA. A suitable performance would 
allow progress in the simultaneous revaluation of two wastes from the dismantling of wind farms, the RCWTB 
from the wind-turbine blades and the CRA from the demolition of the wind-turbine footings, through their use 
as raw materials in concrete.

2  Materials and methods

2.1  Raw materials

The conventional ingredients of concrete in this study were CEM II/A-L 42.5 R Portland cement following EN 
197–1 [45]; ordinary tap water; two modified-polycarboxylate plasticizers, one of them water-based, which 
showed good performance in previous research on concrete containing RCWTB [44]; siliceous aggregate of 
sizes 12–22 mm, 4–12 mm, and 0–4 mm, with densities between 2.60 kg/dm3 and 2.63 kg/dm3 and 24-h water-
absorption levels between 0.13% and 0.55% as per EN 1097–6 [45]; and limestone sand of size 0–2 mm with a 
density and 24-h water absorption of 2.66 kg/dm3 and 0.10%, respectively. The gradation of all these aggregates 
is depicted in Fig. 1.

Recycled aggregate was obtained by jaw crushing a parent concrete with a compressive strength higher 
than 45 MPa. A subsequent sieving allowed obtaining the CRA 4–22 mm used in this research (Fig. 2a) to 
partially or totally replace the CNA. The density of CRA was 2.44 kg/dm3, and its 24-h water absorption was 

Fig. 1  Gradation of aggregates according to EN 933–1 [45]
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6.12%. As expected, the CRA was less dense and more water-consuming than the CNA [46]. The gradation 
of the CRA was also adequate for concrete manufacturing (Fig. 1).

Panels from the walls of a wind-turbine blade were knife crushed and screened through a 10-mm-aperture 
sieve to yield RCWTB (Fig. 2b). This material presented a complex composition, which is shown in Fig. 3. 
It was mainly characterized by a content of 66.8% by weight of GFRP fibers, whose physical–mechanical 
properties are detailed in Table 1. The density of RCWTB according to EN 1097-6 [45] was 1.63 kg/dm3. A 
more comprehensive characterization of this residue can be found in a previous publication [43].

Fig. 2  Wastes used in con-
crete: a CRA 4–22 mm; b 
RCWTB

Fig. 3  RCWTB composition (% wt.) by adapting EN 
933–11 [45]

Table 1  Physical–
mechanical properties of 
GFRP fibers present in 
RCWTB

Property Value Standard [45, 47]

Real density (kg/dm3) 2.04 EN 1097–6
Tensile strength (MPa) 270 EN ISO 6892–1
Average length (mm) 13.1 ASTM D5103
Average diameter (mm) 0.73 ASTM D2130
Aspect ratio (dimensionless) 18 ASTM D5103, 

ASTM D2130
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2.2  Concrete composition

Six concrete mixes were prepared to evaluate the effect of CRA and RCWTB on the bending concrete 
performance:

• Three concrete mixes incorporated CRA contents of 0%, 50%, and 100% with respect to the total volume 
of coarse aggregate and did not contain RCWTB. Their aim was to evaluate the effect of different CRA 
amounts on the bending performance of concrete, as in other research [3].

• The other three concrete mixes incorporated a RCWTB content of 6% of the total volume of aggregates, 
amount that was defined on the basis of previous results that showed the improvement of the flexural 
strength of concrete with such waste content [44]. Each mix had a different CRA content (0%, 50%, and 
100%) to compare them with the mixes without RCWTB, thus evaluating the interactions between both 
wastes [38].

  The composition of all the mixes is shown in Table 2, following their labelling the format “XCRA/
YRCWTB”, where X and Y represent the percentage content of CRA and RCWTB, respectively.

The design of the mixes was based on a cement content of 320 kg/m3, a water/cement ratio of 0.40, and a 
plasticizer content of 1% of the cement mass. The overall aggregate gradation was defined through the adjust-
ment to the Fuller curve (Fig. 4), which allows a proper balance between aggregate packing and aggregate-
fines content, thus simultaneously yielding proper workability and strength levels in the concrete produced 
with wastes [43]. All these aspects were intended to develop a concrete widely suitable for structural use [5], 
i.e., with a slump class S3 according to EN 206 [45] and a compressive strength higher than 45 MPa. These 
design features were modified as little as possible when adding CRA and RCWTB so as not to introduce 

Table 2  Composition of the concrete mixes (kg/m3)

