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ABSTRACT 

This work develops an optimized recycling route that provides a solution for two kinds of residues. Mechanically 
recycled glass fibre reinforced composite (GFRP) waste (including all resin residues) was coldly incorporated into a 
sustainable Fe-rich inorganic polymer (IP), a by-product of the non-ferrous metal industry, to produce sustainable 
reinforced cementitious material. The optimization of the proposed recycling route has been studied herein. 
Different mechanical techniques to improve the efficiency of the grinding process and retain fibre length have been 
investigated. Sensitivity factor analysis on the mechanical performance of the final products was conducted by using 
a Taguchi design method and ANOVA, and a proposed reasonable optimization was suggested. The measured 
compressive strength for the optimized material reached 101 MPa, and the optimized flexural strength amounted 
to 28 MPa at 7 days of curing. The flexural strength enhancement compared to the state-of-the-art stands out, 
reaching a gain of 215%; the improvement in compressive strength is at a more moderate level of about 32%. The 
effectiveness of the properties of the optimum composites compared to the literature shows the success of the 
optimization actions for the recycling route used in this work.  

1 INTRODUCTION 

The world needs a low carbon revolution, and processes to recycle end-of-life (EoL) glass fibre reinforced polymer 
(GFRP) with a thermoset matrix are integral to sustainable development. Due to the characteristics of GFRP recycling, 
such as the non-remoulding nature of thermoset resins, the low price of virgin fibres (2€/kg), low calorific value and 
high left-over burnt ash content, mechanical recycling shows more promise in practice [1]. However, some attempts 
to commercialize grinding GFRP to fine material for use as filler or reinforcement as a recycling route have failed 
(e.g., Phoenix Fibreglass [2], ERCOM GmbH [3]). Reasons behind this are mainly attributed to the high energy input 
required to crush the material finely, a lack of cost-effective end-use applications for the recyclates, and limited 
ongoing sales in the market (lack of economies of scale).  
 
To increase the market readiness of GFRP recyclates, innovative, sustainable and economical mechanical recycling 
techniques as well as new application possibilities for recycling need to be identified. The present research team 
proposed a promising recycling route and verified the high potential to cold incorporate mechanically recycled GFRP 
waste into a novel Fe-rich inorganic polymer (IP) [4]. The Fe-rich IP used was a by-product of non-ferrous metal 
production via pyrometallurgical techniques. Fire resistance, comparable mechanical strength, fast curing time, 
(acidic or sulphate) chemical resistance and 17%-47% lower CO2 emissions of production are some of the enhanced 
properties of IPs compared to ordinary Portland cement (OPC) [5–7]. However, the hardened IP shows brittleness 
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and suffers from low tensile strength. GFRP waste in IP can be envisaged as an end-user application for recyclates, 
overcoming the limitations of the inorganic polymers.  
 
Insufficient research has been carried out so far on the parameter sensitivity analysis of recycled GFRP reinforced 
inorganic polymer (rGF-IP). According to the authors, the available data are restricted in three ways. First, the Fe-
rich inorganic polymer in this paper is a novel secondary product of non-ferrous metal industries; many of its 
properties have not been studied widely. Its high iron content (48.7 wt%) leads to forming a 3D Fe3+-aluminosilicate 
network with Fe2+ arranged in layers with a trioctahedral configuration after polycondense [7]. Such cross-linked 
networks contribute to different fresh/hardened matrix properties compared with OPC or commonly-used 
geopolymers, such as metakaolin and fly ash. Secondly, past studies mainly focus on incorporating pure/virgin glass 
fibres in cement, with little use of various GFRP waste (fibre, powder, mixture and scrap) simultaneously. These 
wastes generally have more complex characteristics, such as multiple length distribution, fluffiness, and irregular 
resin residues attached to the fibres. The type of reinforcers, fibre content, orientation and distribution, brittleness, 
the pore structure of the cementitious matrix and fibre-matrix interaction all matter in the final performance. Lastly, 
previous studies mainly obtained results with a particular production method, and those studies did not explore the 
effects of different mixing technologies on the composites [4,8]. Parameters such as mixing technologies, sequence, 
time, speed and temperature can alter the paste's entrapped air and fibre dispersion [9]. 
 
