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Abstract

In this work, two types of wastes were introduced, namely, glass from municipal waste and
Construction and Demolition Waste (CDW). The latter, which was obtained from rubble
generated by the seismic events occurred in Central Italy in 2016, was introduced in two
configurations, the single-layer and the double-layer of the cement-based Terrazzo tiles. A
maximum of 77% of waste introduction was proven to be possible, therefore creating the
possibility of obtaining construction products including high quantities of secondary raw
materials, coupled with a valuable aesthetic aspect. The tiles represent a novel CDW
upcycling application and follow the EU recommendations to improve the circular economy
in the building sector. In particular, the products obtained showed dimensional conformity
in the specifications and mechanical performance in the case of double-layer tiles as
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required by the envisaged use in the flooring (EN 13748-1). A life cycle analysis (LCA)
clarified the possible advantages in terms of reduced resource depletion (RD) and global
warming potential (GWP). The evaluation at the aggregate/glass matrix interface indicated
good performance of the tiles, demonstrating the readiness for industrial production and
market introduction.

Keywords
Construction and demolition waste (CDW); terrazzo tiles; mechanical properties; life cycle
assessment

1. Introduction

The European Union (EU) has identified the Construction and Demolition Waste (CDW) as a
priority waste stream due to the huge amounts generated, which is approximately 800 million
metric tons, corresponding to 30% of the total waste generated [1-2]. For this reason, the EU has
set for its member states an ambitious target regarding the recycling of the CDW. According to the
Waste Framework Directive (WFD) 2008/98/EC, the minimum recycling amount for non-hazardous
CDW needs to be at least 70% in weight by 2020 [3-4]. More specific to the construction industry,
the Sustainable Construction Strategy (2008) also sets overall targets for reducing the landfilling of
the CDW [5]. The construction industry sector generates about 35% of waste in landfills all across
the globe [6]. As a consequence, the need for the construction sector to promote actions to
reduce greenhouse gas (GHG) emissions, mitigate climate change and resource depletion are
recognized worldwide. In this framework, a circular economic approach that focuses on concepts
of reusing and recycling could ensure more sustainable use of construction materials [7-9].

Currently, the CDW recovery varies widely across the member states of the EU; for instance,
Austria and Germany have already reached the 2020 target, and other countries, such as Finland,
are just behind with a CDW material recovery rate of ca. 58 % [10]. This variability mainly occurs
due to a lack of uniform standards among different EU countries, the risk avoidance concerns (e.g.,
asbestos), the lack of experience, and the lack of mature and effective technologies used to
separate and reuse waste fractions (e.g., ceramics, bricks, gypsum, stones, etc.), which might favor
the recycling of the CDW back in the manufacturing loops. Also, the composition of the CDW
strongly changes between the other member states and the geographical areas. Even in the same
country, the CDW usually appears in a complex and mixed form, making it very difficult to
separate and recycle. It is strictly related to the type and age of buildings, the construction styles,
and the geological availability of different types of rocks.

A matter of interest in the construction industry is the possible recycling of waste into new
building materials. Often, the main option for recycling this type of waste is still by downgrading
the applications into aggregates for road construction, embankment, or backfilling [11-12]. Also,
with limitations in mechanical performance, the aggregates are recycled into concrete [13].
However, this issue has drawn much more attention in recent years, as well as recycling the glass
waste of asphalt shingle for use as a raw material in the manufacturing of cement [14-17].
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The use of recycled aggregates (RA) from the CDW in concrete mixes has been widely explored
to improve the up-cycling [18-21]. Concrete is the most widely used construction material, and its
production is dependent on primary raw materials such as cement, sand, gravel, and water [19].
Although this results in a huge production of concrete, there is a high level of consumption of
natural resources. For this reason, recycled aggregate, which originates from the CDW, can
partially or fully replace natural aggregates in the concrete mixture, representing one of the most
effective approaches in utilizing the CDW. To be suitable for RA use, the CDW needs to be treated
first and be free of undesired and more lightweight fractions (e.g., plastic, wood, ferrous metals,
rubber, and gypsum) [20]. Apart from the use of the CDW in the RA that could result to be
technically performant, there are also various studies focused on the use of the lighter fraction for
the preparation of recycled insulation materials [22-25].

Another important issue concerning municipalities worldwide is the recycling of waste glass.
For instance, the usage of recycled glass as a new and high-quality glass is limited due to the
presence of impurities or mixed colors [14]. Recently, studies have also been devoted to the use of
waste glass as aggregates for cement concrete or as replacements for cement [26-31]. This
substitution can result in a slightly negative effect on the workability, strength, and the freeze-
resistance of the cement concrete, which could be mitigated by partially replacing the Portland
cement with other pozzolanic materials such as the fly ash or metakaolin [14 and references
therein].

Due to the low economic costs required for landfilling, lack of incentives, and sometimes due to
outdated regulations, the use of virgin aggregates is still preferred over that of the recycled
aggregates [32-33] in the building industry. Thus, there is an important need to develop new
applications and products that can be more suitable for waste recycling toward the overall circular
economy action plan of the EU.

