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The potential of valorising shredded end of life wind turbine blades (EoL-WTB) as reinforcement for mortar
applications has been only scarcely explored. The relevant studies prove that incorporating WTBW within the
mortar matrix can improve the composite strength. However, this reinforcing amplitude varies significantly.
Unravelling the corresponding microstructure, which is known to play a pivotal role on the behaviour of fibre-
reinforced cement-based composites, remains a knowledge gap until today. This paper attempts to fill this gap
via utilising X-ray computed tomography (XCT) to investigate the microstructure of this novel composite. In line
with the state-of the-art industry-trail practices, various sizes of the embedded WTBW have been incorporated
into the relevant cement matrices. The effect of the waste size on the composite microstructure is determined via
probing differences in the porosity behaviour (pore size and spatial distribution and shape factor) and the cement
hydration. The spatial distribution and orientation of the WTBW, dispersed within the composite volume, is also
investigated. Microstructural observations are linked with the corresponding sample strength. The results reveal

the crucial effect of the embedded waste’ size on both cement hydration and generated porosity.

1. Introduction

Over the past two decades, the wind energy sector has emerged
tremendously, contributing significantly to address the environmental
challenges and reduce the carbon emissions, associated with fossil fuel
production [1-4]. The anticipated growth of wind farm fleets reveals a
complementary issue associated with the waste management [5]. So far,
85-90 % of a wind turbine can be reused or recycled, demonstrating the
substantial prospect of this technology being compatible with circular
economy; a concept gaining global attention and altering drastically the
conventional linear economy approach [6-8]. Metallic parts of a wind
turbine, i.e. steel tower and copper cables in addition to the electrical
equipment are considered recyclable materials, narrowing the problem
of waste management to the blade components [9,10].

Wind turbine blades (WTB) are mainly composed of fiberglass-
reinforced polyester or epoxy resins, while carbon fibre is also used as
reinforcement. Currently, such materials are considered laborious to be
recycled or repurposed with abundant ongoing research exploring
chemical and thermal treatment options, all being so far subjected to
upscaling challenges [5]. Nowadays, the common practice among the
countries investing in the wind energy sector is post-decommissioning

landfilling, raising significant concerns about the potential environ-
mental impact. The upcoming global outbreak in wind farms installation
is projected to generate million tons of wind turbine blade waste
(WTBW), calling for immediate action to be taken [11]. Out of the most
promising alternatives with the potential to be implemented in a
fast-track mode, is the mechanical disintegration of WTBW. A multiplex
process, including sequential shredding, crushing and milling can be
adopted to reduce WTBW volume and isolate the key valuable compo-
nents, being rich in silicon and calcium oxides, to be subsequently uti-
lised as secondary resources in various applications [10-14].

A potential premium beneficiary of a successful implementation of
the aforementioned prospect is the construction industry [15]. Con-
struction on a global scale contributes to around 30 % of greenhouse gas
emissions, related to human activities [16]. Specifically focusing on
carbon dioxide (CO3), almost 5-8 % of the corresponding worldwide
emissions are attributed to the cement production [17]. Concepts of
valorising waste that could be utilised as replacement material for
cement and aggregates, are currently explored [18-27], with WTBW
also being part of this strategy [28-31]. In addition to replacement
concepts, the prospect of reinforcing cementitious structures, i.e. con-
crete, mortar and geopolymer, using WIBW fibrous elements has also
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drawn considerable research interest [32-36].

In general, the inclusion of WTBW in the concrete has improved
certain composite properties such as decreasing plastic shrinkage,
improvement of dimensional stability and flexural strength even after
high-temperature, while a slight reduction of compressive strength has
been noted, attributed mainly to the poor adhesion of the waste particles
to the cementitious matrix as well as the low density of the incorporated
waste [26,37]. Despite the growing research footprint within this field,
in depth understanding of the physical, chemical and mechanical
behaviour of these novel composite materials is lacking.