1 Plasticizers were in a 2:1 ratio
2 Amounts of siliceous aggregate in the fractions 12/22 mm # 4/12 mm # 0/4 mm

Mix Cement Water Plasticizers1 Limestone sand Siliceous  aggregate2 CRA RCWTB

0CRA/0RCWTB 320 130 3.20 280 780 # 555 # 385 0 0
50CRA/0RCWTB 320 140 3.20 280 390 # 277 # 385 623 0
100CRA/0RCWTB 320 150 3.20 280 0 # 0 # 385 1246 0
0CRA/6RCWTB 320 130 3.20 263 733 # 522 # 362 0 71
50CRA/6RCWTB 320 140 3.20 263 367 # 261 # 362 586 71
100CRA/6RCWTB 320 150 3.20 263 0 # 0 # 362 1171 71

Fig. 4  Overall gradation of concrete mixes

https://doi.org/10.1007/s43452-025-01215-5
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additional factors that would affect the results obtained. Therefore, the cement and plasticizer contents were 
not modified upon addition of the by-products. Besides, the gradation of the CRA was adequate so that its 
incorporation did not alter the overall gradation of concrete, as detailed in Fig. 4. Finally, the water/cement 
ratio was minimally increased following the addition of CRA so that its higher water absorption was com-
pensated for and the effective water/cement ratio of concrete remained constant [19].

2.3  Experimental program

The bending behavior of the mixes was evaluated by performing load–deflection tests on 75 × 75 × 275 mm speci-
mens, the test setup being shown in Fig. 5. In this test, the specimen was placed simply supported and centered 
on two rollers spaced 225 mm apart, and the load was applied through two load rollers centrally positioned on 
the specimen and spaced 75 mm apart. This assembly was installed on a testing press that loaded the specimen by 
lifting the lower piston at a rate of 0.40 mm per minute until it was no longer load-bearing. The press incorporated 
a load cell in the area of the upper piston and a deflection measurer in the area of the lower piston, which recorded 
the applied load and the deflection of the specimen at a frequency of 20 Hz. In this way, the gross load–deflection 
curve of the specimen was obtained.

Fifteen 75 × 75x275-mm prismatic specimens were casted for each concrete mix. They were exposed to the 
laboratory environment (50 ± 5% humidity and 20 ± 2 °C temperature) covered with a plastic for successful set-
ting [5] for 1 day. After that, three specimens were subjected to the load–deflection test (concrete age of 1 day). 
The remaining twelve specimens were cured under two different conditions. Six of them were cured in an ambi-
ent room (60 ± 5% humidity and 20 ± 2 °C temperature) and the other six in a humid room (90 ± 5% humidity 
and 20 ± 2 °C temperature) to evaluate the relevance of the curing type. Three specimens exposed to each curing 
conditions were subjected to the load–deflection test at an age of 3 days, and another three at an age of 7 days. 
This organization of the experimental campaign allowed analyzing the bending behavior of concrete in a wide 
range of early ages and curing conditions [48].

2.4  Data processing

The gross load–deflection curves from the testing press were processed in several respects. Firstly, the load–deflec-
tion curves often initially show a curvature due to the settlement of the setup [7]. In reinforced concrete beams, 

Fig. 5  Load–deflection test setup
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this problem is usually solved by applying a pre-load prior to the beginning of the test [8]. As the specimens tested 
in this research did not have reinforcement, the points recorded up to a deflection of 0.05 mm were removed and 
replaced by others that preserved the slope of the curve found for deflections between 0.05 mm and 0.10 mm, 
which did correspond to concrete behavior following the experience of the authors [44]. Secondly, the points with 
repeated load or deflection values, probably resulting from the high frequency of data collection as in other cases 
[8], were eliminated. Finally, the points at which the applied load was null were deleted, since the specimens did 
not show load-bearing capacity at these points, thus not being part of the load–deflection curve [37].

The different aspects that describe the bending behavior of concrete, schematically represented in Fig. 6, were 
calculated for each load–deflection curve after processing:

• The compliance shows the opposition of concrete to deflection when loaded. A lower compliance value means 
a lower deformability. It is defined as the inverse of the slope of the pre-failure zone of the load–deflection 
curve [8].

• The failure point is where the maximum load is reached [5]. This point is defined by its deflection (failure 
deflection) and its stress (failure stress or flexural strength).

• The fracture point is the point with the highest deflection for which the concrete is able to withstand load [38]. 
It is characterized by its deflection and stress values. If this point is close to the failure point, the concrete 
has no load-bearing capacity after failure (Fig. 6a). On the contrary, if it clearly differs from the failure point 
(much higher deflection and much lower load), the load-bearing capacity of concrete after failure is remark-
able (Fig. 6b) [44].

• Finally, the area enclosed under the load–deflection curve represents the energy absorbed by the concrete dur-
ing the bending loading process [44]. The higher this energy, the more ductile the behavior of concrete, which 
is essentially linked to a higher load-bearing capacity after failure [36].

