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A B S T R A C T

Recycled Concrete Aggregate (RCA) and Raw-Crushed Wind-Turbine Blade (RCWTB) are waste materials ob
tained from decommissioned wind turbines after crushing their foundations and blades, respectively. Their use as 
raw materials in concrete allows their recycling. RCA increases concrete sustainability, while the fibers of Glass 
Fiber-Reinforced Polymer (GFRP) in RCWTB (66.8 % wt.) improve its bending performance. Nevertheless, only 
balanced waste combinations provide an adequate concrete behavior. Following a characterization of concrete in 
terms of fresh and strength performance, Response Surface Method (RSM) was conducted based on the experi
mental results to define the optimum waste combinations to reach a concrete strength performance adequate for 
engineering applications. RSM highlighted the need to limit the RCWTB content to 3 % to reach a compressive 
strength higher than 45 MPa, while amounts below 3 % and above 7 % would allow obtaining a flexural strength 
over 5.5 MPa. In both cases, the maximum content of coarse RCA should be 80 %. 70 % coarse RCA and a RCWTB 
amount between 6 % and 10 % would enable to develop concrete mixes with conventional strengths of 30–40 
MPa under compression and 5 MPa under bending. RSM results revealed that RCWTB and their GFRP fibers 
properly behave in concrete with coarse RCA.

1. Introduction

In recent years, the implementation of optimization tools in scientific 
research has become widespread, aimed at enhancing efficiency and 
facilitating accelerated advancements in various fields. Given that time, 
cost, and human resources are fundamental factors on which research 
relies, the application of these optimization tools is essential for maxi
mizing results in their respective domains. In the field of the strength 
behavior of materials, reference can be made firstly to the mathematical 
modeling of the material based on its physical behavior through the use 
of differential equations. The resolution of these equations has tradi
tionally been done via analytical or discretization methods, although 
more recently the validity of computational methods, such as deep 
neural networks, has also been demonstrated [1]. Another notable 
method employed in experimental optimization procedures of such 
strength performance is the Response Surface Method (RSM). RSM uses 
mathematical models and subsequent statistical analyses in experi
mental design, linking each strength response with a set of variables to 

assess the impacts and interactions of these parameters in the optimi
zation process [2]. The advantages of using these tools extend far 
beyond achieving optimal results more rapidly [3]. Their application 
leads to a reduction in the consumption of raw materials, energy, and 
CO2 emissions [4], thus fostering sustainability when they are employed 
[5].

The construction sector is widely acknowledged as a leading 
contributor to environmental degradation due to its extensive con
sumption of concrete and cement [6]. First, cement ranks as the second 
most consumed material globally, following water [7] and its calcina
tion processes represent one of the largest sources of CO2 emissions [8]. 
Furthermore, the considerable energy demand of the cement industry, 
which ranks as the third-largest energy consumer [6], exacerbates global 
warming and significantly impacts climate change. Another critical 
environmental concern associated with concrete production is the 
extraction and utilization of raw materials, especially Natural Aggre
gates (NA). The extraction of these resources has significant adverse 
environmental impacts, including habitat destruction, disruption of 
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ecosystems, and depletion of natural resources essential for ecological 
balance [9].

These activities contribute further to the industry’s overall envi
ronmental footprint and emphasize the urgent need for sustainable 
practices and innovation within the construction sector. To address this 
challenge, various strategies have been implemented. These practices 
include developing low-carbon alternative cements, such as Portland 
cement blended with supplementary cementitious materials like blast 
furnace slag or fly ash [10], and fiber addition [7]. Furthermore, sig
nificant progress has been made in researching alternative materials to 
replace NA, with Recycled Concrete Aggregates (RCA) emerging as a 
substitute [11]. Looking ahead, promoting the use of optimization tools 
like RSM, is critical to advocate for efficient material utilization in 
concrete mixtures. This approach involves optimizing sustainable ma
terial content to maximize mechanical properties while minimizing 
resource consumption and waste generation, aligning with sustainabil
ity and environmental goals [12].

RSM has been used in concrete mixes produced with RCA, evaluating 
its interaction with other factors, such as cement content [13] or com
binations of recycled masonry aggregates with RCA [14]. Despite the 
inclusion of RCA in these models, it is not typically considered a factor to 
be optimized, and research studies focusing on RCA as a primary opti
mization factor remain limited [15]. In terms of optimizing fiber con
tent, various studies have explored the incorporation of different fiber 
types in concrete mixtures, including basalt fiber [16], hybrid steel 
micro-fibers [17], forta-ferro fiber [18] and sisal fibers [19]. Therefore, 
there is currently a notable gap in research concerning the optimal 
combination of RCA and fibers in concrete mixtures, highlighting a 
critical area that requires further investigation.

The wind energy industry is currently facing a critical challenge in 
developing a sustainable waste management solution for decom
missioned wind farms [20]. With the designated lifespan of wind tur
bines set at approximately 25 years and the imperative to repower 
specific wind farms, a substantial volume of waste is being produced, 
primarily consisting of turbine blades and foundation materials [21]. On 
the one hand, turbine blades exhibit a complex composition, comprising 
materials such as Glass Fiber-Reinforced Polymer (GFRP), balsa wood 
and polymeric particles [22]. To address this, various treatments, 
including mechanical and thermal processes, have been explored. 
Among these, non-selective cutting and milling has emerged as the most 
economically viable, energy-efficient, and environmentally responsible 
solution [23,24]. Prior investigations conducted by the authors of this 
study evaluated the efficacy of the shredding process and characterized 
the properties of the resulting material for use in concrete, referred to as 
Raw-Crushed Wind-Turbine Blade (RCWTB) [24]. This waste material is 
mainly composed of fibers from the crushing of the GFRP (66.8 % wt.)
[25].

On the other hand, during the decommissioning process of wind 
turbines, a significant volume of waste originating from the foundations 
is also produced [26]. One promising approach to utilize this waste is 
advocated by the construction industry in the form of RCA. RCA, derived 
from screening, crushing, and sieving concrete waste, has been suc
cessfully integrated into concrete mixes [27], effectively reducing en
ergy consumption and CO2 emissions. However, its use leads to 
significantly different mechanical properties of concrete in comparison 
to NA [28]. Furthermore, due to the porous nature of adhered mortar, 
addition of RCA also has a major impact on workability [29], as adhered 
mortar absorbs water, resulting in the reduction of available water for 
the mixing [30]. Nevertheless, with up to 25 % of RCA replacement and 
the use of a superplasticizer, it is possible to achieve an optimum slump 
of the mixture [28]. Therefore, the material extracted from wind turbine 
foundations holds promise as an alternative for replacing NA, which 
constitute 75 % of the total volume of concrete [31].

Given that the wind sector is expected to generate the aforemen
tioned materials in large quantities, the incorporation of these residues 
into concrete mixes is being studied as a recycling solution. The primary 

aim of this investigation is to use RSM optimization models to determine 
the optimal contents of RCA and RCWTB in these mixes. This approach 
not only enables the simultaneous utilization of both waste materials 
from the decommissioning of wind farms, but also transforms concrete 
into a more sustainable material while ensuring its mechanical perfor
mance. As part of this study, the properties of each concrete mix are 
analyzed in both the fresh and hardened state at 28 days of age, as 
detailed in sections 3.1, 3.2, and 3.3. Following the compilation and 
analysis of these results, optimization models are developed using RSM 
to evaluate two key mechanical properties of concrete: compressive 
strength and flexural strength, as explained in Section 4.