In this paper, X-ray computed tomography (XCT) has been -for the
first time- utilised to address the fundamentals of this novel composite
material microstructure. XCT has already proven versatile as an imaging
technique to investigate the microstructure of various types of com-
posites [38-40], including cement-based materials [41]. Specific focus
has been paid on investigating the pore structure and the distribution of
WTBW-fibrous elements within the probed volumes. It is widely
accepted that the pore structure is directly associated with the physical
and mechanical behaviour of cementitious systems, affecting both their
strength, thermal insulation and durability [42-45]. Lower porosity as
well as a refined pore size have been linked with higher compressive
strength while also improving material resistance to aggressive ions, i.e.
chlorides, sulphates penetration. Unlike other fibres, i.e. steel, carbon,
polypropylene, utilised to reinforce cementitious structures, uniform
geometry and size of post-shredded WTBW material cannot be guaran-
teed a priori based on current operational planning applications. Thus,
the WTBW fibrous elements encapsulated within the cementitious ma-
trix are expected to lie within a wide range of lengths and thicknesses.
Such a scatter can drastically affect the performance of the composite
structures. It can also affect the mixing process, and subsequently the
matrix porosity; a parameter which can dominate the product perfor-
mance [46-49]. Correlation of this complex microstructure with the mix
design and the mechanical properties of WTBW-reinforced cementitious
mixes will contribute towards understanding the fundamentals of this
novel systems behaviour, ultimately providing the construction industry
with composite materials of advanced properties.

2. Materials and equipment
2.1. Materials

WTBW, originally shredded by providers in Spain (Pre Zero), was
utilized to prepare the specimen fleet. Further details regarding the
material chemical composition and physical properties can be found
elsewhere [50]. CEM I 52.5 R (Aalborg White, Denmark) was applied,
allowing a rapid hydration reaction, while river sand (0.15 — 4.75 mm)
was placed in the mix as a fine aggregate filler. The chemical compo-
sition of both WTBW and cement is given in Table 1, as determined via
XRF analysis.

As-received WTBW was sieved in-house and separated into four
groups based on the passing sieve diameter (0.0063 mm, 0.5 mm, 2 mm,
8 mm). Mortar mix preparation process is described as follows. WTBW,
sand and cement powder were all placed in a Hobart mixer and then
mixed for 30 s on dry state. Subsequently, water was added and the
mixing started, initially at low speed for 60 s, and subsequently at high
speed for 2 min. The cementitious slurry mix was placed in a stainless-
steel mould cubic grid (25 x25 x 25 mm) and vibrated for 60 s. The
moulds were stored overnight in an environmental chamber at 20 °C
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with 95 % relative humidity. After being removed from the chamber,
specimens were extracted from the moulds, wrapped with plastic sheets
and allowed to cure before testing. The sample preparation process is
illustrated in Fig. 1. In total, five groups of specimens were produced,
four of them containing WTBW of different size and one without waste,
acting as the reference state. A uniform 0.5 % WTBW volume fraction
was applied in all cases. The mix designs implemented per mortar group
and the size of the encapsulated waste are summarised in Table 2.

2.2. Equipment

A Zeiss Xradia 410 Versa microscope was used to perform high-
resolution X-ray imaging on representative reference and WTBW-
containing mortar specimens. The entire sample volume was probed
within the field-of-view (~36 x36 mm), while the corresponding pixel
size was equal to 35.19 um. Therefore, gel and capillary pores could not
be detected, limiting the probed porosity only to macropores and
entrapped air voids. X-ray beam was tuned at 140 KV (10 W) with a HE2
filter positioned in place, enabling optimum transmission (20-28 %).
Exposure time was set at 1.3 s with 1601 projections being collected,
summing the total acquisition duration to 78 min per scan. Bin size was
equal to 2. Filtered back projection analytic algorithm was implemented
for data reconstruction. The applied scan parameters, summarised in
Table 3, were identical for the entire specimen fleet investigated.

Monotonic uniaxial compression (UC) was also performed. Testing
was conducted on the entire specimen fleet at a constant loading rate
(2400 N/s).

3. Experimental testing and data analysis
3.1. Testing protocol

Five specimens were selected to fulfil the imaging part of the
experimental programme, each one representing a single group of those
reported in Table 2. Repeated identical scans were acquired at both 28
and 90 days to visualise potential age effect on the cement curing pro-
cess and the macropore/void structure. Once X-ray imaging at 90 days of
sample age was completed, all specimens were subjected to monotonic
UC. A 90-day mean compressive strength (triplicate specimens) was
determined per group.