Many EU projects have worked on the management strategies and applications regarding the
CDW with a particular aim in developing upcycling technologies to recover aggregates from
complex CDW, and to produce pre-fabricated building blocks using high percentages of CDW, or to
embed the CDW in a geopolymer matrix for insulating elements (e.g., InnoWEE, RE4, HISER,
IRCOW, C2CA) [5]. The EU-Life project ‘ECOTILES’ (https://www.ecotiles-lifeproject.eu/) provided
its contribution toward the reduction and reuse of the CDW. In particular, the project aimed at

introducing environmental improvements in the production of the traditional cement-based tiles,
by obtaining products containing more than 70% waste. This result was achieved by including
recycled glass and ceramics from urban/industrial wastes and CDW; this reduces the
environmental impact of the Terrazzo tile production compared to the traditional Terrazzo tiles
while achieving the production of high-grade pre-casted products.

Terrazzo tiles having dimensions of 300x300x30, 250x250x25, and 200x200x20 mm are widely
used, and can be produced in two varieties, single or double layer, with the latter consisting of two
layers, the upper exposed to friction conditions, and the lower in contact with the floor mat [34].
Over the years, the Terrazzo tiles proved to be more suitable for the introduction of waste from
the building industry, in which they are precast and are not structural elements [35]. Efforts were
made in a study on recycling and reuse of waste materials to obtain different constructive
elements. For instance, it is possible to produce concrete for pavement blocks using concrete and
ceramic recycled aggregates along with mechanical properties similar to those of the natural
aggregates, without needing to increase the amount of cement [36].
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The main objective of the present study is the characterization of the Terrazzo tiles
incorporating the glass waste and the CDW. In particular, the introduction of local CDW into the
Terrazzo tiles is considered alongside the compliance of the product obtained with the
dimensional and mechanical specifications, leading to two types of Terrazzo tiles, referred to as
the single layer and the double layer. The sense of bringing this operation to the level of
industrialization is also clarified by comparing the traditional products offered and produced by all
newly obtained materials.

In particular, concerning the seismic events that occurred in central Italy during 2016, a
considerable amount of CDW was produced, estimated to be around 2.667.000 tons [37], which is
a number highly underestimated as it accounts only for the damages incurred by public buildings.
Therefore, a large amount of CDW produced by earthquakes would be present in the area for
many years until reconstructions are carried out. For this reason, a virtuous environmental
procedure suggests as much disposal possible for local productions, not far from the stocking sites.
This has been realized thanks to the involvement of a local producer in the project that has
directly guided all the prospects of industrialization of the project.

Finally, the cost and environmental impact, together with associated savings, is evaluated using
the Life Cycle Assessment (LCA) on the product (EN ISO, 2006a, 2006b). The importance of
performing the LCA studies has currently increased, probably as a result of the latest European
Directives on the construction of buildings (Directive 2010/31/EC, Directive 2008/98/CE). The LCA
application is based on a general evaluation of the environmental waste management system;
however, many studies are particularly devoted to investigating the Construction and Demolition
of the Waste environmental performance [38-40].

In this work, the results of the LCA carried out on both the traditional and “eco” (including
waste) versions of the Terrazzo tiles from the same manufacturer are presented to compare their
respective environmental impacts. All the measurement and analysis concerning the Terrazzo tiles
have been made to assess the environmental benefit of avoiding the accumulation and treatment
of waste and to transform it from an environmental problem to a valuable product at an industrial
scale, as well as to check the guarantee of these products and if they are permissible for internal
use according to the mandatory European Standards.

2. Materials and Methods

For better clarity regarding the objectives of the study, the main stages of the experimental
work carried out for the production and testing of the Terrazzo tiles are reported in Figure 1 and
explained in the following paragraphs.
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Figure 1 Chart with the main steps of the experimental work.
2.1 Waste Characterization
2.1.1 Construction and Demolition Waste (CDW)

The CDW sample used in this study was collected from the centralized CDW processing plant
(COSMARI in Macerata, Italy) that, after the 2016 seismic crisis that impacted four Regions in
Central Italy, is the plant in charge of collecting, separating, and distributing all the earthquake
rubble from the entire Marche Region. The high compositional heterogeneity of the CDW required
a strict control of the grain size to obtain a suitable product. In particular, the CDW used ceramic,
bricks, and other construction materials such as cement and concrete fragments. Due to its
composition, it is highly non-homogeneous and unsuitable to be utilized as an aggregate for the
Single Layer (SL) tiles for aesthetic reasons. However, it has been inserted and used successfully in
powders in the lower layer of the Double Layer (DL) tiles.

CDW mineralogical composition has been analyzed by X-ray powder diffraction method (XRPD)
using an automated PHILIPS PW1830 diffractometer equipped with a Cu Ka X-ray generator (A=
1.5418 A). A Cu X-ray tube was operated at 40 kV and 25 mA, and the data were collected in the
step scan mode with a Bragg angle 26 range from 3° to 75°, a scanning step of 0.02° and counting
time of 1 s, respectively. The XRPD pattern of the CDW is reported in Figure 2, which shows the
presence of Alite (Al), Belite (BI), Celite (Cl), Calcite (Cal), and Quartz (Qz) with traces of Gypsum
(Gy), wherein Calcite and Quartz are the predominant phases.
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Figure 2 XRPD pattern of Construction and Demolition Waste mineralogical phases.
Present phases are Alite (Al), Belite (BI), Celite (Cl), Calcite (Cal), Quartz (Qz), and
Gypsum (Gy).