From the previous analysis, grasping the effects of the different combinations of the materials' characteristics on 
the mechanical properties of rGF-IP is necessary for optimizing the proposed recycling route. However, many factors 
affect the rGF-geopolymer and sometimes interact, and the relationship between various factors is complex and 
difficult to determine through the results of experiments. Therefore, a sensitivity factor analysis of the mechanical 
properties of rGF-IP through experiments is necessary. The first step in this study is to explore different mechanical 
techniques to improve the efficiency of the grinding process and retain fibre length. In the second stage, the Taguchi 
method was used to design experiments and, together with Analysis of Variance (ANOVA), to explore the 
significance of various factors on the final composites' properties. Effects of three parameters, including the fibre 
aspect ratio, fibre content and the producing method, on the flexural/compressive strength, Young's modulus, 
porosity distribution, and fibre orientation of the rGF-IP were analyzed, and a reasonable optimization suggestion 
was proposed.  

2 MATERIALS AND METHODOLOGY 

2.1 Materials  

The Fe-rich inorganic polymer (IP) used in this study originates from a secondary non-ferrous metallurgical process. 
It was milled to a suitable fineness level-approximately 4000 cm2/g and mainly consisted of 48.7 wt.% iron and 25.5 
wt.% silica with moderate amounts of aluminum (7.74 wt.%), calcium (2.91 wt.%), and magnesium (1.22 wt.%) 
oxides. An activating solution (SiO2/K2O = 2 and H2O/K2O = 20, by molar ratio ) from the previous study [4] was 
employed in this study. The GFRP waste samples were acquired from in-house produced GFRP flat panels 
manufactured by vacuum infusion with epoxy resin and E-glass fabric (52wt.%).  

2.2 Mechanical recycling optimization  

Following the results of the previous study [4], the optimization of mechanical recycling aims to extract a high 
percentage of fibre concentrate compared to the mixture of fillers. Herein, two mechanical grinding techniques, 
disk and roller milling, were used, and their efficiencies in recovering the slender glass fibres were compared.  
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Figure 1 (1) depicts the mechanical recycling processes for GFRP waste. A guillotine shear first shredded the GFRP 
waste panels to reduce their size and convert them to suitable feeding materials for the milling equipment. The 
grinding machine used in route 1 was a disc mill that relies on the disc's friction and the ring on the particles inside 
the jar to mill the material. The rolling milling device utilized in route 2 was a Wellman mill that uses the process of 
stress and attrition to reduce the structural shapes when passing through the gap between rollers. Herein, this 
device was roughly crushing the composites (medium-hard). Afterwards, the milled GFRP strips (in route 2) were 
further dispersed to fibres via a Hobart mixer (wet mixing). The obtained recyclates (in both routes) are complex 
mixtures with diverse grade sizes. They were separated into fine powders, fibrous grades, and large fibre bundles 
using multiple staged sieves with varying mesh sizes. The route yielding more slender fibres is considered the 
optimized recycling route, and the GFRP recyclates obtained by that route will be utilized to make rGF-IP samples. 
 

 
Figure 1. (1) Mechanical shredding and milling processes of the GFRP waste; (2) four different mixing technologies. 

2.3 Taguchi orthogonal design 

Factor sensitivity analysis was achieved by using the Taguchi orthogonal method with three parameters and four 
levels (Table 1). The producing method (Pm), rGFs aspect ratio (Ar), and fibre content (Fn) were selected as 
controllable affecting parameters. Settings of parameters were determined by the L16 (43) orthogonal array with 
four levels and four specimens for each combination, giving 64 specimens in total (Table 2).  