3.2. Generic phase segmentation workflow

Post XCT scan acquisition, all the reconstructed datasets were further
processed using the data visualisation and analysis commercial software
application Avizo [51]. Image registration was performed to align the
datasets corresponding to the same specimen, probed at 28 and 90 days.
Thus, data analysis on identical material volumes was achieved. Phase
segmentation was applied to isolate the embedded parts, including
macropore/void volume (low density), hydration products, fine aggre-
gates and WTBW-fibrous elements (medium density) and un-reacted
cement grains (high density) [52-54]. A characteristic line scan visu-
alising the different grayscale regions adopted for phase segmentation is
given in Fig. 2, along with representative segmented 2D orthoslices.

3.3. WTBW-fibrous elements segmentation workflow

Unlike macropores/voids and unreacted cement, segmentation of

Table 1
Chemical composition of WTBW and cement (wt%) used in the mortar mix design.
Phase Nay0 MgO Al,O03 SiOy SOz K,0 CaO TiOy Fe,03 Other LOI*
WTBW 0.86 0.74 5.46 24.85 - 0.25 11.02 0.31 0.18 0.37 55.97
CEM 0.29 0.93 5.27 19.32 3.5 0.33 64.16 - 3.25 0.44 2.45

*LOI = Loss of ignition at 950°C.
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Step 1: Sieving and classifving the as-received WTBW material
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Step 2: Mixing the cement slurry with WTBW

Step 4: Demoulding and storage for testing

L
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Step 3: Moulding and storage of the wet mix

9 - &

Fig. 1. Schematic overview of the WTBW-mortar preparation process.

Table 2
Mixture proportions of WITBW-mortar group specimens.
Mixture Reference W0063 W05 w2 w8
Cement 440 g 440 g 440 g 440 g 440 g
Sand 990 g 990 g 990 g 990 g 990 g
W/C ratio 0.47 0.47 0.47 0.47 0.47
WTBW - 9.05g 9.05g 9.05g 9.05¢g
Size range (mm) 0.0063-0.5 0.5-2 2-8 > 8

medium-density particles was more complex. All the corresponding
embedded phases, i.e, hydration products, WTBW fibrous elements and
fine aggregates, lied within a similar grayscale range. Thus, additional
morphological and geometrical operations, were applied to isolate the
WTBW parts and enable further data analysis. Manual, visual-based
separation of the waste was executed as the last step of the segmenta-
tion process to enhance data reliability. The adopted process flow
described above is schematically given in Fig. 3.

3.4. Post-phase segmentation workflow

Post phase segmentation, quantitative analysis of the microstructural
features followed. Total porosity, macropore/void size and spatial dis-
tribution in the 3D domain and 2D porosity area fraction across spec-
imen height were determined. Additional macropore/void features,
including morphology/shape factor and sphericity index were high-
lighted. The un-reacted cement article size and spatial distribution were
also quantified. In-depth analysis of the WTBW-fibrous elements was
performed, including visualisation of the network, volume fraction and
distribution across the specimen height, and preferred orientation. The
microstructural features quantified for each specimen probed using XCT
are summarised in Fig. 4. Theta (6) and phi (¢) orientation angles are
visualised, following Avizo software sign convention [51,55]. It is worth
noting that the term fibrous elements, instead of fibres, has been
adopted since the waste encapsulated in the mortar systems consisted of
both glass fibre and epoxy resin.

Table 3
Scan settings adopted to perform XCT on WTBW-mortar samples.