2.5  Obtention of results and statistical analyses

Three values for each property of the load–deflection curve were obtained for each mix, concrete age, and cur-
ing conditions. Outliers were identified by applying Grubbs statistical test, which analyzes the validity of each 

Fig. 6  Overview of load–deflection curves in concrete: a 
without load-bearing capacity after failure; b with load-
bearing capacity after failure

https://doi.org/10.1007/s43452-025-01215-5
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individual result by accounting for the average value and standard deviation of the whole sample of results [49]. 
The final values of each property for each mix, concrete age, and curing conditions, which are presented in sub-
sequent sections, were calculated as the mean value of those results that were identified as non-outliers.

The significance of the effect of each factor (CRA amount, RCWTB content, age of concrete, and curing condi-
tions) on the bending performance of concrete, as well as their interactions (modification of the effect of a factor 
when varying any or all of the other factors) were evaluated by a 95%-confidence level ANalysis Of VAriance 
(ANOVA), considered valid for statistical analysis in concrete research [50].

Finally, the dependencies between the different properties of the load–deflection curves were evaluated through 
Pearson's, Spearman's, and Kendall's correlations. These correlations show whether there is a direct (positive 
sign) or inverse (negative sign) dependence between two variables. Moreover, the closer their absolute value is 
to 1, the stronger this dependence will be. Pearson’s correlations analyze the existence of linear dependence; 
Spearman’s correlations, monotonic dependence, i.e., if the variables increase or decrease simultaneously, but at 
different rates; and Kendall’s correlations, ordinal association [51].

3  Results and discussion

3.1  Load–deflection curves

Figure 7 and Fig. 8 show all the load–deflection curves obtained in this experimental campaign for ambient and 
moist curing, respectively. Three specimens were tested for every mix at each age and curing condition. All of 
them conformed to a conventional shape, which is illustrated in Fig. 6. However, it was detected that the pres-
ence of RCWTB led to a little difference, as the curves corresponding to some mixes that incorporated RCWTB 
exhibited a higher initial curvature than those prepared without this waste. The higher water/cement ratios of 
these mixes, which reduced the stiffness of the cementitious matrix [52], as well as the presence of particles much 
more deformable than natural aggregate (polymers and balsa wood) [53] could have resulted in this behavior. 
This phenomenon was found mainly at ages of 1 and 3 days, since at older ages the cementitious matrix was more 
rigid and could compensate for this effect [44].

3.2  Compliance

The compliance represents the deformability of the mixtures before reaching the failure point, which is depicted 
in Fig. 9 for all the mixes in this study. All the values were within the usual range for a conventional structural 
concrete [5]. The compliance was lower the older the age of concrete and when a moist curing was conducted, 
because both factors allow for more effective hydration of concrete and, therefore, greater stiffness development 
[48]. The effect of age was more noticeable in this case.

CRA addition generally increased the compliance and, therefore, the bending deformability of concrete. Thus, 
the 0CRA/0RCWTB mix presented a 1-day compliance of 0.0395 mm/kN, while that of the 100CRA/0RCWTB mix 
was 0.0513 mm/kN (30% increment). As detailed in the literature, the bonded mortar present in the CRA makes 
the aggregate particles more deformable [21], leading to a decrease in the stiffness of the mix [52]. However, some 
of the other factors introduced in the analysis affected this general trend. On one hand, the increase in compliance 
with the CRA content was approximately linear in the mixes without RCWTB. However, their simultaneous use 
with 6% RCWTB caused the use of 100% CRA to yield concrete with a compliance always equal to or lower than 
that resulting from the addition of 50% CRA. For example, the 50CRA/6RCWTB and 100CRA/6RCWTB mixes 
had 1-day compliances of 0.0634 mm/kN and 0.0552 mm/kN, respectively. It is possible that the combination 
of such high CRA contents with the deformable particles of polymers and balsa wood contained in the RCWTB 
weakened the cementitious matrix, which favored cracking at lower load levels [53]. Thus, the elasticity of the 
cementitious matrix did not contribute as much to the pre-failure behavior [8]. On the other hand, a higher concrete 
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Fig. 7  Load–deflection curves under ambient curing
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Fig. 8  Load–deflection curves under moist curing
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age limited the increase in compliance due to CRA addition, as it favored cement hydration [28] and, therefore, 
a higher matrix stiffness [18]. For example, the increase in compliance at 1 day when 50% RCA was added was 
0.0075 mm/kN and 0.0080 mm/kN when combined or not with RCWTB, respectively, whereas these increases 
were between 0.0005 mm/kN and 0.0047 mm/kN at 7 days regardless the curing conditions. The curing environ-
ment did not affect the CRA effect on compliance.