 
The sequence for making rGF-IP composites was: (1) mixing the dried IP powder with an alkaline activator manually 
(~1 min) into a wet paste; (2) gradually mixing the GFRP recycled material with the wet paste. In step (2), mixtures 
of different recyclates and contents underwent different mixing technologies: regular mixing (M), vibrating mixing 
(Vib), vacuum mixing (Vm), and vacuum mixing with a cartridge to squeeze the paste out into the mould (VmC) 
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(illustrated in Figure 1 (2)). To eliminate the influence of mixing energy, the mixing time was set to 5min. Afterwards, 
the mixture was directly poured into the plastic mould. For samples made by Vib, a vibrator was used after mixing; 
the mixture was placed on a shaker table and vibrated for 5min at a medium speed to release the entrapped air 
before casting. In the case of Vm, within 10s after the starting of mixing, a reduction from ambient pressure to 100 
mbar was established by a vacuum pump, and the 100 mbar was kept until the end of the mixing procedure. In 
terms of VmC, the smooth mixture was placed in a cartridge and was squeezed out into the mould (2cm*2cm*8cm). 
All samples were cured under controlled conditions (20±2℃ and relative humidity not less than 50%) for 24h for 
demoulding and left to cure until the satisfactory total curing time (7 days).  
 

Table 1. Experimental range and levels of variables 

Control variables Symbol Unit 
Levels 

1 2 3 4 

Producing method Pm - M Vib Vm VmC 

rGFs aspect ratio  Ar mm/mm N/A SS S L 

rGFs content  Fn vol% 0.5 1.5 3.5 6 

M: Regular mixing   Vib: Vibrating mixing   Vm: Vacuum Mixing   VmC: Vacuum mixing and cartridge. 

 
In the second stage, experiments were performed. Response values, porosity (P) in the matrix, fibre orientation 
distribution (α), flexural strength (Fs), compressive strength (Cs), and flexural Young's modulus (Es), were obtained. 
Minitab 19 was used for analyzing the experimental results. Ranking of selected parameters in terms of contribution 
to response values was done via analyzing signal-to-noise ratios (S/N) and analysis of variance (ANOVA). Here, 
"signal" implies the (wanted) mean value while "noise" represents the (unwanted) standard deviation term [10]. A 
Higher S/N ratio means that lower variability in the process is ensured by maximizing the response. 

2.4 Testing methods 

Effects of fibre orientation are considered by using a so-called orientation factor α, a ratio of the number of fibres 
counted in a specific cross-sectional area over its theoretical number, obtained by (1) [11]: 

𝛼 =
𝑛

𝑡ℎ
= 𝑛

𝐴𝑓

𝑉𝑓𝐴
                                                                                       (1) 

Where 𝑛 is the number of observed fibres, 𝑡ℎ is the theoretically expected number of fibres, 𝐴𝑓 is the average cross-sectional 

area of the observed fibres, 𝑉𝑓 is the fibre volume fraction, and 𝐴 is the total cross-sectional area of the composite.  

 

The value of the orientation factor α represents how freely the fibre can rotate in all directions in the bulk zone. The 
lower the overall orientation factor, the higher the isotropy of the analyzed cross-sectional surface. For example, a 
value of 0.5 represents a 3D isotropic condition where fibres could rotate freely in all directions; a higher value of 
around 0.8 is generally observed for a 2D anisotropic condition where fibres tend to be aligned [12]. The calculation 
of the orientation factor α is challenging. The difficulty lies in the measurement of 𝑛 and 𝐴𝑓, as individual fibres (~15 

μm in diameter) in the IP matrix cannot be easily identified by visual inspection. Besides, the irregularity and varying 
cross-section of recycled fibres hinder the measurement of 𝐴𝑓. An easy recycled fibre counting method that can 

automatically and spatially detect fibres was developed by micro-computed tomography (μ-CT) (Figure 2). To 
carefully track the single fibres, the spatial resolution of μ-CT was limited to 5.75 μm by multi- μ-CT scanning volume 
reduced samples (6mm*6mm*20mm, by carefully sawing the original IP block into three subparts) at 110kV and 
110 μ with a 1mm Cu-filter. The scanned images were then reconstructed with Phoenix Datos|x - CT Data acquisition 
software and analyzed by Avizo software (Thermo Fisher).  
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The porosities for hardened reinforced samples were measured before the mechanical test by μ-CT and mercury 
intrusion porosimetry (MIP). μ-CT was used to detect macro air voids (>200μm); MIP was used to analyze capillary 
pores and micropores (4nm-200μm). Their sum up is the total porosity of the sample. 