4. Results
4.1. Macropores/voids data analysis

A representative view of the porosity spatial distribution at 28 days,
is illustrated in Fig. 5 for all the specimens subjected to X-ray imaging.
The corresponding total number of macropores/voids and cumulative
macropore/void volume are highlighted in Fig. 6, where a comparison
between 28 and 90 days is also illustrated. Accordingly, the change
magnitude between 28 and 90 days on each case is quantified and given
in Fig. 7. It is worth noting that the total number macropores/voids
counted in all five systems seems to decrease with setting time, i.e. from
28 days to 90 days. The trajectory is similar when considering the cu-
mulative macropore volume, albeit the magnitude of change is signifi-
cantly lower. A deviation is observed in the behaviour of the specimen
WO0063 when compared to the general trend noted for the rest of the
specimens investigated. Instead of a cumulative macropore volume
decline, ~13 % rise is observed between 28 days and 90 days of sample
curing. A similar observation is noted for specimen W8, which also ex-
hibits a rise in the cumulative macropore/void volume (~8 %), high-
lighting the complex dynamics of the WTBW-cementitious matrix
interaction. Fig. 8 depicts the spatial distribution of macropores/voids
across the sample height, as expressed via 2D area fraction porosity, i.e.
the percentage of area occupied by macropores/voids at a certain 2D
orthoslice across the sample height. The degree of porosity heteroge-
neity in terms of spatial distribution has been also quantified, enabling
comparison between the composite systems. The formula shown below
has been employed, where PH, AF and Por stand for the degree of
porosity heterogeneity, the 2D porosity (area fraction) and the total
porosity.

N

Z (AF(i) — Por )?

i=1

PH = €y

A higher PH value indicates a more irregular spatial distribution of
the porosity across the sample height. The reference specimen exhibits
the most uniform spatial distribution of 2D porosity across its height (PH

Microscope Energy (KV) Filter Exposure time (sec)

Projections No. Bin Size FOV (mm) Pixel Size (um)

Versa 410 140 HE2 1.3

1601 2 36 x 36 35.19
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Value

Probeline Length

a) Representative 2D orthoslice and segmentation line scan
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SRR Prm";:ssedlmage

Normalised grayscale

Extracted Subvolume

b) Post-segmentation representative 2D orthoslice

Fig. 2. Image segmentation protocol illustrating a representative 2D orthoslice with a) an embedded line scan and b) segmented phases. HD (red colour), MD (blue
colour) and LD (green colour) stand for high-density, medium-density and low-density particles, respectively.

1) Thresholding MD

Orthoslice

8) Manual Separation

2) Fill Holes

7) Sieve Analysis 2

(Sphericity)

3) Remove Spots 4) Label Analysis 1

l

6) Label Analysis 2

5) Sieve Analysis 1

(Anisotropy)

Fig. 3. Schematic illustration of the workflow process followed to segment the WTBW-fibrous elements.

equals 1.21 %). On the contrary specimen W2 indicates the most het-
erogeneous distribution (PH equals 7.01 %). It is interesting to note that
the degree of porosity heterogeneous distribution across the sample
height raises with growing size of the embedded WTBW fibrous ele-
ments with the only exception being the specimen W8, which indicates a
significantly different fibrous element distribution (discussed in the
following Section 4.3). Comparison between the specimen 2D porosity
distribution across sample height between 28 days and 90 days indicate
only minor discrepancies. Pore morphology/shape factor and sphericity
index have also been quantified to highlight potential differences among
the investigated specimens.

The morphology/shape factor is determined based on the geometric
relevance between the three axes within a pore/void. More specifically,

the pore is regarded as an ellipsoid, characterised by three perpendicular
axes. The three axes length in the perpendicular directions are used to
determine the flatness index (FI) and the elongation index (EI).
Considering the lengths of the three axes are characterised by the
following relationship: Ly > Ly > L,, then flatness index and elongation
index are equal to L, /Ly and L, /L, respectively. Based on the calculated
flatness and elongation index, pores can be divided into four shape
types, including i) discoid, ii) spheroid, iii) blade and iv) rod. A Zingg
diagram, as shown in Fig. 9, is adopted to separate the macropores based
on the various shape types, with the distinction lines, corresponding to
both flatness and elongation indices, being placed at 0.67 [43]. The data
illustrated correspond to the samples investigated at 28 days. Accord-
ingly, a frequency histogram has been generated and shown in Fig. 10. It
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Fig. 4. Schematic illustration of the microstructural feature data analysis and quantification workflow process.
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Fig. 5. Representative 3D views of the porosity spatial distribution. Corresponding XCT scans were acquired 28 days after sample preparation.

is noted that spheroid is the dominant shape factor for all the samples
fabricated. Among all the macropores segmented and investigated,
spherical ones occupy 37 % of the total population in the reference
specimen, while the corresponding percentage is higher for all the
remaining specimens containing WTBW, with the maximum being
specimen W2 (49 %).