The novelty of the research presented in this article therefore lies in 
several points. First, the study of the behavior of concrete made with 
RCWTB is very limited, and it is necessary to study this aspect in more 
depth before establishing this method as a valid alternative for the 
recycling of wind-turbine blades. Second, the scientific literature does 
not currently include any study that addresses the 28-day strength 
behavior of concrete made simultaneously with RCA and RCWTB, which 
is key for the joint management and revaluation of both wastes from the 
decommissioning of wind farms as raw material in concrete. Finally, this 
is the first study dealing with the optimization of joint contents of RCA 
and RCWTB in concrete so that the resulting concrete’s strength is valid 
for a wide range of applications in the construction and civil engineering 
sectors.

2. Materials and experimental methods

2.1. Materials

Regarding the materials used in the production of these mixtures, 
CEM II/A-L 42.5 R was employed in compliance with EN 197-1 [32]
standard. This selection was based on its low limestone content, ranging 
from 6 % to 20 % by weight, aimed at minimizing its environmental 
impact [33]. Furthermore, in addition to regular tap water, super
plasticizers were incorporated to enhance workability, while simulta
neously maintaining low water/cement (w/c) ratios.

In relation to the aggregates used, various fractions of different na
ture were employed: limestone-based aggregates including fine sand 0/2 
mm, and siliceous aggregates consisting of fractions 0/4 mm, 4/12 mm, 
and 12/22 mm. The physical properties of each fraction are defined in 
Table 1, and their size distributions are shown in Fig. 1 according to 
standard requirements.

The incorporation of recycled materials into the concrete mixes 
involved, on the one hand, the use of coarse RCA with a size of 4/22 mm, 
as depicted in Fig. 2a. This specific fraction was derived from the 
crushing and subsequent sieving of concrete elements sourced from a 
waste treatment company located in Burgos, Spain, where the investi
gation was conducted. The parent concrete elements had a minimum 
compressive strength of 45 MPa. Existing literature on the application of 
RCA has demonstrated its satisfactory utilization for structural elements 
[11] without compromising its mechanical behavior through a proper 
mix design. Comparative analysis with the same NA fraction revealed 
that this material exhibited lower density values, while demonstrating 

Table 1 
Physical properties of each fraction of the aggregates used (EN 1097-6 [34]).

Aggregate size Saturated-surface-dry density 
(kg/m3)

24-hour water absorption 
(% wt.)

Limestone 0/2 
mm

2.66 0.10

Siliceous 0/4 mm 2.62 0.13
Siliceous 4/12 

mm
2.63 0.33

Siliceous 12/22 
mm

2.60 0.55

RCA 4/22 mm 2.44 6.12
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significantly higher water absorption levels, reaching 6.12 % wt. 
(Table 1), as widely documented in the scientific bibliography [35].

The other recycled material added to the concrete mixes was 
RCWTB. Careful characterization was required to determine the specific 
role of each of its constituents on concrete mixes due to the diversity 
inherent in the composition of the RCWTB. Following the sectioning of 
central areas of wind turbine blades, rectangular panels measuring 20 
cm × 30 cm were obtained and subjected for further crushing using a 
knife mill [24]. The resulting material was sieved to obtain RCWTB, 
which consists of GFRP-composite fibers with polymeric and balsa wood 
particles. Within the concrete mixtures, GFRP-composite fibers are ex
pected to provide a stitching effect, while the polymeric and balsa wood 
particles would function as aggregates [25,36]. Visual representation 
provided in Fig. 2b illustrates the heterogeneity associated with RCWTB, 
providing insight into the variation among its constituent elements. In 
terms of its physical properties, the material exhibited a real density of 
1.63 kg/dm3 as determined by EN 1097-6 [32] and a fiber content of 
66.8 % by weight. Both the production process of RCWTB and its 
resulting properties have been extensively investigated in previous 
research by the authors [24].

2.2. Mix design

Thirteen different mixture designs were conducted with varying 
contents of RCWTB ranging from 0 % to 10 % of the aggregate volume, 

and RCA ranging from 0 % to 100 % of the volume of coarse aggregate. 
The selection of these ranges was informed by findings from the existing 
literature on concrete incorporating these materials. Previous studies 
conducted by the authors of this paper indicated that RCWTB, when 
used within the range of 0 % to 6 % of the concrete volume, can posi
tively influence properties like workability and durability without 
compromising strength [37,38]. Similarly, RCA, utilized between 0 % 
and 100 % for NA substitution, has shown varied effects on concrete 
strength and durability depending on its quality and processing, as 
discussed in the comprehensive review of Makul et al. [39].

The selection of combinations of both residues was based on the 
Central Composite Design (CCD) model with two variables (k = 2) to 
obtain corresponding optimized response surfaces in subsequent phases 
of the research. In the present study, the impact of each factor was 
evaluated by ensuring that the variance of the response predicted by the 
model depended solely on the distance from the center of the modelled 
region. Therefore, α values of ±0.5 and ±1 were considered. Fig. 3 il
lustrates the combinations obtained for each concrete mixture. All 
mixtures were labelled as WxRCAx, where Wx represented the RCWTB 
percentage content, and RCAx represented the percentage of coarse RCA 
incorporated. Within this model, four replicates of the central point 
corresponding to the mixture W5RCA50 were performed to evaluate the 
variability of the strength performance of concrete, resulting in a total of 
16 experimental mixtures.

Initially, a mixture designed as a reference (W0RCA0) was executed, 
characterized by the absence of both types of recycled materials. The 
composition of the reference mix is defined in Table 2. It was formulated 
using the materials detailed in Section 2.1, aiming to achieve slump and 
strength parameters suitable for its application in structural concrete. In 
accordance with the stipulations of EUROCODE 2 [34], the cement 
content within the mixture was fixed at 320 kg/m3, accompanied by a 
w/c ratio of 0.40. Additionally, the superplasticizers content was set at 1 
% relative to the total mass of cement. The proportions of aggregate 
fractions were defined for adjustment based on the Fuller’s curve, as 
depicted in Fig. 4. Following the definition of the reference mixture 
design, coarse NA was replaced with the amount of coarse RCA specified 
for each mixture by volume correction. The incorporation of RCWTB 
was considered as an addition to the cement content, where the volume 
of cement added remained constant in all manufactured mixtures.

The increased water-absorption capacity of RCA generally leads to a 
reduction in workability [40], with the main determining factor being 
the moisture state in which it is introduced into the mixing process [35]. 

Fig. 1. Particle gradation of aggregates (EN 933-1 [32]).