 

Figure 2. (a) IP block was sawn into three parts and scanned; the scanned images were "sectioned" into nine equal squares for 
fibre measurements; (b) a dual-threshold binarisation removed IP grains; (c) pores were further removed by sieving out sphere-
like objects; (d) the remaining recycled fibres were separated, and numbers (n) and cross-sectional areas (Af) were measured. 

The mechanical tests of rGFs-IP composite samples (2cm x 2cm x 8cm) cured for 7 days were performed at room 
temperature using an Instron 5985 mechanical testing machine according to European standard EN 196-1:2005 [13]. 
In the bending case, the 3D digital image correlation (3D DIC) determined the strain fields of rGFs-IP samples. The 
slope of the stress-strain curve at the initial linear stage was measured as Young's modulus. 

3 RESULTS AND DISCUSSION 

3.1 Optimization of the recycling process and rGFs characteristics 

From a visual inspection of the resulting samples, the disc milling system tends to reduce fibre length excessively 
and produces GFRP recyclates with a maximum fibre length of around 2-5mm and an aspect ratio of 5-6, giving rise 
to an intertwined mixed flurry of glass fibres with parts of the polymer (Figure 1). The roller milling produces more 
concentrated slender glass fibres; its content is highly dependent on the setting parameters of the roll gap and 
mixing time. After evaluating various set-ups, it was concluded that the highest fraction of slender glass fibres is 
obtained when the gap between rollers is approximately 1/3-1/2 of the thickness of the feed GFRP panels. The 
optimum milling route for mechanical processing of in-house GFRP waste is (1) primary shredding of GFRP into a 
slender shape; (2) milling of the shredded material via roller milling with medium speed, roller gap set to 1/3 of the 
thickness of feed material; (3) mixing the crushed material with medium speed for 10-15mins with water in the 
mixing container; and (4) drying the milled GFRP waste (a mixture of fibres and powders) at 50℃ for 24h, then 
sieving by multiple staged sieves with decreasing varying mesh sizes from top to bottom.  
 
Physical features suggest that recycled GFRP waste fractions from roller milling can be roughly divided into three 
categories: super short (SS) fibre fluff, short (S) fibres and long (L) fibre bundles. The fluffy recyclate and short fibres 
only represent 10 wt.% and 11 wt.% of the total waste, respectively. L fibre bundles were numerically dominant, 
accounting for 79 wt.% of the total recyclate. This large number indicates the efficiency and benefit of using roller 
milling. The mean fibre length for the combined recyclates was approximately 13mm, while the corresponding 
individual mean sizes for SS, S, and L were 0.68mm, 7.3mm and 32mm, respectively. The corresponding average 
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aspect ratios have dramatically increased from 3 via 13 to 25, almost five times the maximum aspect ratio of the 
fibres recycled from disc milling. Interestingly, fibrous particles (L and S) generally contained more resin residues 
than ultra-short fractions (SS), indicating that roller milling is a relatively mild grinding process. The majority of cured 
epoxy residues were in the form of a shell partially covering the recycled glass fibres rather than ground particles.  

3.2 Sensitivity factor analysis on rGFs-IP performance characteristics  

The S/N ratio and factor contributions of selected parameters to rGFs-IP performance are summarized in Figure 3. 
The experimental results are concluded in Table 2. 

 

Figure 3. Effects of selected parameters on the rGFs-IP performances. 

Table 2. L16 orthogonal mixture designs and experimental results. 

Index Pm Ar Fn (vol%) α P(%) Pmacro(%) Fs(MPa) Cs(MPa) Es(GPa) 

1 M NA 0.5 0.50 7.56 0.12 8.47 65.85 14.23 
2 M SS 1.5 0.53 8.42 0.14 7.44 77.88 19.52 
3 M S 3.5 0.59 8.49 0.61 12.95 70.74 12.68 
4 M L 6 0.63 9.37 0.89 26.71 68.64 14.62 
5 Vib NA 1.5 0.50 8.64 0.05 7.10 77.75 16.36 
6 Vib SS 0.5 0.60 9.33 0.11 8.46 80.81 14.72 
7 Vib S 6 0.73 11.50 0.29 17.17 83.98 11.40 
8 Vib L 3.5 0.70 8.34 0.13 20.26 80.98 15.25 
9 Vm NA 3.5 0.50 7.94 0.06 7.15 74.26 19.75 