Sphericity index is an indicator describing a single pore’s shape level
of proximity towards an ideal sphere. It ranges between zero and unity,
with unity being the case when the pore/void is in shape of a perfect
sphere. The sphericity index is calculated based on the following
formula:

2 6v)7°

SI =
A

(2)

Where SI is the sphericity index, V is the volume of the macropore/void
and A is the surface area. The sphericity index distribution at 28 days
post sample preparation is given in Fig. 11 for all the specimens inves-
tigated. The corresponding variation between 28 and 90 days of sample
curing are illustrated for each specimen separately in Fig. 12. It is
observed that a significant part of the macropore/void population (~
86 %) exhibits a sphericity index above 0.9 for the reference specimen.
The corresponding percentage is lower in all cases of WTBW-mortar
specimens. A noticeable change in pore sphericity index distribution
with sample aging is also observed (Fig. 12). In all cases, the percentage
of macropores/voids resembling a sphere, i.e. sphericity index above
0.9, grows from 28 to 90 days of sample age. The sharpest rise is shown
for specimen W2, where more than 90 % of the macropores/voids
resemble a sphere at 90 days, while the corresponding percentage at 28
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Fig. 6. XCT-derived macropore/void distribution analysis of mortar specimens: a) total macropore/void number and b) cumulative macropore/void volume.

Corresponding XCT scans were acquired 28 and 90 days after sample preparation.
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Fig. 7. Shift of cumulative macropore/void number and macropore/void vol-
ume observed and quantified between 28 and 90 days of sample age in the
specimens investigated using XCT.

days was 43 %.

4.2. Un-reacted cement data analysis

The size and spatial distribution as well as the chronic variation of
un-reacted cement phases has been also monitored as cement hydration
evolves for all the investigated specimens from 28 to 90 days of sample
age. Representative - post phase segmentation - 3D views of these high-
density phases at 28 days are shown in Fig. 13. The corresponding cu-
mulative volumes at 28 and 90 days of sample age, are given in Fig. 14a
along with the percentage of change for each mix design (Fig. 14b). A
considerable decline in the volume of un-reacted cement phase is
observed for specimens W0063 (~50 %) and W05 (~20 %), implying
that cement hydration is progressing during this period, i.e. from 28 to
90 days. The reference, W2 and W8 specimens exhibit a negligible de-
viation (less than 10 %) between 28 and 90 days indicating that cement
hydration is relatively stable beyond the 28 days. The 2D area fraction
distribution of these high-density phases (mainly attributed to un-
reacted cement phases) across the sample height is observed in
Fig. 15. Only negligible differences can be spotted for the reference, W2
and W8 specimens between 28 and 90 days, while a uniform decline of
area fraction across the sample height is observed for specimens W0063
and W05, implying an ongoing, steady-rate hydration of the un-reacted
cement phases after the 28 days.

4.3. WTBW-fibrous elements data analysis

The spatial distribution of WTBW-fibrous elements embedded within
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the waste-containing cementitious specimens is given in Fig. 16. The 3D
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views illustrated correspond to 28 days of sample age. The fibrous
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volume fraction has been calculated for each specimen to estimate po-
tential deviation from the uniformly applied 0.5 % volume fraction
operated while preparing the mortar batches and subsequently filling
the various mould grid parts. The cumulative volume and the corre-
sponding volume fraction of the fibrous elements within the mortar
specimens is illustrated in Fig. 17. Fig. 18 shows the 2D area fraction
distribution of WTBW-fibrous elements across the sample height. No
comparison between 28 days and 90 days is illustrated, since the fibrous
element segmentation is a complex process incorporating manual visual
operation and potential deviation of the corresponded yielded volumes
could lead to erroneous results. The fibrous volume fraction is less than
0.5 % for all the specimens except for W8 which approaches 0.8 %,
exhibiting a relatively non-uniform distribution among the specimens as
expected. Even though the majority of fibrous elements reside at the
bottom part of the specimens (Fig. 18), parts are also detected
throughout the entire mortar volume. Indicatively, a large piece of waste
is almost floating at the top of specimen W8. The presence of such a
voluminous waste part residing at the top surface of the specimen is
expected to affect significantly the specimen performance, potentially
underlying the paradoxes spotted and reported in the above regarding
porosity volume increase during sample curing (Fig. 7), and reduced
porosity heterogeneity PH (Fig. 8).