2.1.2 Glass Waste

Chemical analyses of the major elements of the green-colored glass waste sample used were
obtained by the Electron Micro-Probe (EMP) using a CAMECA SX50 at the Consiglio Nazionale
Delle Ricerche (CNR) - Institute of Geosciences and Earth Resources (IGG) in Padova (Italy). The
measurements were performed with an acceleration voltage of 20 keV, a beam current of 2nA for
K, Na, Al, and Si, all measured at first, and a beam current of 20 nA for all the other elements.
During the analysis, a slightly defocused (ca. 10 micrometers) beam was used to minimize the
alkali volatility. Sample composition is given in wt% oxides along with variance in Table 1.

Table 1 Chemical oxides composition (wt.%) of waste glass.

Wt % Sio; TiO, Al,0; Fe;0s MgO CaO BaO MnO Na;0 K20 TOTAL
GFI-1 70.98 0.06 2.01 0.34 2.33 10.92 0.04 0.02 10.05 0.84 97.58
GF-1-1 70.77  0.07 2.53 0.28 2.35 10.93 0.06 0.03 10.14 1.10 98.26

Variance 0.022 0.00005 0.1352 0.0018 0.0002 0.00005 0.00002 0.00005 0.0041 0.0338 -

It does not total to 100 because of the presence of other minor elements (e.g., S, Pb, Ni, Co),
whose presence has also been investigated but resulted in concentrations below the detection
limit of the instruments.
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2.2 Terrazzo Tiles Production

The production of Terrazzo tiles has been experimented in two common versions, namely the
SL and the DL (Figure 3). The SL and the upper layer of the DL tiles, which also represent the
decorative part of the tiles, are composed of a mixture of a) waste glass (or marble granulate or
aggregate), b) recycled waste glass (quartz or marble powder) which is powdered to less than 100
microns, ¢) Portland cement, and d) pigments. The bottom layer of the DL is composed of the CDW
and Grey Portland cement. This choice of components evidences that the eco-version of the
Terrazzo tiles described was mostly made using waste materials, obtaining substantially less
environmental impact compared to the “traditional” Terrazzo tiles, which are composed
exclusively of marble granulate, cement, and pigments (in SL) or quartz sand and cement (in DL).
The use of glass in the upper layer also allows obtaining a product of aesthetic value, with a
modern, appealing, and fresh look, competing with current best-in-market products for use in
interiors.

BOTTOM
DL

Figure 3 Top view of a single layer (SL) and bottom view of a double layer (DL)
ecological (ECO) tile produced with the introduction of glass waste and CDW.

All the dosages of the Terrazzo tile components used in this work are displayed in Table 1. The
dosages were calculated according to the original dosages from the producer (Grandinetti, the
Italian company also EU-Life project partner, www.grandinetti.it), revised to include waste
materials. An equal proportion of natural aggregates was replaced by the secondary raw materials
in both the mixes for the SL and DL tiles. Thus, the mixes were obtained as per the following ratios:
cement/glass (granulate and powder) = 1/3.5 in the case of SL tiles; cement/CDW = 1/3 in the case
of DL tiles. Keeping the water content constant (11.8 %), the cement content was modified in the
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two tile mixes to get the exact water/cement (w/c) ratio of 0.60 in the SL tile mix and 0.56 in the
DL tiles, respectively. The mixing procedure consists of the following steps: 1) Add water in the
mixer, 2) Later add cement and mix for a few minutes, 3) finally, add the aggregates and mix once
again.

Once prepared, the mixes were poured into the molds and were subjected to vibration and
pressing to remove excess water. After all the products were made, they were subjected to curing
before being tested. The curing was carried out using a micro-camera system, a closed container
that enables the curing of mixtures without the help of additional steaming but by using the heat
produced by the exothermic reaction of the cement during its natural hardening cycle. This allows
the reduction of curing time from 28 to 20 days and less (Grandinetti company patent).

The final products consist of cement-based tiles with a lateral size of 250 x 250 mm and a
thickness of 13 mm for a single-layer and 23 mm for the double-layer tiles. Thickness values refer
to the post-polishing data, which resulted in the reduction of the thickness of 2-3 mm. This
production allowed, including up to 77% of glass in the SL tiles and 75% of waste materials in the
bottom layer of the DL tiles, respectively. In particular, Table 2 shows the comparison between the
DL-Ecological (DL-ECO) and DL-Traditional (DL-TRA) tiles in terms of material composition: about
37% in weight of the TRA-tile bottom layer is composed of sand, which is substituted by the CDW,
while about 40% of the weight of the TRA-tile upper layer is usually composed of marble, that is
substituted by the recycled glass in the ECO-tile. This procedure allows the insertion of
considerable amounts of waste in the ECO-tiles, avoiding the use of new raw materials and at the
same time, maintaining its characteristics and the scope of possible applications as a high-grade
product.

Table 2 Main characteristics and composition of each type of tiles.