Examining the effect of RCWTB, it can be noted that this waste generally resulted in an increased compliance. 
As has been found with other fiber types [27], the GFRP fibers stitched the cementitious matrix, thereby causing 
cracking at higher load levels, increasing the pre-failure deformability of concrete [37]. This effect was especially 
noteworthy when 50% CRA was combined with RCWTB because of the possible friction of the GFRP fibers with 
the bonded mortar of some CRA particles [54]. For example, the 1-day compliance went from 0.0395 mm/kN to 
0.0554 mm/kN in mixes without CRA when RCWTB was added, and from 0.0470 mm/kN to 0.0634 mm/kN in 
mixes with 50% CRA. From a global approach, this trend was not modified by either the testing age or the curing 
conditions. However, an exception linked to the use of 100% CRA in the concrete at advanced ages was detected, 
since in some cases, the RCWTB reduced the compliance or, at least, kept it constant, due to the tendency of the 
concrete to crack when high amounts of both residues were combined, as described in the previous paragraph [53]. 
This phenomenon was observed mainly at an age of 3 days for ambient curing, conditions at which the compliance 
of the mix 100CRA/6RCWTB was 0.0481 mm/kN, while that of the mix 100CRA/6RCWTB was 0.0412 mm/kN.

Fig. 9  Compliance of the concrete mixes: a ambient curing; 
b moist curing

https://doi.org/10.1007/s43452-025-01215-5
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3.3  Failure point

3.3.1  Failure stress

The load–deflection curves exhibited a linear behavior until the failure point, where the highest bending stress 
(flexural strength) was reached. All the failure stresses are depicted in Fig. 10, a detailed analysis of which can be 
found elsewhere [54]. The different factors analyzed affected the failure stress, but noticeable interactions were 
only found when simultaneously adding both residues:

• As expected from the literature [26], both advanced concrete age and moist curing always increased the failure 
stress regardless of the other factors due to the enhanced cement hydration they provided [48].

• The addition of CRA to concrete without RCWTB always reduced the failure stress. The bonded mortar in the 
CRA weakened the ITZs in the tensile-stress zone [21], feature that strongly conditions the bending perfor-
mance in failure [20]. The sharpest decrease in the failure stress generally occurred at early ages when adding 
50% CRA, as the decrease with the CRA amount was almost linear at an age of 7 days because the higher 
strength of the cementitious matrix counteracted such phenomena [55]. For instance, the decreases after 1 day 
of curing were 14.5% and 15.9% for 50% and 100% CRA, respectively, while these reductions were 8.7% and 
13.7% after 7 days of moist curing.

• RCWTB addition always improved the failure stress compared to a mix with the same content of CRA but 
without RCWTB regardless of the age and curing method. Furthermore, it modified the trend caused by CRA 
additions. The incorporation of 50% CRA to a concrete mix with 6% RCWTB yielded a higher failure stress 
than that of the mix with 6% RCWTB and 0% CRA. The GFRP fibers from the RCWTB may have rubbed 
with some CRA particles [56], improving their stitching effect [54]. This behavior was not as efficient when 
RCWTB was combined with 100% CRA, since the weakening of the ITZs in those mixes was excessive due not 

Fig. 10  Failure stress of the concrete mixes: a ambient cur-
ing; b moist curing
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only to the high amount of CRA but also to the particles of polymers and balsa wood present in the RCWTB 
[53]. The 50CRA/6RCWTB mix always exhibited the highest failure stress (5.75 MPa at 7 days).

3.3.2  Failure deflection

The failure deflection was strongly conditioned by the compliance (Fig. 9) and the failure stress (Fig. 10) exhib-
ited by the concrete mixes. In general, a higher failure deflection is linked to a higher energy-absorption capac-
ity before failure if the failure stress is not modified [22]. The value of all the failure deflections is detailed in 
Fig. 11, in which it can be noted the existence of various interactions between the different factors that affected 
the trends displayed.

Mixes incorporating no RCWTB and with CRA contents up to 50% exhibited an approximately constant failure 
deflection, with variations around 2–9% in absolute value. The increase in compliance that such CRA additions 
caused compensated for the decrease in failure stress [57]. The failure deflection increased more noticeably 
(increases of 5–16%) with 100% CRA, due to the much larger increase in concrete compliance it caused [37].