For the case study presented herein, WTBW-fibrous elements used
for reinforcement originate from a shredding process that cannot guar-
antee a uniform shape and length of the valorised material. As a result, a
wide range of waste lengths and sizes have been utilised to fabricate the
specimens, simulating the currently projected industrial scale scenario.
Fibrous element size distribution showed that the larger fibrous waste
parts (>0.01 mm®) occupy more than 99 % of the cumulative volume.
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Thus, only those parts were further analysed with emphasis given on the
preferred orientation, a material property affecting the composite me-
chanical performance. The distribution of both theta (6) and phi (¢)
orientation angles for all the fibrous elements segmented is visualised in
Fig. 19 for the entire specimen fleet. A preferred phi orientation angle
(>70°) can be spotted in all cases, implying that fibrous elements tend to
settle in parallel to the horizontal plane as the fresh mortar settles
(Fig. 4). Theta orientation angle distribution is relatively uniform, not
exhibiting any pronounced preferred orientation. Potential link between
fibrous element volume and corresponding orientation angle was also
studied and the results are illustrated in Fig. 20. The mean orientation
angles are relatively consistent even after applying volume filters to
isolate the macro-fibrous parts. Specimen W2 exhibits a more diverse
range of phi orientation angles for the embedded macrofibres exceeding
1 mm?3, as can be observed in the corresponding spatial distribution and
the higher standard deviation.

4.4. Mechanical behaviour of WTBW-mortar composites

Uniaxial compression strength tests have been performed for all the
sample groups fabricated, including the reference. Relevant data were
collected only at 90 days of sample curing. The results are illustrated in
Fig. 21. The incorporation of WTBW-fibrous elements within the cement
matrix slightly improves (~2 % - 4 %) the composite compressive
strength in all cases, apart from sample W8 where a reduction is noted
(-2.2 %). This paradox is attributed to the irregular spatial distribution
of WTBW-fibrous elements within the corresponding specimens, as
indicatively reported in the previous (Figs. 16,17). Focusing on samples
W0063, W05 and W2 a clear trend of compressive strength growth with
increasing size of the embedded fibrous material is observed. It is
important to clarify that the compressive strength gain noted in Fig. 21 is
representative of the entire specimen fleet, considering the uniformly
applied 0.5 % fibrous volume fraction. The variations observed in the
embedded fibrous volume fraction among the specific specimens sub-
jected to X-ray imaging (Fig. 17), are not expected to affect the above
conclusion. Thus, it can be safely regarded that raising the size/thick-
ness of the embedded waste material can increase the composite
compressive strength for the same volume fraction.

5. Discussion

The microstructure of WTBW-containing mortar composites has
been investigated and reported in the previous. Discrepancies among the
fabricated systems were detected and analysed. A holistic comparison
among the samples is discussed in this section. Specimen W8 is excluded
due to the presence of an excessively large waste piece residing on the
sample surface, altering the homogeneity of the corresponding
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Fig. 11. Pore sphericity index distribution of mortar specimens containing WIBW of various sizes at 28 days of sample age.
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Fig. 12. Sphericity index distribution at 28 and 90 days of sample age for all five mortar systems investigated.
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Fig. 13. Representative 3D views of the high-density un-reacted cement phases. Corresponding XCT scans were acquired 28 days after sample preparation.

fabricated specimens. It is worth noting that the segmentation of fibrous
elements within the cement matrix, especially the smaller parts, has
been significantly complex due to similar densities between the waste
and the cement matrix. The implemented data processing workflow
analysed in Section 3.3 has efficiently tackled this challenge. However
potential marginal differences, especially in regards to the quantitative
analysis for the fibrous elements, may persist.