DL-TRA DL-ECO
SL-TRA SL-ECO

(bottom layer)  (bottom layer)
Width (mm) 250 250 250 250
Final thickness (mm) 13 13 23 23
Final weight (kg/m?) 32.5 32.5 57.5 57.5
Cement (%) 22 22 25 25
Marble (%) 77 - 75 -
Glass (%) - 77 - -
CDW (%) - - - 75
Pigment (%) 1 1 - -

2.3 Tests

For the industrial production and commercialization of Terrazzo tiles, there is a requirement to
determine their correspondence to the standard norm UNI EN 13748-1 “Terrazzo tiles for internal
use”. The tests are determinant in assuring the feasibility of the types of tiles produced and their
acceptance in the market.
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2.3.1 Dimensional Compliance

The test verifies if the format of the Terrazzo tiles is consistent with the specifications given by
the manufacturer with regards to the length, width, and thickness (Figure 4).

Figure 4 Set-up for dimensional compliance measurements.

e Dimensional deviations (UNI EN 13748-1 5.1): Individual tiles, when tested shall conform to
the declared work dimensions of the manufacturer within the permissible deviations. Dimension
Tolerance: Length at edges 0.3 %; Thickness of the tile £2 mm (for a thickness < 40 mm), £3 mm
(for a thickness = 40 mm).

e Straightness of edges of the upper face (UNI EN 13748-1 5.2): the maximum discrepancy
between the nominal and measured value of the edge shall not exceed 0.3 % of the length of the
considered edge.

e The flatness of the upper face (UNI EN 13748-1 5.4): no point shall deviate from the surface
by more than 0.3 % of the length of the considered diagonal. This does not apply to the textured
upper faces.

2.3.2 Mechanical Testing

Breaking strength and load tests are performed in a transverse testing machine (Figure 5). It is
constructed in such a way that it can induce the three-point bending into the sample without
torsion.
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Figure 5 Transverse testing machine for mechanical measurements.

In particular, the tiles have the following requirements:

e Breaking strength requirements (UNI EN 13748-1 5.5): The breaking strength is deemed
sufficient when the mean breaking strength of four specimens is more than or equal to 5 MPa, and
when no individual result of the stress of failure is lower than 4 MPa.

e Breaking load requirements (UNI EN 13748-1 5.5): The breaking load is deemed sufficient
when no individual result is found to be less than 2.5 kN for tiles having a surface area less than or
equal to 1100 cm?, or no individual result is less than 3 kN for tiles with a surface area of more
than 1100 cm?.

3. Results and Discussions
3.1 Dimensional Compliance and Mechanical Performance

The SL-ECO tiles were checked for the first dimensional compliance based on deviation from
length and straightness. Figure 6 shows that the tiles were compliant to both the dimensional
parameters i.e., length and straightness. The tiles had enough strength for both edges and the
upper surface.

5 | 5 .
Upper surface
4 4l
3 7]
m 1
=23 % 3
S £
€2 -
1- 1
0 - ] 0 I I
-0.1  -0.05 0 0.05 -0.05 0 0.025 -0.05 0 0.05
iation (9 Max. deviation Max. (!ev1at|on
HEAn UaNIALIODICA) from straightness (%) from straightness (%)

Figure 6 Dimensional compliance of single layer tiles.
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All the relevant mechanical results are presented in Table 3 as the average values followed by
their relative standard deviations. The single layer tiles were compliant with the breaking strength
but not with the breaking load, while the double layer tiles were compliant with both (Table 3). To
therefore proceed with the industrial phase, the production company decided to increase the
thickness of the SL tiles, which resulted in an improvement of their mechanical performance,
suggesting that the industrialization and commercialization of these materials were feasible.

Table 3 Mechanical performance of the SL- and DL- ECO tiles.

Properties Configuration Values
Single layer 8.48 +0.43
Breaking strength (MPa)
Double layer 7.13 +0.48
Single layer 1.22 +0.05
Breaking load (kN)
Double layer 4.25 +0.47

These products have been subsequently presented at the CERSAIE international fair and are
available to the market for commercialization by the producer, as depicted in Figure 7.

Figure 7 Industrialization phase at the Grandinetti company, using two different
glasses.

3.2 LCA Analysis

The boundaries of the LCA system that are under study are reported in Figure 8, which
concentrates on the raw materials used for the production of the Terrazzo tiles and the different
production phases. In contrast, the impact caused due to waste disposal and water treatment is
neglected, while the impacts of electricity, fuel, and transport are only considered when it is
associated with the transfer of raw materials to the site of production. This was with the
understanding that the study concentrates on the potential environmental substitution of raw
materials, including recycled material, specifically glass wastes and CDW, in a specific production
process. Table 4 reports the potential of global warming in terms of carbon footprint (in kg of CO;
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equivalents per functional unit) measured during the different phases of the life cycle for each of
the four analyzed tile configurations. The represented data show how the recovery phase of the
raw materials has the highest impact on the total amount of CO; produced in the life cycle of a
Terrazzo tile.

N
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Figure 8 Boundaries of the LCA system are considered. Diamond boxes are processes
exclusive to traditional tiles (TRAD) and rounded boxes are exclusive to ecological tiles
(ECO).

Table 4 Carbon footprint impact (kg of CO2¢q per f.u.) calculated for each life phase of
the four tile configurations were studied.