Fig. 2. Recycled materials: (a) RCA 4/22 mm; (b) Raw-Crushed Wind-Turbine Blade.
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Furthermore, the fibers present in the RCWTB could hinder the flow of 
the other concrete components, which also reduced workability [41]. 
The mixtures in this investigation were meticulously formulated to 
consistently achieve a S3 slump classification (EN 206 [32]). This 
required empirical adjustments of water and superplasticizers for each 
mixture, thus counteracting the loss of workability due to the incorpo
ration of both waste materials [42]. Superplasticizers served the purpose 
of reducing the water requirement in the mixing process, while 
concurrently upholding the w/c ratio of the mixtures in close proximity 
to the reference mixture value of 0.40. Adjustments for water and 

superplasticizers were implemented as follows: 

• For mixtures containing 0 % and 5 % RCWTB, the total water content 
was increased on average by 14 L/m3 for each 50 % increment in 
coarse RCA. No adjustment was required for the admixtures.

• For mixtures with higher RCWTB contents, specifically those with 10 
% RCWTB, the same additional amount of water was added for each 
50 % increment in coarse RCA. Furthermore, the superplasticizers 
content was also adjusted, increasing to 4.02 kg for the mixture 
W10RCA0 and to 4.26 kg for the mixtures W10RCA50 and 
W10RCA100.

2.3. Concrete preparation

The mixing process was carried out in three stages. Initially, all NA 
fractions were combined in a vertical axis mixer with the coarse RCA, 
along with 30 % of the water, reserving 0.5L for a subsequent phase. The 
incorporation of the RCA at this stage ensures adequate moisture state of 
the RCA, which, when integrated with the water, eliminates the need to 
increase the total water content of the mix to compensate for the higher 
water absorption capacity of the adhered mortar [43,44]. After three 
minutes of mixing, RCWTB was added with the cement, along with the 
remaining 70 % of the water. Thus, adequate cement hydration and 
proper RCWTB distribution within the concrete mass was reached [45]. 
Following another three minutes of mixing, the superplasticizers dis
solved in the previously reserved 0.5L of water were introduced. The 
mixture was considered ready for fresh property testing and casting after 
three minutes of further mixing in the final stage. Fig. 5 schematically 
illustrates the manufacturing process used for the mixture production.

Fig. 3. Combination of RCA and RCWTB for the production of concrete for a CCD with k = 2 and α values of 0.5 and 1.

Table 2 
Composition of the reference mixture (kg/m3).

MIXTURE Cement Water Superplasticizers Gravel 12/22 Gravel 4/12 Sand 0/4 Sand 0/2

Reference 320 12 3.20 780 555 385 280

Fig. 4. Combined granulometry of the concrete mixes and adjustment of Ful
ler’s Curve.
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2.4. Test procedures

In pursuit of the main objectives of this research, a series of tests were 
conducted on each mix to fully evaluate its properties. Immediately after 
the mixing process was completed, three tests were performed to eval
uate the fresh-state properties, in accordance with the outlined by the 
EN standards [32]: slump test (EN 12350-2), fresh density test (EN 
12350-6), and air content test (EN 12350-7). Moreover, the evaluation 
of hardened-state properties involved the casting various specimens. For 
the assessment of compressive strength in accordance with EN 12390-3, 
cylindrical specimens sized at 100 × 200 mm were employed. Addi
tionally, to evaluate flexural strength as per EN 12390-5, prismatic 
specimens measuring 75 × 75 × 275 mm were used. In each experiment, 
three specimens were fabricated for every type of mixture and stored 
inside a moist room (EN 12390-2) until they reached the established age 
for testing (28 days).

3. Results and discussion: Experimental properties

3.1. Fresh properties

The workability of all concrete mixes was assessed through the slump 
test, as this property is usually negatively influenced by the incorpora
tion of RCA and RCWTB [46,47]. The reference mixture exhibited a 
slump value of 14.7 cm, classified as S3 according to EN 206 [32]. The 
remaining mixtures showed slump values ranging from 10 to 15 cm, as 
shown in Fig. 6a, with all successfully achieving an S3 classification. 
Thus, the range of desired slump values implies that workability did not 
influence the outcome of the mechanical properties of the mixtures, 
attributing this behavior to other factors [25].

A decrease in workability was evidenced by the increase in RCA 
content, attributed to the higher water absorption values as well as 
rougher texture of the coarse RCA in contrast to NA, which led to an 
increase in the water demand by the mixture [43]. Fig. 6a illustrates that 
those mixtures containing 100 % RCA exhibited the lowest slump 
values, regardless of the amount of RCWTB, with W0RCA100 mixture, 

Fig. 5. Three stage mixing process for concrete mixtures preparation.

Fig. 6. Fresh properties: (a) slump; (b) fresh density; (c) air content.
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for example, having a slump of only 9.5 cm.
Regarding the incorporation of RCWTB, there was no clear trend 

indicating a decrease in slump with increasing RCWTB content, as might 
have been expected. While all mixtures exhibited lower slumps 
compared to the reference mixture, an increase in slump was observed 
for some mixtures containing 5 % and 10 % RCWTB compared to mixes 
with lower RCWTB amounts. The W5RCA50 mix achieved a slump value 
of 13.6 cm, closely matching the reference mixture, and the 
W10RCA100 mixture exhibited a higher workability (12.5 cm) than that 
of mixtures with lower fiber content. The effect of the GFRP-composite 
fibers of the RCWTB opposing the flow of the other concrete components 
[48] was likely compensated by the increased content of water and 
superplasticizers in the concrete [49], which effectively coated the 
specific surface area of the RCWTB components.

Fresh density values are presented in Fig. 6b. A decrease was 
observed with the increasing addition of both residues, from 2.42 kg/ 
dm3 for the reference mix (W0RCA0) to 2.16 kg/dm3 for the mix con
taining the highest proportions of RCA and RCWTB, W10RCA100. The 
4.55 % reduction for W0RCA100 may be attributed to the lower density 
of RCA compared to NA [35]. Similarly, the components of RCWTB 
exhibit very low densities [36], further decreasing the fresh density of 
the resultant concrete.

Finally, the results for the air content are presented in Fig. 6c. The 
incorporation of RCWTB, along with the substitution of coarse aggregate 
fractions with RCA, negatively impacted the air content, yielding an 
extreme value of 5.30 % in W10RCA100, which is double that of the 
reference mixture. This increment can be mainly attributed to the higher 
porosity of the RCA [50]. Furthermore, the presence of fibers in the 
RCWTB enhances air retention within the cementitious matrix [25], 
meanwhile the balsa wood particles in the RCWTB lead to the formation 
of more porous Interfacial Transition Zones (ITZs) [51]. The combined 
effects of both wastes when added simultaneously to concrete resulted in 
an air content of 3.40 % observed in W10RCA50.

3.2. Compressive strength

The compressive strength was evaluated at 28 days to study the effect 
of adding both residues on this property. Its average values are repre
sented in Fig. 7a, while Table 3 lists them along with the standard de
viations. All the individual experimental results can be found in the 
supplementary material. Furthermore, it can be noted that all the mixes 
exhibited similar levels of standard deviation (Table 3), the results being 
therefore reliable and suitable for the development of statistical models.