5.1. Microstructural evolution during aging

The sample containing small-sized encapsulated waste components

(W0063) exhibits a unique behaviour. While all the remaining speci-
mens indicate a relatively negligible reduction in the cumulative mac-
ropore/void volume during sample aging (28-90 days), specimen
WO0063 shows a noticeable growth (Fig. 7). Concurrently, specimen
WO0063 exhibits a substantial reduction in the volume of un-reacted
cement phases during the curing period (Fig. 14), i.e., from 28 day to
90 days. Such behaviour is attributed to the glass—water interaction,
which is expected to highly affect both the cement hydration process and
the generated pore structure. It is expected that at a primary stage,
abundant glassy WTBW particles without an epoxy resin protective layer
are dispersed within the cementitious matrix and affect the cement
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Fig. 15. Distribution of un-reacted cement 2D area fraction across sample height for all the investigated samples.

hydration kinetics via possibly binding part of the alkaline pore solution
via glass-alkali reactions. Thus, a delay in cement hydration has
occurred, as observed from the high volume of unreacted cement phases
at 28 days (W0063). The fact that less pore water is initially available to
enable cement hydration due to the abundant glass-water reaction sites
is associated with the rise in pore volume observed during the period of
28-90 days (Fig. 7). As the size of the embedded waste grows (W05 &
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W2), WTBW parts are expected to be confined by epoxy resin, and
therefore, less glass-water interfaces are available, minimising the cor-
responding reaction sites. Thus, cement hydration kinetics is not
significantly affected and the pore volume between 28 and 90 days re-
mains relatively constant. The differences spotted with regard to pore
network during the curing period are mainly associated with other
porosity parameters. The presence of larger fibrous elements affects the
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Fig. 17. XCT-derived WTBW-fibrous element phase volume distribution analysis of mortar specimens at 28 days of sample age.

pore sphericity (Fig. 22a) and the percentage of spherical macropores/
voids within the entire void population (Fig. 22b). Differences between
28 and 90 days are negligible for the reference case while substantial
changes are observed for the WITBW-containing specimens. It is ex-
pected that the presence of WTBW fibrous elements affects shrinkage
behaviour and, therefore, a delay in the ultimate structure of the
porosity network occurs.

Further scientific evidence is required to validate the above hy-
potheses. Performing chemical characterisation of the phases forming
within the composite via X-ray diffraction (XRD) and thermogravimetric
analysis (TGA), as well as high magnification microstructural observa-
tions via scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) could shed light on the behaviour of these novel,
complex systems.

5.2. Microstructure-mechanical strength correlation

Increasing porosity is well known to be inversely proportional with
the compressive strength of cementitious composites. The cumulative
volume of the specimen W0063, containing the smallest-sized fibrous
elements is lower than in the remaining specimens, containing larger-
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sized WTBW, while the same applies for the pore heterogeneity
(Fig. 8). This finding lies in agreement with the literature, where is has
been observed that use of longer fibres, i.e. fibres of larger volume since
the fibre diameter is uniform, leads to an increase in the cementitious
composite porosity [56-58].