SL-TRA SL-ECO DL-TRA DL-ECO

Raw materials 8.93 7.70 16.34 15.39
Transport 1.00 0.82 1.07 0.89
Production 1.69 1.26 2.21 1,85
End-of-Life 0.40 0.00 0.71 0.00
Total 12.02 9.77 20.33 18.12

More details are provided in Table 5, which indicates that the main contribution is from the
cement content alone, and it accounts for more than half of the total CO. output. The second
most impacting phase is the production, which only accounts for 10% of the total CO, output. The
transport and usage phases only account for around 5% of the total impact when considered
together. In the ecological Terrazzo tiles, the reduction of CO; associated with transport is mainly
dependent on the proximity of the production sites with the recycling facilities available compared
to the marble extraction quarries. It is important to note that in Italy, the glass recycling facilities
are distributed at the regional level, while the marble quarries are located exclusively in a few
geological sites (e.g., Northern Tuscany or the Alps area). In the production step, the only process,
which contributes to the reduction of CO; is maturing. This is because the maturing of the
ecological Terrazzo is conducted using the patented process of exploiting the exothermic reaction
that takes place during the cement setting, which avoids the need for additional heat required to
reduce the setting time, to speed up the tile production, and to reduce the energy usage. Finally,
the use of the recycled material in the ecological tile processing allows completely avoiding the
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landfill of end-of-life products and associated environmental impacts, as the ecological tiles can be
fully reintegrated in the production cycle as CDW (end-of-life phase).

Table 5 Environmental indicators for the four case studies.

OBIJECTIVE INDICATOR UNIT
SL-TRA SL-ECO DL-TRA SL-ECO
MEASURE
CO, emissions for
kg CO,/f.u. 7.22 7.22 13.28 13.28
GREENHOUSE cement production g COx/fu
GAS EMISSIONS  CO;for t t of
2TOrtransport ot o co,/f.u. 101 082 107  0.89
raw materials
Waste diverted
kg/f.u. - . - 1.2
from landfil: cow /T 0.00 31.25
Valorized te:
alorized  Waste: a/t.u. - 3310 - 24.56
glass
Valorized  waste:
WASTE waste from
MANAGEMENT . . kg/f.u. - 10.56 - 16.11
internal tiles
production process
Powders from CDW
and building kg/f.u. - 0.00 - 15.63
material processing
RESOURCES terial
Quarry  materials kg/f.u. - 33.10 - 55.81
DEPLETION replaced by waste
Energy
consumption in  kWh/f.u. 1.14 2.09 1.14 2.09
ENERGY cement production
Energy
consumption in  kWh/f.u. 2.68 2.25 3.68 2.95
production process
Particulates kg/f.u. 0.79 0.79 1.45 1.45
EMISSIONS TO
AIR NOx kg/f.u. 0.04 0.03 0.07 0.06
SO, kg/f.u. 0.01 0.01 0.02 0.01

Preliminary scrutiny of the data from Table 5 reveals that as a whole, compared to the
traditional Terrazzo tiles, the ecological Terrazzo tiles achieve significant benefits in terms of
consumption of resources, owing to the complete substitution of marble and sand with the CDW
and recycled glass (Waste management and Resources depletion objectives), reduction of
consumed energy (avoiding the high amount of energy generally used in marble quarrying
operations), and higher efficiency in the production processes with a particular reference to the
maturing step (Energy objective). The emissions of NOx and SO particulates are comparatively low
and are associated exclusively with marble quarrying and cement production. In this regard, it is
worth highlighting how the literature data on cement production and the marble quarrying
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activities confirm that most of the emissions are composed of CO,, while NOx and SO, emissions
are lower by orders of 2-3 magnitudes [41-43].

In contrast, the GWP impact of the double-layer tiles is higher than the single-layer tiles for
both the traditional and ecological types, as reported in detail in Table 6 and Table 7. The increase
in the GWP is largely attributed to the increase in materials required for the production of 1 m?
(i.e., 1 functional unit) of tiles, which is almost twice the thickness and the weight of the single
layer. This factor also affects the transportation step and also the mixing, casting, and maturing of
items in the production step. Again, the bill of CO, associated with the usage step is almost twice
as large in the traditional double-layered tiles compared to the traditional single-layered ones. The
same considerations prescribed for the single-layered ecological tiles also apply for the double-
layered ones.
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Table 6 Input and output data for a functional unit (m?) of SL-TRA tile and SL-ECO tile*.

Life cycle . ) Energy sources (fuel, electric,
Stage Input materials (kg) Output materials (kg) By-product/waste (kg) .
phase biomass.)
Extraction and Solid waste to Electricity, fuel
. Marble stones 40.34  Marble 33.10 i 7.24 2.80
qguarry operations landfill (kWh)
Marble granulate
Marble
o . and powder
Grinding/milling 33.10 33.10 - -
Glass granulate
Recycled glass*
Raw and powder* .
Marbl lat 4 Electricity (kwWh) 0.12
i arble granulate an
materials g Marble granulate
o ) powder Marble
Sieving/selection 33.10 17.35 15.74
Glass granulate and powder
Glass granulate*
powder*
Cement
extraction and White cement 9.48 Electricity (kwh) 1.14
production
Marble granulate and Marble granulate
393.03
powder and powder
Marble transport 33.10 33.10 - - Fuel (km)
Glass granulate and Glass granulate
Transport 296*
powder* and powder*
Cement transport  White cement 9.48 White cement 9.48 - - Fuel (km) 445
White cement 9.48
Production Mixi Liquid ti i 48.80 Electricity (kWh 0.27
process ixing Clean water 574 iquid casting mix . - - ectricity ( ) .