As an initial requirement for the mixtures to be used as structural 
concrete, a minimum compressive strength value of 25 MPa at this age 
was targeted. This threshold was indeed achieved in all the mixtures 
manufactured, for all combinations of residues. In general terms, the 
observed trend was consistent with other evaluated properties, showing 

a decrease in compressive strength as the contents of RCA and RCWTB 
increased. However, some specific observations are necessary to draw 
further relevant conclusions: 

• For mixtures with 0 % RCWTB, 50 % RCA led to an increase in 
compressive strength of around 1 MPa, although a decrease of 
approximately 3.60 MPa was found when adding 100 % RCA. On the 
other hand, the trend was different in mixtures without RCA but with 
increased RCWTB contents. In this case, the decrease in compressive 
strength was more pronounced, with a reduction of 3.94 MPa for 
each additional 5 % of RCWTB.

• The W0RCA50 mixture increased its compressive strength by nearly 
1 MPa compared to the reference mixture; a similar improvement 
was observed for W5RCA25 mixture, which exhibited a 9 % increase 
in strength compared to the mixture with 5 % RCWTB and without 
RCA substitution. Therefore, low (25–50 %) RCA contents led to 
increases in compressive strength in some cases.

• The lowest compressive strength value was observed in the 
W10RCA100 mixture, which contained the highest combination of 
both residues. The loss of strength was 57 % compared to the 
reference mixture.

The behavior of the mixtures in terms of compressive strength can be 
attributed to the following observations: 

• The slight reduction and in some case increase in compressive 
strength observed in mixtures exclusively incorporating RCA could 
be thanks to the high quality of the parent concrete, which originally 
had a compressive strength of 45 MPa. This superior feature of the 
RCA likely contributed to the resulting mixtures’ higher strength 
values [52,53], with some even surpassing the reference mixture, as 
in the case of W0RCA50. The quality of the parent concrete is 

Fig. 7. Mechanical-behavior properties: (a) compressive strength; (b) flexural strength.

Table 3 
Compressive strength values of the concrete mixes [MPa]: average values and 
standard deviations.

RCWTB (%)

0 % 2.5 % 5 % 7.5 % 10 %

RCA 
(%)

0 % 47.22 ±
3.36

​ 40.91 ±
3.99

​ 39.33 ±
2.83

25 % ​ ​ 44.98 ±
1.77

​ ​

50 % 48.18 ±
1.61

39.47 ±
0.98

41.87 ±
1.68

38.94 ±
1.85

42.48 ±
0.78

75 % ​ ​ 36.68 ±
1.82

​ ​

100 
%

43.66 ±
1.29

​ 36.66 ±
3.60

​ 26.84 ±
2.05
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considered to be a determinant factor for compressive strength out
comes, as supported by other research [54].

• On the one hand, the incorporation of both RCA and RCWTB 
required an adjustment in the w/c ratio of the mixtures, which 
resulted in increased total water content. Consequently, effective w/ 
c ratios reached a maximum value of 0.58 for the W10RCA100 
mixture, leading to a reduction in compressive strength values [55].

• On the other hand, the more pronounced reduction in strength values 
was attributed to the high porosity of the RCA [56]. This property 
was exacerbated by the presence of old ITZ and adhered cement 
mortar from the parent concrete from which the RCA is extracted 
[57,58].

• High content of RCWTB was responsible for the marked losses 
observed in mixes containing this residue, as the proportion of weak 
particles, such as the polymeric and balsa wood ones, was higher. 
This fact, along with the reduced adhesion of these particles to the 
cementitious matrix [59], lead to significant reductions in 
compressive strength values.

3.3. Flexural strength

The flexural behavior of the mixes was evaluated through the flex
ural strength test (EN 12390-5) [32]. The average results of this test are 
shown in Fig. 7b. Moreover, Table 4 lists the average values with their 
standard deviations, and all the individual experimental results are 
shown in the supplementary material. Similar values of standard devi
ation were obtained in all the mixtures, the validity of these results for 
statistical-model development being verified.

The main observations regarding this behavior are as follows: 

• In general, as the percentage of RCA substitution increased, a 
decrease in strength values was observed due to the weak ITZs it 
generated [60,61]. In fact, the W0RCA100 mix experienced a 
strength loss of 20.21 % compared to the W0RCA0 mix. Contrari
wise, the addition of the fibers present in the RCWTB to the concrete, 
improved flexural strength, which can be attributed to their stitching 
effect within the cementitious matrix [62].

• The most notable increase relative to the reference mix was achieved 
by W10RCA50 mixture, which exhibited a 14.67 % increase in 
strength. This mix showed the optimum performance of the GFRP- 
composite fibers with that amount of coarse RCA, as observed in 
studies evaluating this waste material at an early age of the mixture 
[37], highlighting the prospective capabilities of simultaneously 
using both recycled materials in concrete. Fig. 8. illustrates the 
performance of a specimen used for the flexural test for that concrete 
mixture, showing the pre-test phase, the test phase and the post- 
failure phase; it can be observed that a crack appeared in the cen
tral part of the specimen, a failure of the specimen in a proper way 
was obtained, and the specimen exhibited load-bearing capacity.

Despite the general trends indicated, both wastes exhibited an 
interaction in terms of flexural strength. For instance, the mixtures with 
a RCWTB content of 5 % either improved or maintained values of flex
ural strength close to the reference mix for low RCA substitutions, but a 
notable deterioration with complete replacement of NA by RCA was 
found. The addition of RCA led to the creation of weak ITZs with 
increased porosity [63], which may negatively impact flexural strength 
[64]. Nevertheless, for low w/c ratios, this effect was mitigated due to 
the stitching effect of the GFRP-composite fibers, as seen in mixtures 
with less than 50 % RCA substitution. In mixtures requiring increased 
water and admixtures adjustment, the losses were significantly higher, 
the fibers not being so effective. Therefore, the effects caused by ad
justments in the w/c ratio [63,65] or the increased porosity because of 
RCA addition [66] were offset by the stitching effect of the fibers [38,67]
up to RCA amounts of 50 %, which also prevented crack propagation 
within the matrix [68]. The presence of RCA with high parent concrete 
strength could also contribute to the flexural-strength improvements 
observed [69].

4. Optimization by response surface method

4.1. Initial considerations

Design Expert software version 13.0.5 was employed for the opti
mization through RSM in this research. Initially, the independent vari
ables (factors) and dependent variables (responses) pertinent to the 
study were defined, followed by the design of the models.

The following key points were considered regarding the factors and 
the responses in RSM application: 

• The percentage replacement of NA with coarse RCA and the per
centage addition of RCWTB were used as factor variables. The upper 
and lower ranges for these input parameters were set at 0–100 % for 
RCA replacement and 0–10 % for RCWTB addition.

• CCD was selected for its widespread application in RSM to establish 
the relationship between factors and responses in concrete mixtures 
[12]. The CCD resulted in a total of 16 experimental runs (mixtures), 
with each factor (k = 2) varying at 5 levels. These levels were defined 
by the following α values: +0.5 and − 0.5 (axial points), +1 and − 1 
(factorial points), and 0 (center point) as summarized in Table 5. To 
assess the experimental error, four replicate center points were 
included. These aspects were also outlined in section 2.2 for a proper 
understanding of the mixes design.