The addition of RCWTB to concrete with up to 50% CRA always increased the failure deflection compared 
to a concrete mix of the same age and curing environment and with exactly the same composition but without 
RCWTB. The average increase in failure deflection caused by RCWTB under these conditions was 40% and 
reached a maximum value of 70% in concrete with 50% CRA at 1 day. This behavior can be explained by two 
aspects. First, the compliance increase caused by the stitching effect of the GFRP fibers present in the RCWTB 
[38]. Second, the non-modification and even enhancement of the failure stress that RCWTB provoked [54]. 
However, the RCWTB had a negative effect on the failure deflection of the mixtures with 100% CRA, as they 
showed a lower failure deflection than the mix with 0% CRA. The weak particles of polymers and balsa wood 
present in the blade waste resulted in a marked decrease in both compliance and failure stress, which in turn led 

Fig. 11  Failure deflection of the concrete mixes: a ambient 
curing; b moist curing
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to a decrease in the failure deflection [58]. For instance, the 3-day failure deflection of the 100CRA/6RCWTB mix 
was lower than that of the 100CRA/0RCWTB mix (0.43 mm vs. 0.51 mm for an ambient curing, and 0.43 mm 
vs. 0.48 mm under moist curing).

Age also affected the failure deflection, but its effect depended on the wastes in the concrete mix. Thus, the 
failure deflection at 3 days was always higher than that at 7 days in the mixes without RCWTB, the deflection 
obtained at 1 day being the lowest of all, as a result of the changes in compliance and failure strain that concrete 
underwent at each age [59]. For the mixes with RCWTB, the trend was different, since the stitching effect of the 
GFRP fibers contained in the RCWTB produced minimal variations in failure deflection between the ages of 1 
and 3 days (average variation of 2%). However, RCWTB caused that the 7-day failure deflection did not depend 
on the CRA content due to the improved adhesion of the GFRP fibers to the cementitious matrix [44]. The 7 day 
failure deflection under ambient curing was around 0.50 mm for the mixes with RCWTB regardless of the CRA 
amount, while it was 0.55 mm for a moist curing.

The curing environment was the factor that least affected the failure deflection of the concrete mixes, nor did 
it modify the individual effect of the other factors. Thus, moist curing always led to failure deflections equal to 
or minimally higher than ambient curing, due to the greater stiffness development of the cementitious matrix 
that it allowed [14].

3.4  Fracture point

3.4.1  Fracture stress

The fracture stress for the concrete mixes is detailed in Fig. 12 for both ambient curing (Fig. 12a) and moist curing 
(Fig. 12b). The mixes showed the same tendencies for both curing conditions, although moist curing generally 

Fig. 12  Fracture stress of the concrete mixes: a ambient 
curing; b moist curing
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led to 2% higher fracture stresses on average. This small increase could have been due to the development of 
higher concrete stiffness in a wet environment [48], which resulted in a slightly more brittle fracture at the point 
at which the concrete was no longer capable of bearing load [44].

The bending behavior of the mixes without RCWTB depended on the age. On one hand, concrete showed a 
slight load-bearing capacity at 1 day and up to a CRA content of 50% due to its reduced stiffness [54]. Thus, the 
fracture stresses of the 0CRA/0RCWTB and 50CRA/0RCWTB mixes were 1.50 MPa and 1.35 MPa, respectively, 
while the 100CRA/0RCWTB mix exhibited a value of 3.34 MPa. The presence of high CRA contents created 
ITZs of lower quality [60], which reduced the load-bearing capacity of concrete after failure. On the other, no mix 
without RCWTB showed load-bearing capacity at 3 and 7 days, with all fracture stresses being around 5 MPa. A 
more effective hydration of the cement allowed concrete to develop a higher stiffness [61], fostering a more brittle 
fracture [18]. CRA favored a lower stiffness development [52], which led to a decreasing fracture stress with the 
content of this waste at such ages. For instance, the fracture stress after 7 days of moist curing was 5.57 MPa for 
the 0CRA/0RCWTB mix and 4.81 MPa for the 100CRA/0RCWTB mix.

Concrete with 6% RCWTB exhibited a remarkable load-bearing capacity, with fracture stresses in the range of 
0.3–0.6 MPa. In addition, this residue led the concrete to exhibit two marked differences compared to that without 
RCWTB. First, the fracture stress did not depend on the CRA content, as the variations in such property between 
the mixtures with 0% and 100% CRA were 0.01–0.09 MPa, thus remaining approximately constant. Second, 
the fracture stress was not conditioned by concrete age. Although the fracture stress increased at advanced ages, 
such increases were minimal, the maximum value being 0.19 MPa in the 0CRA/6RCWTB mix. It seems clear 
that when RCWTB was added to concrete, its fracture stress and, therefore, its load-bearing capacity depended 
almost exclusively on the stitching effect of the GFRP fibers that it contained [37]. Neither the weak ITZs or the 
decrease in stiffness caused by CRA [60], nor the increased stiffness of the cementitious matrix with age [55] 
played a major role in this behavior.