Marble granulate and 33.10
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powder
Glass granulate and
powder*
Pigments 0.47
Casting/pressing Liquid casting mix 48.80 Fresh raw tile 43.63 Dirty water 5.17 Electricity (kwWh) 0.73
Temporary
storage . .
. Fresh raw tile 43.63  Freshraw tile 43.63 - - - -
microcamera
curing”
Electricity (kwWh) 0.43
. . ) Heat produced by
Maturing Fresh raw tile 43.63  Rawtile 43.06 Steam 0.57 . .
the titles during -
the maturing*
. Waste
Raw tile 43.06 ] 6.25
material
) Abrasives 0.04 ) Dirty water 2.44 o
Smoothing Tile 325 Electricity (kwh) 1.25
Defective
Clean water 2.4 products - - 4.31
10%
Waste to be
] 32,5
. ) ) landfilled
End of life Landfill Tile 325
Waste to be
landfilled*
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Table 7 Input and output data for a functional unit (m?) of DL-TRA tile and DL-ECO tile*.

Life cycle By-product/waste Energy sources (fuel, electric,
y Stage Input materials (kg) Output materials (kg) v-p / . . (
phase (kg) biomass)
Extraction and quarr Solid waste Electricity, fuel
) g y Marble stones 29.93 Marble 24.56 i 5.37 y 7.49
operations to landfill (kWh)
Marble Electricity (kWh) 0.09
Marble granulate and
owder
Grinding/milling 2456 2456 - ;
Glass
Recycled
granulate and
glass*
powder*
Raw Marble Marble Marble
materials Sieving/selection granulate and  24.56 12.88 11.68
granulate powder
powder
Glass
- . Glass
Glass sieving/selection* granulateand 24.56 12.88 - -
granulate* -
powder* Electricity (kWh) 0.11
cbw .
. .. ] CDW * 31.25 Milled CDW* 31.25 - -
milling/sieving/selection*
Cement extraction and i .
. White cement  17.45 Electricity (kWh) 2.09
production
Marble Marble
Transport Marble transport 24.56 24.56 - - Fuel (km) 393.03

granulate and

granulate and
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powder powder
Glass Glass granulate

Glass transport* granulate and &

and powder

powder*

Sand transport Sand 31.25 Sand 31.25 Fuel (km) 30

P Milled COW* " Milled CDW* ' 6*

White and White and grey

Cement transport 17.45 17.45 - - Fuel (km) 445
grey cement cement
White cement  7.04
Clean water 9.81
Marble
granulate and

d
powdaer 2456
. Glass Liquid casting -
. Mixing i 83.43 - - Electricity (kWh) 0.46
Production granulate and mix
process powder*
Sand 315
Milled CDW* '
Gray cement 10.42
Pigments 0.35
. . Liquid casting . . ..
Casting/pressing . 83.43 Fresh rawtile 74.59 Dirty water 8.83  Electricity (kWh) 1.24

mix
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Temporar storage
y 'p Y . & Freshrawtile  74.59 Fresh raw tile 74.59 - - - -
microcamera curing
Electricity (kWh) 0.73
Heat produced b
Maturing Freshraw tile  74.59 Raw tile 73.61 Steam 0.98 'p . v
the tiles during the -
maturing*
Wast
Raw tile 73.61 aste 8.75
material
Abrasives 0.04 Dirty water 2.44
Smoothing Tile 57.50 Y Electricity (kWh) 1.25
Defective
Clean water 2.40 products - - 7.36
10%
Waste to be c7¢c
landfilled '
End of life Landfill Tile 57.5
Waste to be
landfilled*
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Based on the results of the Impact Assessment of the Life Cycle and considering the complete
life cycle, it shows how the production of the single and double-layered ecological tiles has an
impact in terms of the GWP, which is significantly lower than the production of the traditional
Terrazzo tiles. In particular, the production of an ecological single-layer (SL-ECO) Terrazzo tile
shows better management of waste and natural resources. Owing to the complete substitution of
traditional raw material with recycled glass; it is interesting to notice that, while this substitution
accounts for 40% of the weight of the tile manufacturing materials, the gain in terms of GWP is
just 14%, as most of the COy¢q is obtained from cement production. Also, the reduction of energy
consumption during the production process is equal to about 16%, with particular reference to the
maturing step that is performed using no additional energy but through a natural process. Overall,
the savings achieved by the single-layer ecological (SL-ECO) Terrazzo production process in terms
of CO,eq are considerable, as they account for 19%. The greatest benefits are related to the use of
recycled materials, in line with the EU policy on the circular economy in the industrial
compartment. In particular, the reduction of energy consumption related to the maturing process
amounts to about 20%, while the savings in terms of COzeq emissions is equal to 11%.