• Compressive strength and flexural strength were set as response 
variables. Their values, which were used to RSM adjustment, can be 
found in Fig. 7, Table 3 and Table 4. However, in the mixes con
taining wastes with higher variability in flexural strength and located 
at the limits of the CCD space, the extreme experimental individual 
values were considered following the trend of the rest of the mixes as 
an additional safety factor.

For the development of the mathematical models, the following Eqs. 
(1) and (2) were used: 

Y = β0 +
∑k

i=1
βiXi + ε0,

(1) 

Y = β0 +
∑k

i=1
βiXi +

∑k

i=1
βiiX2

i +
∑k

i=1

∑k

j>1
βijXiXi + ε0, (2) 

where Y represents the response; β represents the regression coefficients; 
Xi represents the factor or independent variables; k represents the 
number of optimized variables; and ε0 refers to the measured error. In 
cases where the response could be modelled by a function represented as 

Table 4 
Flexural strength values of the concrete mixes [MPa]: average values and stan
dard deviations.

RCWTB (%)

0 % 2.5 % 5 % 7.5 % 10 %

RCA 
(%)

0 % 5.59 ±
0.52

​ 5.91 ±
0.56

​ 5.44 ±
0.35

25 % ​ ​ 5.44 ±
0.45

​ ​

50 % 5.64 ±
0.56

5.42 ±
0.50

5.28 ±
0.28

5.26 ±
0.07

6.41 ±
0.34

75 % ​ ​ 5.51 ±
0.21

​ ​

100 
%

4.46 ±
0.58

​ 4.76 ±
0.13

​ 4.88 ±
0.28
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a linear combination of the factors, that is, a first-order model, the 
function took the form of Eq. (1). For models exhibiting curvature, the 
corresponding equation for a second-order model, Eq. (2), was defined. 
Both a first-order (linear) and a second-order (quadratic) model for the 
optimization of RCWTB and RCA materials were developed for each 
response (compressive strength and flexural strength) and α value (±0.5 
and ±1). These models were subsequently subjected to an ANalysis Of 
VAriance (ANOVA) and compared to assess their efficacy in the opti
mization process, thus selecting a single model for each strength prop
erty and each α value (4 selected models). Finally, the models for each 
property (one for an α value of ±0.5 and another for an α value of ±1) 
were compared, selecting only one for compressive strength and one for 
flexural strength, which were used for the final optimization. The 
detailed methodology and results are presented in the following 
sections.

4.2. Statistical analysis results of the RSM

Regression analyses were conducted to establish the relationships 
between factors and responses, considering the two fixed α values, α =±

1 and α = ± 0.5; both linear and quadratic regression models were 
considered for each α value. An ANOVA was conducted in each case for 
statistical validation. Hypothesis tests on the significance of the model 
terms were developed to evaluate the sensitivity of each one of them in 
relation to the variability of the experimental data. In this way, statis
tically non-significant terms were detected, as only model variables with 

a p-value under 0.05 (confidence level of 95 %) were considered sig
nificant terms. In addition, the overall significance of the model was also 
evaluated, and a lack-of-fit hypothesis test was performed to ensure 
adequate model adjustment regardless of the data variability. Finally, 
the R2 coefficient of each model was also assessed.

4.2.1. Response: Compressive strength
Table 6 presents the ANOVA corresponding to compressive strength 

(α = ± 1). It can be observed that the linear model was significant (p- 
value = 0.0178), moreover showing that variable A (% RCWTB), with a 
p-value of 0.0149, had a significant effect on compressive strength, while 
variable B (% RCA), with a p-value of 0.0759, did not. Analysis of R2 =

0.5917 and Adj-R2 = 0.5010 suggested that the model explained 
approximately 59.17 % of the variability in strength, with the lack-of-fit 
analysis indicating adequate model fit to the observed data (p-value =
0.4981).

Regarding the quadratic model, it was significant overall (p-value =
0.0341). Evaluating each variable independently, parameters A and B, 
as well as the interaction B2 showed a significant effect (p-values of 
0.0110, 0.0418 and 0.0488), while the interactions AB and A2 and did 
not. It was concluded that the quadratic model fitted better than the 
linear model, with an R2 of 0.8133 and Adj-R2 of 0.6577, explaining 
approximately 81.33 % of the variability in compressive strength. Lack- 
of-fit analysis was not significant (p-value = 0.7109), indicating 
adequate fit of the quadratic model to the observed data, thereby 
selecting this model for the optimization process when α = ± 1.

In the comparative analysis of models for compressive strength when 
α = ± 0.5 (Table 7), the linear model demonstrated overall significance 
(p-value = 0.0045). Both A and B were significant with p-values of 0.0062 
and 0.0183, respectively, suggesting significant contributions to the 
observed variability. The model had an R2 of 0.6992 and Adj-R2 of 
0.6323, explaining approximately 69.92 % of the variability in 
compressive strength, and showing good fit based on lack-of-fit analysis 

Fig. 8. (a) Prismatic specimen before conducting the flexural strength test; (b) flexural strength test; (c) result of the flexural fracture after the test, and load-bearing 
capacity of the W10RCA50 mixture.

Table 5 
Independent variables and coded values.

Coded values − 1 − 0.5 0 0.5 1

% RCA 0 25 50 75 100
% RCWTB 0 2.5 5 7.5 10
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(p-value = 0.6491). Conversely, the quadratic model was also significant 
(p-value = 0.0435), with A and B significant with p-values of 0.0124 and 
0.0291, respectively, unlike the interactions. An R2 of 0.7960 and Adj-R2 

of 0.6260 indicated that the quadratic model explained approximately 
79.60 % of the variability and showed adequate fit (p-value = 0.6109) 
according to lack-of-fit analysis. Although both models confirmed the 
importance of both % RCWTB and % RCA in compressive strength, the 
linear model was chosen in this case for its superior fit and simplicity.

4.2.2. Response: Flexural strength
For the analysis of flexural strength with α =± 1 (Table 8), the linear 

response surface model was not significant overall (p-value = 0.7624), 
indicating that neither variable A nor B individually significantly 
affected flexural strength, with p-values of 0.6571 and 0.5695, respec
tively. The model’s R2 was 0.0585 and Adj-R2 was − 0.1507, suggesting 
lack of fit to the observed data (p-value = 0.0894), although this was not 
statistically significant. The quadratic response surface model, however, 
was significant overall (p-value = 0.0268). While A2 (p-value = 0.0049) 
and B2 (p-value = 0.0069) showed significant effects, neither A, B, nor 
their interaction AB significantly influenced flexural strength. Quadratic 
model exhibited an R2 of 0.8289 and Adj-R2 of 0.6862, indicating that it 
explained approximately 82.89 % of the variability in flexural strength. 

Table 6 
ANOVA on the effect of RCWTB and RCA for compressive strength (α = ± 1).

Dependent variable Source df Sum of 
squares

F-value p- 
value

Remark R2 Adj-R2 Predicted 
R2

Adequate 
Precision

Compressive strength (α = ± 1) / Linear 
response surface model

Model 2 222.81 6.52 0.0178 Sign. 0.5917 0.5010 0.2257 8.1794
A: % 
RCWTB

1 154.13 9.02 0.0149 Sign. ​ ​ ​ ​

B: % RCA 1 68.68 4.02 0.0759 Not- 
Sign.