10 Vm SS 6 0.58 8.84 0.27 10.07 88.46 16.89 
11 Vm S 0.5 0.59 8.39 0.07 8.17 84.41 19.92 
12 Vm L 1.5 0.62 8.20 0.09 12.39 83.88 19.57 
13 VmC NA 6 0.50 8.09 0.07 9.01 79.15 21.36 
14 VmC SS 3.5 0.60 8.33 0.12 9.14 101.10 16.43 
15 VmC S 1.5 0.60 9.22 0.17 7.43 79.36 23.24 
16 VmC L 0.5 0.59 7.43 0.09 9.01 79.99 18.04 

9

(a) (b) (c)

(d) (e) (f)

(vol%)

(vol%)

(vol%)

(vol%)

(vol%)

(vol%)

Rank(S/N):               2                 1                 3
Rank(ANOVA):       18%          66%              8%

Rank(S/N):               3                 1                 2
Rank(ANOVA):       27%          30%             30%

Rank(S/N):               1                 2                 3
Rank(ANOVA):       37%          17%             26%

Rank(S/N):               3                 1                 2
Rank(ANOVA):       18%          44%              31%

Rank(S/N):               1                 2                 3
Rank(ANOVA):       46%           33%              3%

Rank(S/N):               1                 3                 2
Rank(ANOVA):       53%            2%             22%
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3.2.1 Fibre orientation distribution (α)  

The contribution percentages in ANOVA and the S/N ratio indicated that the fibre aspect ratio (Ar) was the primary 
affecting parameter for the fibre orientation distribution. As the fibre length increases, the direction of glass fibre 
in the mixture moves further away from a 3-D random condition and tends to approach a 2-D aligned situation due 
to the influence of the wall. This effect was even more apparent in the case of L-type rGFs, whose average fibre 
length was close to or exceeded the width of the mould. During the pouring process, the boundaries restricted the 
random orientation of the fibres, forcing fibres (especially near the edge) to align longitudinally. 

 
The production method (Pm) was the second significant factor affecting fibre orientation. Samples produced by 
vibration (Vib) had the highest average fibre orientation factor values compared to the other three methods. It is 
worth noting that the vibration period was 5 mins in the current study. Since the impregnated glass fibre is much 
lighter than the IP paste when the fibre IP mixture vibrates, the fibres tend to float up and reorientate horizontally 
during the vibration process. In the current case, the fibre content (Fn) seems to be a negligible factor was probably 
due to the sufficient mixing time (5 mins) and the good workability of the fresh IP mixture, which allowed rGF to be 
dispersed in the paste well.  

3.2.2 Porosity and pore distribution (P)  

MIP showed that most pore volumes were related to micropores and capillaries for pure IP samples. These 
originated from the mixing operations between the solid components of the hydrated slurry, with only 0.2%-0.5% 
porosity by volume above 15 μm, regardless of the production method. Figure 3(b) shows that all selected 
parameters significantly affected the total porosity (P). Both S/N ratio and ANOVA showed that the fibre length (Ar) 
was marginally the most influential factor for P. This is because long fibres tend to get inhomogeneously dispersed 
and form agglomerates, leading to excessive void formation due to poor compaction. The results also pointed out 
that S-type rGFs introduced more porosity than L-type rGFs. The S-type has a rougher surface with curling and 
branching and can be easily agglomerated, resulting in significantly more pores entrapped between fibre bundles. 
Surprisingly, in terms of exploring production methods (Pm) to reduce porosity, the average porosity value indicated 
vibration as ineffective for removing micropores and capillaries. As shown in Figure 3(c) and Figure 4, Pm was found 
to significantly alter the number of large macro voids trapped in the matrix. The current study observed an 
approximately 74% decrease in air content by vacuum mixing (lowering the pressure from 1014 to 100 mbar). 
Studies on concrete in the open literature confirmed that mixing the concrete under a reduced air pressure 
decreases the macro voids [9]. Using a cartridge to place the paste after vacuum mixing can further eliminate the 
large visible pores, which is attributed to the breakage of air bubbles in the IP touching the cartridge walls under 
the effects of the squeezing motion.  
 