Fig. 13  Fracture deflection of the concrete mixes: a ambient 
curing; b moist curing
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3.4.2  Fracture deflection

The trends shown by the fracture deflections (Fig. 13) matched the performance described for the fracture 
stresses. This property allowed discerning not only if concrete exhibited load-bearing capacity after failure, 
but also if it was relevant, i.e., if it covered a wide range of deflections from the failure point [22].

The mixes without RCWTB presented low fracture deflections, in the range between 0.3 mm and 0.5 mm, 
values very similar to those at failure (Fig. 11). This revealed that although some of these mixtures evidenced 
load-bearing capacity at 1 day in terms of fracture stress (Fig. 12), this capacity was preserved over a very 
narrow range of deflections, not being really effective in improving the usual brittle behavior of concrete [3]. 
CRA addition did not cause a clear behavioral trend, the weakening of the ITZs or the decrease of the stiffness 
of the cementitious matrix discussed above randomly predominating [52]. Similarly, the concrete age and the 
curing conditions did not relevantly affect this behavior either. All these statements are based on the fact that 
deflections were reduced, and variations were minimal compared to the values achieved in the RCWTB mixes.

Mixes with RCWTB showed much higher fracture deflections, with a minimum value of 0.90 mm 
(100CRA/6RCWTB mix at 7 days under ambient curing) and reaching values of up to 1.42 mm (0CRA/6RCWTB 
mix at 1 day). All the mixtures made with this residue showed a remarkable load-bearing capacity [37], regard-
less of the other factors. However, these factors did affect the fracture deflection obtained:

• First, increasing CRA amounts reduced the fracture-deflection improvement when RCWTB was added 
because of the weakening of the ITZs that this alternative aggregate caused [60]. For example, the decrease 
in fracture deflection from 0 to 100% CRA was 16.6% at 1 day. Moreover, this decrease was conditioned 
by the concrete age, since the decrease due to CRA addition was more noticeable at early ages, becom-
ing almost negligible at 7 days of ambient curing (Fig. 13a). The higher strength at advanced ages of the 
cementitious matrix favored a higher bond in the ITZs [46].

• Second, the increase in failure deflection resulting from RCWTB addition was more marked at earlier ages. 
For instance, the failure deflections of the 50CRA/6RCWTB mix under ambient curing were 1.19 mm, 
1.06 mm, and 0.92 mm at 1, 3, and 7 days, respectively. The higher cement hydration and, therefore, stiff-
ness development of the cementitious matrix with age promoted a more brittle fracture and lower deflec-
tion levels [57]. In addition, this behavior was conditioned by the curing type, since moist curing led the 
fracture deflection at 3 days and 7 days to be the same regardless of the CRA content. A wet environment 
favored the cementitious matrix to develop a more notable stiffness at early ages [48].

3.5  Absorbed energy

The values of the energy absorbed by the mixtures during bending loading are detailed in Fig. 14. The defini-
tion of absorbed energy (Fig. 6) shows that this feature was conditioned by the trends exhibited by the rest of 
the load–deflection properties [44].

First, it is noteworthy that concrete made with RCWTB always showed higher absorbed energy than con-
crete without such residue regardless of the CRA content of the concrete, its age, and its curing conditions. 
The GFRP fibers stitched the cementitious matrix, generally increasing compliance, failure strain and, most 
importantly, providing load-bearing capacity after failure, as exposed in previous sections. These factors in 
turn led to an increase in the area enclosed under the load–deflection curve [37]. For example, the increase 
in 7-day absorbed energy of the 50CRA/6RCWTB mix with respect to the 50CRA/0RCWTB mix was around 
135%. This behavior is similar to that exhibited by other types of fibers [22] and shows the validity of RCWTB 
to improve the energy absorption of concrete with CRA in all cases.

https://doi.org/10.1007/s43452-025-01215-5
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The absorbed energy was also affected by the CRA content, although its effect was different depending on 
whether or not it was combined with RCWTB:

• On the one hand, the absorbed energy of concrete without RCWTB was not affected by the CRA content 
and remained approximately constant for any age and curing condition. As explained in previous sec-
tions, this alternative aggregate increased the compliance and reduced the failure strain in the absence of 
RCWTB, while it did not improve concrete load-bearing capacity. The reduced bond between the cementi-
tious matrix and the CRA in the ITZs and the high flexibility of this aggregate justify such behaviors [60]. 
Thus, both properties compensated each other's effect, which led the area under the load–deflection curve 
to experience minimal variations [57]. The absorbed energy for all mixes without RCWTB was between 
1 and 2 mm·kN.