​ ​ ​ ​

Residual 9 153.75 ​ ​ ​ ​ ​ ​ ​
Lack of fit 6 106.72 1.13 0.4981 Not- 

Sign.
​ ​ ​ ​

Pure error 3 47.03 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 376.56 ​ ​ ​ ​ ​ ​ ​

Compressive strength (α = ± 1) / Quadratic 
response surface model

Model 5 306.26 5.23 0.0341 Sign. 0.8133 0.6577 0.1969 8.5243
A: % 
RCWTB

1 154.13 13.15 0.0110 Sign. ​ ​ ​ ​

B: % RCA 1 68.68 5.86 0.0418 Sign. ​ ​ ​ ​
AB 1 19.94 1.70 0.2399 Not- 

Sign.
​ ​ ​ ​

A2 1 7.39 0.6309 0.4573 Not- 
Sign.

​ ​ ​ ​

B2 1 63.51 5.42 0.0488 Sign. ​ ​ ​ ​
Residual 6 70.30 ​ ​ ​ ​ ​ ​ ​
Lack of fit 3 23.27 0.4949 0.7109 Not- 

Sign.
​ ​ ​ ​

Pure error 3 47.03 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 376.56 ​ ​ ​ ​ ​ ​ ​

Table 7 
ANOVA on the effect of RCWTB and RCA for compressive strength (α = ± 0.5).

Dependent variable Source df Sum of 
squares

F-value p- 
value

Remark R2 Adj-R2 Predicted 
R2

Adequate 
Precision

Compressive strength (α = ± 0.5) / Linear 
response surface model

Model 2 229.29 10.46 0.0045 Sign. 0.6992 0.6323 0.3551 12.1281
A: % 
RCWTB

1 138.61 12.64 0.0062 Sign. ​ ​ ​ ​

B: % RCA 1 90.68 8.27 0.0183 Sign. ​ ​ ​ ​
Residual 9 98.66 ​ ​ ​ ​ ​ ​ ​
Lack of fit 6 59.35 0.7550 0.6491 Not- 

Sign.
​ ​ ​ ​

Pure error 3 39.31 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 327.95 ​ ​ ​ ​ ​ ​ ​

Compressive strength (α = ± 0.5) / Quadratic 
response surface model

Model 5 261.05 4.68 0.0435 Sign. 0.7960 0.6260 − 1.6880 8.5033
A: % 
RCWTB

1 138.61 12.43 0.0124 Sign. ​ ​ ​ ​

B: % RCA 1 90.68 8.13 0.0291 Sign. ​ ​ ​ ​
AB 1 19.94 1.79 0.2296 Not- 

Sign.
​ ​ ​ ​

A2 1 4.37 0.3915 0.5546 Not- 
Sign.

​ ​ ​ ​

B2 1 1.25 0.1123 0.7490 Not- 
Sign.

​ ​ ​ ​

Residual 6 66.90 ​ ​ ​ ​ ​ ​ ​
Lack of fit 3 27.59 0.7020 0.6109 Not- 

Sign.
​ ​ ​ ​

Pure error 3 39.31 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 327.95 ​ ​ ​ ​ ​ ​ ​
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Lack of fit analysis (p-value = 0.4222) suggested the quadratic model 
fitted adequately to the observed data. Therefore, despite the lack of 
significance in individual variables in the models, the quadratic model 
demonstrated superior predictive capability in relation to flexural 
strength and was therefore taken as the model for flexural strength 
optimization when α = ± 1.

For flexural strength with α = ± 0.5, the linear response surface 
model (Table 9) showed overall significance with a p-value of 0.0456. 
However, upon analyzing individual variables, only variable B (% RCA) 

was significant with a p-value of 0.0160. Variable A (% RCWTB), on the 
other hand, was not significant (p-value = 0.7418). The model’s R2 was 
0.4965 and Adj-R2 was 0.3847, suggesting moderate explanatory power; 
a lack of fit analysis (p-value = 0.5083) indicated that the model 
adequately fitted the observed data. In contrast, quadratic response 
surface model was not significant overall with a p-value of 0.1273. While 
variable B was significant with a p-value of 0.0211, variable A, and their 
interactions AB, A2 and B2 did not significantly influence flexural 
strength (all p-values > 0.3). Quadratic model exhibited an R2 of 0.6941 

Table 8 
ANOVA on the effect of RCWTB and RCA for flexural strength (α = ± 1).

Dependent variable Source df Sum of 
squares

F-value p- 
value

Remark R2 Adj-R2 Predicted 
R2

Adequate 
Precision

Flexural strength (α = ± 1) / Linear 
response surface model

Model 2 0.1755 0.2796 0.7624 Not- 
Sign.

0.0585 − 0.1507 − 0.6593 1.7136

A: % 
RCWTB

1 0.0662 0.2108 0.6571 Not- 
Sign.

​ ​ ​ ​

B: % RCA 1 0.1094 0.3484 0.5695 Not- 
Sign.

​ ​ ​ ​

Residual 9 2.82 ​ ​ ​ ​ ​ ​ ​
Lack of fit 6 2.60 5.77 0.0894 Not- 

Sign.
​ ​ ​ ​

Pure error 3 0.2253 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 3 ​ ​ ​ ​ ​ ​ ​

Flexural strength (α = ± 1) / Quadratic 
response surface model

Model 5 2.49 5.81 0.0268 Sign. 0.8289 0.6862 0.1093 8.4115
A: % 
RCWTB

1 0.0662 0.7729 0.4131 Not- 
Sign.

​ ​ ​ ​

B: % RCA 1 0.1094 1.28 0.3015 Not- 
Sign.

​ ​ ​ ​

AB 1 0.0552 0.6453 0.4524 Not- 
Sign.

​ ​ ​ ​

A2 1 1.61 18.84 0.0049 Sign. ​ ​ ​ ​
B2 1 1.39 16.27 0.0069 Sign. ​ ​ ​ ​
Residual 6 0.5135 ​ ​ ​ ​ ​ ​ ​
Lack of fit 3 0.2882 1.28 0.4222 Not- 

Sign.
​ ​ ​ ​

Pure error 3 0.2253 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 3 ​ ​ ​ ​ ​ ​ ​

Table 9 
ANOVA on the effect of RCWTB and RCA for flexural strength (α = ± 0.5).

Dependent variable Source df Sum of 
squares

F- 
value

p- 
value

Remark R2 Adj-R2 Predicted 
R2

Adequate 
Precision

Flexural strength (α = ± 0.5) / Linear 
response surface model

Model 2 0.6167 4.4400 0.0456 Sign. 0.4965 0.3847 − 0.1735 6.2220
A: % 
RCWTB

1 0.0080 0.1155 0.7418 Not- 
Sign.

​ ​ ​ ​

B: % RCA 1 0.61 8.7600 0.0160 Not- 
Sign.