 
Figure 4. Macro pore visualization reconstruction CT images of IPs produced by: mixing (M), vibrating mixing (Vib), Vacuum 
mixing (Vm), vacuum mixing and cartridge (VmC) and addition of L-rGFs (M-L-6%). Pores are labelled in colours based on their 
diameter range: >1mm is red, between 1mm and 0.5mm is yellow; ranging between 0.5mm and 200μm is blue. 
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3.2.3 Flexural and compressive strength (Fs, Cs) 

Figure 3 (d) and (e) depict the effects of selected parameters on means of Fs and Cs. Trends of the influence of 
selected parameters showed a big difference in the composite's flexural and compressive strength. It can be seen 
that Fs increased with rises in fibre length and fibre content. Pure IP pastes typically fail in opening mode, and the 
addition of fibre can overcome such failure by providing a higher resistance to crack formation and expansion. The 
rGFs used in this study, such as S- and L-types, were usually bifurcated fibre bundles and partially covered by resin 
residues. The ruggedness and roughness increase the mechanical interlocking and friction resistance between the 
fibres and IP concrete. A larger fibre aspect ratio ensures effective stress transfer over a larger section of fibre, while 
increasing the fibre content generally leads to enhanced composite strength, e.g., an enhanced fibre bridging effect. 
In the present study, an increase in Fs was observed when the fibre aspect ratio increased to the maximum level of 
25 and the fibre content ranged from 0.5 to 6 vol%. Even though adding a high content of long fibres introduced 
pores and heterogeneity, the fibre-IP binder interaction was sufficient to overcome the weakness due to the porous 
structure in the abovementioned fibre length/content range. This follows the laws of composites mechanics and is 
confirmed by the literature, where the flexural strength of composites increases when the fibre content is increased 
to values less than 8 vol%, regardless of the fibre type [14]. 
 
However, Cs demonstrated more irregular trends with the increase in fibre length and fibre content, as observed in 
the literature [15]. Compression strength at the fibre levels used is dominated by the matrix (IP) strength and for 
the rest strongly depends on the fibre/matrix interaction, strength and dispersion of the fibres and defects present 
in the material. Above a fibre content of 3.5%, adverse effects of fibres appeared, which led to a significant increase 
in porosity and poor fibre dispersion. This effect was more severe in multifilament (e.g. type S and L rGFs) than in 
single fibres (type SS). Compression strength increased significantly upon introduction of the fibres, but at higher Ar 
apparently, the more slender fibres buckled more easily, leading to a decrease in Cs. 

 
The S/N ratio and ANOVA results agreed: fibre aspect ratio (Ar) was the most significant factor affecting the flexural 
strength (Fs), whereas producing method (Pm) contributed most to compressive strength (Cs). Although Pm showed 
a minor contribution to Fs, its low P-value (<0.1) indicates importance. Furthermore, opposite effects of Pm were 
observed on Fs and Cs: from regular mixing to combo methods, such as Vib, Vm and VmC, Fs strongly decreased 
whereas Cs increased significantly, which was due to their different sensitivities to the local and overall properties 
of the material. 