3.2.1 Interpretation

The results of the LCA study revealed that the substitution of the recycled material and the
implementation of innovative production techniques for the production of traditional Terrazzo
tiles improved the sustainability of the product in terms of GWP. The study also revealed that the
major contributor in the production of CO, was cement, single-handedly accounting for 60% to
75% of the total CO, output. In this view, to improve the efficiency in terms of the GWP of an
ecological tile, major efforts should be addressed on the reduction of the cement fraction or even
its substitution with new binding techniques.

How can this innovation contribute to the Terrazzo tiles market, and in which way does this
improvement compare with the environmental impact of the traditional ceramic tiles? To answer
this question, it would be useful to quantify the production and sales volume in the Terrazzo tile
marketing sector. However, these parameters are very difficult to be accounted for due to the lack
of national economic statistics, as this is considered to be a niche market compared to the ceramic
tile market. There is no actual commercial classification regarding the Terrazzo tile firms present in
Italy. The closest market macro-category that includes Terrazzo tiles is the Hard Flooring category
(HFC), with Italy and Spain contributing for 41% and 34% to the whole European natural and
agglomerated stones market, respectively [44]. In this data, the relevance of the production of
Italian stone tiles in the European market is highlighted, but it hardly defines the share volume and
the spread of the Italian Terrazzo tile production. According to a survey conducted by the authors
on the tile retailers during the preliminary phases of the ecological tile production, there was a
modest market demand for traditional cement-tiles: from a minimum of 5-10% to a maximum of
20% of the entire tiles market, albeit it showed an increased demand in recent years. In Italy, the
geographic areas with a higher demand for cement-tiles are in the metropolitan areas of Milan
and Rome [45-46]. Additionally, cement-based tiles are required for restorations in non-
urban/rural areas, where the floorings of old houses are often made up of cement-tiles and/or
Terrazzo tiles.
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A comparison with ceramic tiles, although useful, could be misleading since the two products
widely differ in terms of components and production processes having unique performances,
market value, durability, and product lifespan. In particular, the thickness of the product proved to
have a great impact on the LCA results because the Functional Unit (f.u.) used for the LCA
calculations in the flooring material is the paving surface (m?) and not the product volume (m3);
thus, the thicker the product is, a higher quantity of raw/second raw material is considered in the
LCA analysis. This is also the main reason why, while accounting for about the same percentage of
the recycled waste, and also adding the CDW, the DL-ECO (2.3 cm thick) has a higher impact than
an SL-ECO (1.3 cm thick) or a common ceramic tile (which is only about 0.3 cm thick). This
evaluation completely disregards the greater waste content (in weight) of the double-layered
ecological tiles. This is done in the understanding that all the waste produced would be re-
introduced in the production system, a perspective that does not appear to be very realistic
presently, but can be set as a future objective.

This work, aimed at evaluating the production of Terrazzo tiles as a greener choice compared to
the traditional tiles, while at the same time demonstrating that these products result to be
mechanically/physically performant. The DL-tiles production resulted in being more compliant
than the SlL-tiles to both the mechanical tests performed (i.e., breaking strength and breaking
load). This can have important implications in terms of the re-utilization of waste materials. For
instance, we need to consider that the DL-tiles also account for the high content of CDW materials,
in addition to the glass waste. This provides a feasible upcycling application for the CDW, from the
alternative to backfilling. Currently, landfill disposal should be avoided for the majority of wastes,
also due to the possibility of leaching waste materials into water beds. More severe legal
restrictions in all industrial countries must be implemented due to the growing hostility of
populations, but more importantly, for the environmental costs of landfill disposals [47].
Furthermore, it is necessary for more hazardous waste components to search for new
technologies and applications that can immobilize them in a cementitious matrix, but also in
polymeric or glass and glass-ceramic matrices [48-50].

Recent studies deal with different techniques that enable us to meet these needs, including
solidification within the concrete, leaching with acids and other solvents, sintering, and
vitrification [51-52]. For example, vitrification is taken as the preferred treatment as it is
supported by studies indicating it as the most promising waste management technique that
produces a stable vitreous material, can provide chemical stability, immobilizes toxic elements
(e.g., Cd, Ni, etc.) in the glass structure, and decomposes the dioxins [53]. Thus, it allows the
conversion of waste into more stable and glassy products, with the possible additional
modification of the starting composition having glass-forming additives or with other waste
materials that could be more suitable to promote the vitrification process.

3.3 Mineralogical and Chemical Characterization at The Waste Interface

After the development of the product, further tests were carried out to investigate whether the
fine waste glass fractions could be added to cement having different fillers to prospectively
produce different types of Terrazzo tiles.

With this aim, in addition to the ECO-Terrazzo tile with waste glass denominated as Glass Tile,
other two varieties (Marble and Quartz Tiles) were produced for comparison during this project. In
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different cases, the fine fraction consisted of high-grade marble powder (Marble Tile), marble
powder and quartz sand (Quartz Tile), and glass waste powder (Glass Tile), respectively. The three
tiles were analyzed by X-Ray Powder Diffraction (XRPD) and Scanning Electron Microprobe (SEM)
to investigate the different features related to the distinctive interfaces (the contact surface
between the waste glass granulate and matrix) and the stress on the feasibility for producing high-
grade quality Terrazzo tiles incorporating different types of materials. For this purpose, the tiles
samples (15 x 15 x 5 mm) were checked for the presence and morphology of the mineral phases
with the help of a ZEISS Gemini SIGMA 300 FESEM (Field Emission SEM) working at an acceleration
voltage of 15 keV and with a maximum magnification of 1.2 nm.