​ ​ ​ ​

Residual 9 0.63 ​ ​ ​ ​ ​ ​ ​
Lack of fit 6 0.4304 1.1000 0.5083 Not- 

Sign.
​ ​ ​ ​

Pure error 3 0.1949 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 1.24 ​ ​ ​ ​ ​ ​ ​

Flexural strength (α = ± 0.5) / Quadratic 
response surface model

Model 5 0.8621 2.72 0.1273 Not- 
Sign.

0.6941 0.4392 − 3.2081 5.7373

A: % 
RCWTB

1 0.0080 0.1267 0.7341 Not- 
Sign.

​ ​ ​ ​

B: % RCA 1 0.6087 9.61 0.0211 Sign. ​ ​ ​ ​
AB 1 0.08 1.28 0.3006 Not- 

Sign.
​ ​ ​ ​

A2 1 0.04 0.5971 0.4690 Not- 
Sign.

​ ​ ​ ​

B2 1 0.0052 0.0821 0.7841 Not- 
Sign.

​ ​ ​ ​

Residual 6 0.3799 ​ ​ ​ ​ ​ ​ ​
Lack of fit 3 0.1850 0.9491 0.5166 Not- 

Sign.
​ ​ ​ ​

Pure error 3 0.1949 ​ ​ ​ ​ ​ ​ ​
Cor Total 11 1.24 ​ ​ ​ ​ ​ ​ ​

N. Hurtado-Alonso et al.                                                                                                                                                                                                                      Composite Structures 356 (2025) 118895 

10 



and Adj-R2 of 0.4392, indicating it explained approximately 69.41 % of 
the variability. After this exhaustive analysis, the linear model was 
determined as the one that showed the greatest significance in the 
predictive capacity of the response.

4.2.3. Joint analysis of both responses
According to the conclusions derived from the ANOVA, the quadratic 

model was chosen for the optimization of compressive strength with α =
± 1, while the linear model was selected for α = ± 0.5. Numerically, 
these models predicted the value of compressive strength (R1, in MPa) 
using the following Eqs. (3) and (4), respectively: 

R1 = + 42.87 − 5.07 × A − 3.38 × B − 2.23 × AB + 1.67

× A2 − 4.88 × B2 (3) 

R1 = + 40.38 − 5.55 × A − 4.49

× B (4) 

For the case of flexural strength (R2, in MPa), following the same 
ANOVA criteria, the quadratic model was selected for α = ± 1, and the 

linear model was chosen for α =± 0.5. The equations for each model are 
given by Eqs. (5) and (6): 

R2 = + 5.39 − 0.11 × A − 0.14 × B − 0.12 × AB + 0.78 × A2 − 0.72

× B2

(5) 

R2 = + 5.26 − 0.0422 × A − 0.3678

× B (6) 

Subsequently, if the estimation accuracy is analyzed, it is found that 
the models developed for α = ± 1 showed higher R2 coefficients (0.81 
for compressive strength and 0.83 for flexural strength, respectively, 
versus 0.70 and 0.50 of the models for α = ± 0.5). Furthermore, the p- 
values of the lack-of-fit tests were similar for the models corresponding 
to both α values. Thus, it was concluded that the use of α = ± 1 with 
quadratic models for fitting the response variables, Eqs. (3) and (5), was 
the optimal RSM procedure for obtaining accurate results in this case.

Contour lines and 3D graphs of the quadratic models for compressive 
strength and flexural strength when α = ± 1 are depicted in Fig. 9. 

Fig. 9. Contour lines and 3D surfaces of quadratic models for α = ± 1: (a) compressive strength; (b) flexural strength.
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Regarding compressive strength, it can be noted that lower strength 
values are associated with higher additions of RCWTB, mainly when 
combined with high amounts of coarse RCA, whereas the concave cur
vature of the surface indicates that higher values correspond to 50 % 
substitution of coarse aggregate with RCA. Regarding flexural strength, 
the results confirmed the literature reviewed [62,70] showing that 
increasing fiber content in concrete mixes leads to high flexural strength, 
as can be observed in the 3D graph in Fig. 9b. Furthermore, through its 
two curvatures, it accurately shows that high RCWTB additions resulted 
in increased flexural strength, especially when combined with RCA 
substitutions within intermediate range values, although a slight loss 
was noted for RCWTB contents of 5 %.

Finally, normal distribution plots were developed to compare the 
differences between the predicted and experimental values, as shown in 
Fig. 10. It was observed that, for each model, the points corresponding to 
the compressive strength and flexural strength values obtained from the 
tests consistently exhibited proximity to the fitted distribution lines in 
each case.

4.3. Multiple response optimization

One of the advantages of optimization is the simultaneous consid
eration of multiple responses to select the optimal combination of the 
concrete mix components [71]. This research focuses on the mechanical 
properties of concrete mixtures, specifically compressive strength and 
flexural strength, as they are usually the most relevant in concrete 
performance [72,73]. The interaction of RCWTB and RCA was analyzed 
for various goals related to these properties. Table 10 presents the pre
dicted values obtained for four scenarios where the objective was to 
maximize/minimize each of the variables. Additionally, the desirability 
value was analyzed to evaluate the efficacy of each model. These sce
narios allowed defining the suitability of the use of both wastes in 
several types of applications: 

• In the scenario aiming to maximize both variables, compressive and 
flexural strength, a high desirability value was achieved (0.956), 
indicating a successful optimization process. RCA content was opti
mized to nearly 50 % substitution within the mix, while optimum 
RCWTB content was 0 %, indicating that the influence of RCA was 
highly significant for improving compressive strength values. Thus, 
the use of coarse RCA from a parent concrete with high strength can 

be adequate in structural elements in which high compressive and 
flexural strengths are required, such as long-span beams [74].

• The second scenario evaluated the opposite situation, aiming to 
obtain minimum required values of both properties. With a desir
ability value of 0.914, this ensured an effective optimization process. 
Both waste contents were found to be near the upper limits for each 
case, resulting in lower strengths, reflecting the impact of high per
centages of RCWTB and RCA on reducing mechanical properties. 
Therefore, the simultaneous use of high contents of both residues is 
recommended when an optimal mechanical behavior is not required, 
for example in a blinding concrete [75,76].

• The scenario aiming to maximize compressive strength, regardless of 
the values obtained for flexural strength, simulates a situation, for 
example, of a column under pure compression [77,78]. This scenario 
provided a low RCWTB content of 3.76 % and 0 % substitution of NA 
by RCA. For this case, a desirability value below 0.90 was obtained.

• Finally, when maximizing flexural strength regardless of the value of 
compressive strength, an interesting situation for the design of con
crete for pavements [79], the model obtained reflects the least 
optimal solution with a desirability value of 0.602. The % RCWTB 

Fig. 10. Normal plots of the studentized residuals of quadratic models for α = ± 1: (a) compressive strength; (b) flexural strength.

Table 10 
Multi-objective optimization results and desirability analysis.