Therefore, considering only the porosity behaviour, specimen
WO0063 would be expected to exhibit a higher compressive strength that
the remaining specimens (W05 and W2), containing larger-sized WTBW.
On the contrary, an opposite trend was observed with the compressive
strength rising with increasing encapsulated waste size. Screening the
macropores characteristics in greater detail highlighted that specimen
W2, which exhibited the highest compressive strength, contains the
most spherical pores among the remaining specimens (Fig. 10); a factor
contributing to an enhanced compressive strength via minimising stress
localisation zones. In addition, the pore volume distribution (Fig. 23)
clearly indicates that W2 specimen contains the lowest macropores/
voids volume if only the small pore (<1 mm?®) range is isolated. Thus, it
could be argued that pore morphology/shape factor and volume distri-
bution at the low range, are more critical parameters dictating the
compressive strength of WTBW-mortar systems than the total pore/void
volume and spatial heterogeneity.
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However, the role of fibrous elements contribution to strength gain is mortar systems than the porosity characteristics. Similar studies per-
also a parameter that needs to be addressed and potentially posing a formed in concrete specimens, which differ in composition and prop-
greater impact on governing the mechanical performance of WTBW- erties than mortar, have exhibited a narrow rise in compressive strength
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at similar reinforcement ratios (0.5 % vol.). However, when the addition
percentage is increased the compressive strength drops [59,60]. Such a
strength gain magnitude is comparable to similar cementitious com-
posite cases where fibres of different materials has been utilised. It is
important to note that a direct comparison is not feasible due to the
irregular shape and geometry of fibrous elements used in the WTBW
case, which differs from surrogate scenarios utilising fibres of uniform
size and shape. Even within this context, the results are regarded
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satisfactory. Experimental trials performed on steel fibre reinforced
concrete (SRFC) elements containing a 0.5 % fibre volume fraction
exhibit a 3-7 % compressive strength gain [61-63]. The corresponding
strength gain when polyvinyl alcohol (PVA) fibres have been used as
reinforcement is ~5 % [64], while a 7-15 % reduction has been re-
ported in case of polypropylene fibre (PPF) reinforced concrete com-
posites [65]. Basalt fibres have been also utilized to reinforce concrete
elements with the corresponding compressive strength growth lying
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between 2 % and 5 % [66-68], while a reduction in strength has been
also reported in certain studies [68,69]. Finally, the use of glass fibres
has shown fairly promising results leading up to 25% growth in
compressive strength at a 0.5 % volume fraction [65].

Based on the surrogate case studies reported in the previous para-
graph, it can be argued that using WTBW parts as reinforcement media
for cementitious composites delivers an encouraging and competitive
prospect for compressive strength gain, even if the geometry and shape
of the embedded fibrous elements cannot be determined and optimised a
priori; a significant drawback against the surrogate solutions.

6. Conclusions and recommendations

The potential of WTBW valorisation into the construction industry in
the form of mortar strength reinforcement has been discussed in this
paper. The experimental programme launched to investigate the above
prospect involved the application of XCT in its epicentre, aiming to shed
light on previously unchartered territories of the case study. The key
findings of the study reported and discussed in the previous are sum-
marized as follows:

e The incorporation of 0.5 % vol. WTBW within the mortar mix can
raise compressive strength (2-4 %). The strength gain rises when
larger-sized waste elements are embedded within the matrix.

e The use of WITBW within mortar raises both the total volume of
macropores/air voids forming and the porosity heterogeneity; two
notable factors undermining the mortar strength. However, the
macropores/voids forming are more spherical, reducing the

14

available sites for stress localisation zones and, therefore, potentially
enhancing the mortar strength.

The comparison between 28 days and 90 days sample state high-
lighted the significant role of the waste size in the aging process.
Encapsulation of finer waste parts, i.e. W0063, drastically delays the
sample curing process — potentially via altering the cement hydration
process - and affects porosity formation mechanisms due to ongoing
glassy-waster pore reactions. Encapsulation of larger waste parts, i.e.
W2, has negligible effect on the sample setting process due to the role
of epoxy as a protective barrier between the glassy parts and the
cementitious matrix, resembling more the dynamics of a reference
system.

Even though the composite strength seems to be only slightly
improved via the addition of the fibrous elements, the results compare
well against surrogate case studies utilising fibres originating from
different materials with the significant advantage of homogenous and
optimum geometric properties, i.e. fibre length, shape and thickness. In
the scenario of an industrial-scale upgrade for the WTBW post-shredding
protocol, facilitating extra steps for sieving and separation of the most
promising waste parts, further enhancement of the composite strength
mechanical properties, including compressive strength, can be
anticipated.

The prospect of valorising EoOL-WTBW into cementitious composites
has the potential to provide significant support towards a more sus-
tainable future within the construction industry, embracing the princi-
ples of circular economy. Future studies are highly recommended to
explore the cement hydration kinetics, chemical characterisation and
high magnification microstructure properties at the interfaces, using
isothermal calorimetry, XRD and SEM, using various sizes of the
encapsulated waste. In addition, durability studies on similar mix de-
signs are crucial to gain a more holistic insight into this material
behaviour, with special focus given on how the porosity changes -
spotted when the WTBW are encapsulated - can affect properties such as
shrinkage, water absorption, chloride ingress and carbonation
resistance.
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