• On the other hand, the addition of up to 50% CRA to concrete with RCWTB did not affect the absorbed 
energy due to the optimal interaction of RCWTB with such CRA content, which resulted in an increase 
in the concrete’s failure strain [54]. However, the use of 100% CRA reduced the compliance and failure 
strain because of the features discussed above for concrete without RCWTB, which also notably decreased 
the absorbed energy. For example, the 1-day absorbed energies for concrete containing 6% RCWTB were 
3.20 mm·kN, 3.22 mm·kN, and 2.55 mm·kN for 0%, 50%, and 100% CRA contents, respectively. The 
decrease caused by 100% CRA was more noticeable for 1-day age and ambient curing, since for them the 
ITZs were less stiff and strong [48].

Finally, it should be noted that the absorbed energy increased with age, but only up to 3 days, so that the 
absorbed-energy levels of concrete at 3 and 7 days were the same. The only exception was encountered in 
mixes incorporating RCWTB when subjected to moist curing, where at 7 days the energy absorbed was 

Fig. 14  Energy absorbed by the concrete mixes: a ambient 
curing; b moist curing
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10–16% higher than at 3 days. As found in other studies, wet curing favored a more effective hydration of the 
cementitious matrix [9], and thus a better bond with the fibers [25], which improved their stitching effect and, 
therefore, allowed a slightly higher ductility of the concrete [38].

3.6  Statistical significance

The effects of four factors (CRA content, RCWTB amount, age, and curing environment) on the load–deflection 
performance of concrete have been evaluated in this research. The significance of their effect on concrete behavior 
was therefore statistically validated by means of a four-way ANOVA at 95% confidence level that included all 
the non-outlier individual experimental values, as usually conducted in concrete research [50]. Table 3 shows the 
p-values referring to each factor significance, while Table 4 enumerates the p-values corresponding to the signifi-
cance of the second-order interactions. P-values less than 0.05 indicated that either the factor or the interaction 
was significant. All the third-order interactions were non-significant.

Regarding the factors (Table 3), both CRA and RCWTB contents and age significantly affected all the 
load–deflection properties of concrete. Moreover, their significance was high because the p-values were far from 
the reference value of 0.05. The only exception was the factor “curing conditions”, which did not significantly 
affect the concrete performance except in terms of failure stress. Curing the concrete in a moist environment 
favors a more effective cement hydration, but this aspect often becomes more noticeable at older ages [48]. In 
addition, the high water-absorption levels of CRA can alleviate this effect in the short term by this aggregate type 
providing an internal curing effect [62].

Second-order interactions, whose p-values are detailed in Table 4, show if the effect of a factor is different for 
each value adopted by the rest of the factors [51]. There were three interactions whose significance was recurrent. 
First, the interaction between the RCWTB and CRA amounts was always significant. As detailed for all proper-
ties, the effect of CRA was different depending on whether or not it was combined with RCWTB in concrete, as 
the adherence of the GFRP fibers was improved by certain CRA amounts [54]. Second, the interaction between 
the CRA amount and the concrete age, which was not significant only for the failure stress. The reduced stiffness 
and bond in the ITZs caused by this alternative aggregate was more pronounced at early ages [21]. Finally, the 
interaction between the RCWTB content and the concrete age. An older concrete age allowed a higher bond to 
the cementitious matrix of the GFRP fibers of the RCWTB, favoring a more relevant stitching effect [25]. The 

Table 3  P-values for the 
factors

Property CRA amount 
(factor A)

RCWTB amount 
(factor B)

Age (factor C) Curing (factor D)

Compliance 0.0000 0.0000 0.0000 0.1469
Failure stress 0.0000 0.0000 0.0000 0.0098
Failure deflection 0.0000 0.0000 0.0000 0.0562
Fracture stress 0.0000 0.0000 0.0000 0.1423
Fracture deflection 0.0000 0.0000 0.0000 0.1286
Absorbed energy 0.0000 0.0000 0.0000 0.0556

Table 4  P-values for the 
second-order interactions

Property A–B A–C A–D B–C B–D C–D

Compliance 0.0000 0.0000 0.2779 0.0000 0.5382 0.1406
Failure stress 0.0000 0.5483 0.3700 0.3470 0.2908 0.1243
Failure deflection 0.0000 0.0000 0.1474 0.0000 0.0535 0.0653
Fracture stress 0.0000 0.0000 0.6400 0.0000 0.1666 0.5716
Fracture deflection 0.0000 0.0000 0.0673 0.0000 0.0849 0.0000
Absorbed energy 0.0000 0.0332 0.0448 0.0792 0.0530 0.0429
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rest of the second-order interactions were only significant in specific cases, not affecting the overall behavior of 
the concrete under bending.

3.7  Correlation analysis

To conclude the study, a correlation analysis was conducted between the different load–deflection properties of 
the mixes to elucidate the existing relationships between them. The correlation matrices are shown in Fig. 15, 
considering as relevant those with an absolute value equal to or greater than 0.75 [51]. The ordinal association 
reflected by the Kendall's correlations (Fig. 15c) was low, i.e., the highest values of all the properties did not 
always correspond to the same mixtures.