Independent 
variable

Dependent variable Desirability

% 
RCWTB

% 
RCA

Compressive 
strength 
(MPa)

Flexural 
strength 
(MPa)

Goal In 
range

In 
range

Maximum Maximum 0.956

Optimization 
result

0 49.41 49.62 6.27

Goal In 
range

In 
range

Minimum Minimum 0.914

Optimization 
result

8.48 100 30.34 4.75

Goal In 
range

In 
range

Maximum Minimum 0.824

Optimization 
result

3.76 0 42.18 4.85

Goal In 
range

In 
range

Minimum Maximum 0.602

Optimization 
result

10 71.41 36.17 5.82

N. Hurtado-Alonso et al.                                                                                                                                                                                                                      Composite Structures 356 (2025) 118895 

12 



was at the upper limit, thus benefiting the concrete from the stitching 
effect of the GFRP fibers, while the % RCA was at 71.41 %, resulting 
in moderate compressive strength and relatively high flexural 
strength.

In the pursuit of optimal combinations of both residues for their 
application in concrete elements, three cases based on strength ranges 
were rigorously evaluated through the use of overlay plots, as illustrated 
in Fig. 11. Initially, the objective was to maximize compressive strength 
at 28 days, aiming for values exceeding 45 MPa while ensuring that the 
flexural strength at 28 days remained within acceptable limits: this 
scenario was designated as Case Study I. In the second scenario, the 
optimization was carried out to maximize flexural strength, with target 
values above 5.5 MPa while maintaining compressive strength within 
acceptable bounds: this is referred to as Case Study II. Lastly, Case Study 
III aimed to simultaneously obtain suitable yet common values for 
compressive and flexural strength [34]. Thus, the value of the 
compressive strength was set between 30 MPa and 40 MPa, while a 
value higher than 5.0 MPa was established for the flexural strength. 
From the analysis of each case, several conclusions were drawn, along 
with their potential applications in structural elements. 

• For Case Study I, the optimal region obtained concentrates combi
nations of both residues within an intermediate range for RCA and 
below 3 % for RCWTB. Combinations such as 1.11 % RCWTB and 
12.54 % RCA result in concrete mixes reinforced with wind turbine 
blade fibers that could be suitable for application in columns. These 
structural elements have high demands in terms of compressive 
strength while not requiring stringent flexural strength [80]. Precast 
concrete applications, in which a compressive strength over 45 MPa 
is required, would also be an excellent target for the use of these 
mixtures [81].

• In Case Study II, the optimal region differed from Case Study I, with 
optimal combinations identified in two distinct areas of the graph. 
Optimal RCA values continued to be located in the intermediate 
zones, whereas successful combinations with RCWTB occurred 
below 3 % or above 7 %. This design could be ideal for applications 
in certain types of beams, which must ensure behavior under more 
rigorous flexural stresses than in the previous scenario [82], and well 
as for pavement applications [83].

• Combining requirements for both strengths, the final surface in Case 
Study III was obtained. Its region appeared to be much more 
restricted than previous ones, concentrated in the upper right part of 
the graph where RCA values were around 70 % replacement 

Fig. 11. Overlay plots showing optimal regions for each case study: (I), (II), (III).
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alongside RCWTB values ranging between 6–10 %. Concrete for a 
wide variety of common applications could be designed with such 
waste combinations [84]. In addition, prefabricated elements such as 
slabs or panels, which have demanding compression requirements 
and need to withstand stresses during placement and construction 
[85], could also be executed with the mix combinations obtained in 
this surface [86].

All the values provided valuable insights into how different combi
nations of RCWTB and RCA impact mechanical properties, guiding the 
selection of customized material compositions for specific structural 
applications. Furthermore, the results from multi-objective optimization 
were aligned with those of the case studies, which provided robustness 
to the analysis, as well as a solid basis for defining the applicability of 
each combination of wastes.

5. Conclusions

In this study, the incorporation of RCA and RCWTB into concrete 
mixtures was examined, where RCA was used to replace coarse aggre
gate fractions at proportions ranging from 0 % to 100 %, while RCWTB 
was included as cement addition to the mixture at proportions ranging 
from 0 % to 10 % of the total mixture. The determination of the optimal 
combination of these two materials to produce concrete with specified 
mechanical properties was performed using an optimization tool based 
on the RSM. The following conclusions are drawn from this research: 

1. Concrete mixtures incorporating RCA and RCWTB displayed modi
fied fresh properties. Increasing RCA content reduced workability 
due to its high-water absorption, with the lowest slump values 
observed when combined with 10 % RCWTB. Fresh density values 
were marginally decreased owing to the lower density of the incor
porated residues. Furthermore, the combined use of RCA and RCWTB 
increased the air content of the mixture, attributed to RCA’s porosity 
and air retention of the RCWTB components.

2. All tested mixtures achieved the minimum compressive strength 
requirement of 25 MPa. Strength reductions were observed when 
increasing the residue content, averaging 1.80 MPa for every 50 % 
substitution of RCA, and more pronounced at up to 3.94 MPa for each 
5 % inclusion of RCWTB. The overall compressive behavior was 
mainly linked to weak ITZ zones from the adhered mortar of the RCA 
and the reduced adhesion of RCWTB components to the cementitious 
matrix.

3. The addition of RCWTB to the mixtures improved flexural strength 
due to the presence of GFRP-composite fibers in the residue, which 
caused a stitching effect within the matrix. Increases of up to 14.67 % 
in flexural strength, as seen in the W10RCA50 mixture, indicate the 
optimum interaction of the RCWTB with 50 % coarse RCA, as well as 
the beneficial properties of the incorporation of both materials into 
the concrete.

4. ANOVA analysis determined that quadratic regression models and 
the consideration of an α value of ±1 in a central composite design 
provided a better fit to the experimental results of compressive and 
flexural strength. The R2 values obtained for these models were high, 
reflecting enhanced predictive capability in the optimization 
process.

5. Multi-objective optimization facilitated the attainment of optimal 
combinations of both residues suitable for application in structural 
elements. For instance, the combination of intermediate values of 
RCA and low values of RCWTB ensured optimal compressive and 
flexural strengths. Notably, high RCWTB content also resulted in 
elevated flexural strength, particularly when combined with 
approximately 50 % RCA. This demonstrates the effectiveness of the 
combined use of these materials in structural elements, as well as in 
applications such as beams or pavements, where high flexural 
strength is essential.

It is concluded that the incorporation of RCWTB, combined with the 
replacement of coarse aggregates with RCA, significantly influenced the 
mechanical behavior of the designed concrete mixtures. The strength of 
the parent concrete and the stitching effect provided by the fibers from 
the RCWTB have proven critical factors for enhancing the strength of 
these concretes when evaluated at 28 days. However, it should be noted 
that these results have been obtained from RCA and RCWTB with spe
cific characteristics, which may vary widely depending on their origin. 
In addition, the optimization has been conducted on the basis of results 
obtained with waste contents between two clearly defined limits and at a 
single age of concrete. Future research could address the analysis of the 
strength performance of concrete at other ages, with RCA and RCWTB 
from other origins and with other waste contents. A larger amount of 
experimental data, coupled with a deeper understanding of the physical 
behavior of concrete simultaneously containing RCA and RCWTB, 
would enable the optimization of its strength behavior through the use 
of mathematical and computational methods. Future research could also 
further investigate the impact of RCWTB and RCA on all the mechanical 
properties of concrete, with the goal of fully optimizing the mixtures 
from a holistic approach.
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