In Figure 9, the XRPD patterns of the three different tile samples are reported. The peaks
related to the three main components (Calcite, Quartz, and Portland Cement) have been identified.
As expected, the Calcite content is higher in the Marble tiles compared to that in the Quartz and
Glass Tiles, whereas Quartz is the dominant phase in the Quartz tile. Portland Cement is present
approximately with the same quantity in all tiles (which is equal to approximately 22 (+0.5) %) and
of course, is the only crystalline component of the glass tiles.
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5000 - Ca=Calcite; Qz= Quartz; PC= Portland Cement -
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Figure 9 X-ray diffraction (XRD) pattern for the three different tile samples, Notes:
Ca=Calcite, PC=Portland Cement, Qz=Quartz.

The XRD analysis allowed the presence of other newly formed crystalline phases in the tiles to
be excluded, possibly induced by the use of different matrix compositions. The main concerns for
the use of waste glass in the production of cement-based tiles are expansion and cracking, which
might be induced by the formation of alteration products or by mechanical problems. The
introduction of large glass aggregates can enhance the chances of deleterious cracking and the
eventual failure of the surrounding matrix in the tiles. For example, as a consequence of rapid
temperature change, differential expansion or shrinkage of the glass grains occurs compared to
the matrix. For this reason, the applications for glass-bearing tiles are more suitable for internal
usage. On the other hand, to prevent potential chemical corrosion of the glass aggregates in the
concrete that may cause expansion, pozzolanic material is introduced and is applied (e.g.,
metakaolin) as a substitution for Portland cement [14 and references therein].
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By studying the SEM images of the cementitious tiles consisting of three different fillers, which
resulted in the formation of Marble, Quartz, or Glass Tiles, it was possible to analyze the interface
between the waste glass grains and the respective matrix (Figure 10, left). While both the Marble
and Quartz tiles present a well-defined boundary, the grain edges of the glass waste in the Glass
Tile are slightly less defined. This is due to the chemical affinity between the glass grains and the
glass matrix, which also formed continuity between the two components during the cutting
procedure, which was used to prepare the sample for the SEM analysis. The use of glass for the
two components (fine part and aggregate) appears to show a decrease in the possible mechanical
stress at the interface.
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Figure 10 SEM images of aggregate- glass waste interface (left side): Notes: Ca=Calcite,
PC = Portland Cement, Gl =Waste Glass; compositional profiles (right side).

However, no discontinuities between the glass grains and the matrix were observed, which
suggested a good adhesion among the components. Importantly, no cracks were observed,
indicating that the glass waste could be successfully incorporated as both as fine and aggregate
elements. The compositional trends of the major oxides for the three samples (Figure 10, right),
except for the slightly different behavior of Potassium in the Quartz tile show that the values were
comparable within the errors among the samples. This suggests that no substantial chemical
variation was seen with the distance from the glass edge, indicating that there is no formation of
alteration products at the glass/matrix interfaces in all three samples.
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4. Conclusions

The literature shows that the use of glass waste and construction and demolition waste (CDW)
in concretes indicated several critical aspects, including a high heterogeneity and variable
granulometry of the material in the case of the CDW. This result is found when introduced into a
concrete matrix, resulting in the possibility of mechanical and structural weakening due to the
waste penetrating the matrix.

Despite these risks, this study demonstrates that in a flooring product such as the Terrazzo tiles,
satisfactory properties in terms of conformity and mechanical performance can be obtained.
Along with these characteristics, the possibility of obtaining a high-grade precast product along
with ample possibilities of market customization can offer a good possibility to incorporate high
proportions of waste. This is of particular interest, while also bearing in mind that the disposal of
rubble, as well as the manufacturing of Terrazzo tile products, can be carried out on a local basis,
and therefore a much more accurate control on the waste supply takes place, while also providing
benefits for the local economy.

The advantages in terms of the LCA are obvious as far as the reduced resource depletion,
energy consumption, and the equivalent general carbon dioxide emissions are concerned. This is
particularly significant in this specific case, also in terms of the micro-curing process of these tiles.
Further improvements are expected to be added for this product when all the components of the
Terrazzo tiles, including the wastes used, are recycled locally through the introduction of a
virtuous industrial partnership. This would favor closed-loop manufacturing and would show a
decrease in the requirement of transportation of secondary raw materials. If technically possible,
an increase in the content of the waste and a reduction of the cement fraction produced or even
its substitution with new binding techniques would further improve the environmental value of
the product. This appears to be a particularly decisive objective since the Terrazzo tiles are long-
life products having wide market appreciation, and this confers a particular value to a positive Life
Cycle Assessment after waste introduction.

The industrialization of “eco”-tiles have immediately started after the test campaign results and
are thus commercialized worldwide presently, testifying to a growing interest in greener materials
for the construction sector that can fulfill the qualitative requirements of the current EU
regulations.
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