From the analysis of the Pearson’s (Fig. 15a) and Spearman’s (Fig. 15b) correlations, three aspects stand out 
as relevant:

• First, there was an inverse monotonic correlation (Spearman's correlations, Fig. 15b) between the compliance 
and the fracture stress. The addition of RCWTB decreased the pre-failure stiffness of concrete, the concrete 
also exhibiting a lower fracture stress and a higher load-bearing capacity. RCWTB augmented the deform-
ability of concrete both before and after failure thanks to the stitching effect of the GFRP fibers [42].

• Second, fracture deflection showed two relevant correlations, monotonic with the failure deflection (Spear-
man's correlations, Fig. 15b) and linear with the fracture stress (Pearson’s correlations, Fig. 15a). A higher 

Fig. 15  Correlations between the load–deflection properties 
of the concrete mixes: a Pearson; b Spearman; c Kendall 
(legend: C, compliance; FailS, failure stress; FailD, failure 
deflection; FractS, fracture stress; FractD, fracture deflec-
tion; AE, absorbed energy)
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load-bearing capacity of concrete implies a larger fracture deflection [44], and it was increased when the 
deformability at the failure point was higher and the lower the stress up to which concrete was able to bear load 
after failure. This performance has also been found with other types of fibers [4] and shows that both failure 
and post-failure behaviors are relevant in terms of the concrete load-bearing capacity [22].

• Finally, the absorbed energy was significantly conditioned by both the failure and fracture deflections (Pear-
son's correlations, Fig. 15a). The improvement caused by RCWTB in the absorbed energy was mainly due to 
the increase in deflection terms, being the pre-failure stiffness relegated to a secondary role, as noted for other 
types of concrete fibers [8].

4  Conclusions

In this study, the bending behavior at an early age of concrete made simultaneously with Raw-Crushed Wind-
Turbine Blade (RCWTB) and Coarse Recycled Aggregate (CRA) has been analyzed. The load–deflection curves 
of concrete mixes prepared with 0%, 50% and 100% CRA and 0% and 6% RCWTB have been characterized in 
terms of deformability, stress and energy absorption at three different ages (1, 3 and 7 days) and under both ambi-
ent and moist curing. The following conclusions can be drawn:

• RCWTB increased concrete compliance, as the fibers of Glass Fiber-Reinforced Polymer (GFRP) it contained 
caused that the beginning of concrete cracking occurred at higher load levels. This was particularly noticeable 
when combined with 50% CRA, as this CRA amount weakened the stiffness of concrete to a lesser extent. The 
negative effect of CRA was less relevant at older concrete ages.

• The decrease in failure stress caused by increasing amounts of CRA was compensated by 6% RCWTB up 
to 50% CRA. RCWTB even caused that concrete with such CRA content had a higher failure strain than the 
0%-CRA concrete, especially at early ages and for an ambient curing, which favor a weaker cementitious 
matrix. Similarly, RCWTB increased the failure deflection for any CRA content, increasing concrete deform-
ability. This effect was also especially notable for CRA amounts up to 50%.

• The load-bearing capacity of concrete after failure was always greatly improved with the use of RCWTB. In 
addition, CRA did not condition such behavior at advanced ages (7 days). However, a negative effect of CRA 
was perceived at earlier ages, as the increase in the content of this aggregate always resulted in a significant 
decrease of the fracture deflection regardless of RCWTB use.

• The absorbed energy of the mixes containing RCWTB, calculated as the area under the load–deflection curve, 
was approximately twice that of mixes with identical composition but without RCWTB. Furthermore, this 
residue ensured that the energy absorbed was unaffected by the use of up to 50% CRA, independently of age 
and curing environment. The decrease in absorbed energy when 100% CRA was used was also minimal when 
combined with RCWTB.

• Both CRA and RCWTB content and concrete age significantly affected the bending performance of concrete. 
Moreover, the interactions between them were always statistically significant, which confirmed that RCWTB 
performed better when combined with 50% CRA and that the stitching effect of GFRP fibers was better at 
advanced ages due to their better adhesion to the cementitious matrix.

Overall, RCWTB improved the bending behavior of concrete with CRA at early ages, the increase in absorbed 
energy being based mainly on the improvement in terms of deflection that it generated according to a correlation 
analysis. Therefore, it is demonstrated the feasibility of the joint use of both wastes for the manufacture of concrete 
to be used in elements that work in bending and that even have to be put into service at an early age under any 
curing type, such as building beams or pavements. These findings open a potential avenue for the simultaneous 
recycling of both wastes by using them as raw materials in concrete production for such kind of applications.
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