3.2.4 Young's modulus (Es)  

As shown in Figure 3(f), the elastic modulus at the initial uncracked stage (Es) was predominately governed by Pm. 
In contrast, the ultimate horizontal strain for the multi-cracking phase was highly dependent on the Ar. The 
measured flexural stress-strain curves showed quite different behaviour for the various reinforced IP materials 
(Figure 5): unreinforced IP showed a brittle character with abrupt fracture of the specimen, while rGFs-IP showed a 
more elastoplastic behaviour. The first stage represented a linear elastic segment with a steep slope, which 
represents the uncracked response of the sample. This was similar for all samples tested since apparently, in this 
stage, the behaviour of the prism was mainly dominated by the unreinforced IP material with an E-modulus of 
around 18 GPa, and the amount of added reinforcement was apparently too small to have an apparent effect; please 
note that glass fibre reinforced epoxy rods would have an E-modulus of approximately 35 GPa and only a few 
percent of these were added to the IP. As the applied load increased, the reinforced materials did not fatally crack 
but showed a remarkably ductile behaviour due to crack bridging by the fibres, leading to remarkably higher 
strength and strain-to-failure values than the unreinforced material. As the specimen underwent multiple cracking 
stages, only fibres bore the load until failure due to rupture or sliding, resulting in the formation of multiple 
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microcracks instead of several large cracks. As a result, the ductility of the material increased. This explains the 
observation in Section 3.2.3 that fibre-related characteristics (Ar, Fn) determined Fs. In a similar fashion, longer 
fibres (Ar) and a higher content of fibres (Fn) will all benefit crack bridging and lead to a higher strain to failure. 

 
Figure 5. Typical stress-strain curves and fracture patterns for specimens. 

3.3 Selection of optimum parameters and their effectiveness  

Using the Taguchi method, it was found that the predicted optimum parameters to obtain a high compressive 
strength (expected value was 93 MPa) was the addition of 3.5 vol% of super short rGFs to the IP and the use of 
vacuum mixing to mix and a cartridge to place the mixture (SS-3.5%-VmC). The best parameters to obtain high 
flexural strength (predicted value was 24 MPa) was the addition of 6 vol% of long rGFs and vibratory placement of 
the mixture (Vib-L-6%). For validating the Taguchi predicted optimum conditions, confirmation tests were 
conducted. The measured compressive strength for the SS-3.5%-VmC sample reached 101 MPa (std. 6.7MPa, Fs 
9.1MPa) and the flexural strength for Vib-L-6% amounted to 28 MPa (std. 1.1 MPa, Cs 84.1MPa) at 7 days of curing.  
Outcomes of the current optimized recycling route for GFRP waste-reinforced Fe-rich inorganic polymers are 
promising: the flexural strength enhancement compared to the state-of-the-art stands out, reaching a gain of 215%; 
the improvement in compressive strength is at a moderate level of about 32%. The absolute strength exceeds the 
reported properties of fibre-reinforced cementitious materials, of which the flexural strength and compressive 
strength range from 3 to 12 MPa and from 20 to 70 MPa, respectively [4,8,15–17].  

4 CONCLUSIONS 

To improve the recycling efficiency and explore the new end-application possibilities of the GFRP recyclates with 
high-performance gains, this research group proposes a promising recycling route where roller milling recycled GFRP 
waste, including resin residues, are used as reinforcement for iron-rich inorganic polymers produced from non-
ferrous metallurgical residues, which has only recently been evaluated for valorization in building materials. The 
proposed recycling route was optimized by a sensitivity factor analysis.  
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It is found that roller milling produced more concentrated elongated glass fibre recyclates than disc milling; its 
content depended on the setting parameters of the roll gap and mixing time. Fibre orientation and distribution in 
the matrix were mainly influenced by the fibre aspect ratio (Ar) due to the mould wall effect. The porosity of the 
matrix was most affected by Ar and producing method (Pm). The processing steps, such as vibrating (Vib), vacuum 
mixing (Vm) and cartridge (VmC), considerably reduced the number of large voids trapped in the matrix. 
Compression and initial elastic modulus were mainly affected by choice of the Pm, followed by the Ar; they greatly 
modified the macropore structure and fibre dispersion in the matrix. Flexural strength and post-cracking behaviour 
were highly dependent on the fibre-related parameters- Ar, followed by fibre content (Fn), and lastly Pm. The 
measured compressive strength for the optimized product- SS-3.5%-VmC sample- reached 101 MPa (std. 6.7MPa, 
Fs 9.1MPa) and the flexural strength for Vib-L-6% amounted to 28 MPa (std. 1.1 MPa, Cs 84.1MPa) at 7 days of 
curing. The flexural strength enhancement compared to the state-of-the-art stands out, reaching a gain of 215%; 
the compressive improvement is at a moderate level of 32%.  
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