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Abstract: The increasing consumption of plastics has necessitated the need to find a sustainable
solution to reuse PET within common building materials. Recycled PET reinforcement would reduce
plastic waste that is difficult to dispose of and CO, emissions, representing a sustainable solution
for generating lighter building materials. The goal of this work was to define a new cementitious
mixture design and to study the mechanical and thermal behavior of three typologies of screeds
with fine recycled polyethylene terephthalate (PET) aggregates. A weight percentage of PET of 1%,
2%, and 3% was used. The test results for sustainable screeds (S-Screeds) with waste PET were
compared with a reference screed without the addition of plastic. In the fresh state, the workability
and the air content were measured, while in the hardened state, the density, thermal conductivity,
and compressive and flexural strength were investigated. These properties showed improvement for
some tested S-Screeds after the introduction of fine (a few millimeters in size) and irregularly shaped
waste plastic aggregates. Scanning electron microscopy (SEM) analysis showed the presence of a
release surface between the cementitious mixtures and the plastic material, even if the mechanical
interaction between the matrix and PET still existed.

Keywords: sustainable screed; fine PET aggregate; mechanical properties; waste plastic; thermal
conductivity; SEM analysis

1. Introduction

The escalating global consumption of plastic has resulted in a notable surge in plastic
waste, creating a critical environmental and health hazard [1]. Polyethylene terephthalate
(PET) has gained widespread usage among various plastic polymers [2], considering its
exceptional attributes such as robust strength, thermal stability, and chemical resistance.
Nevertheless, PET’s limited biodegradability has led to its accumulation in landfills and
marine environments, emphasizing the pressing need for immediate measures to ensure
efficient management and sustainable utilization of PET waste [3]. In the field of structural
engineering, one of the most interesting approaches to reusing PET waste, thereby reducing
the amount of plastic entering landfills, is to incorporate it within building materials such
as screeds [4]. The use of PET in cementitious mixtures offers a sustainable solution to
several environmental issues associated with cement production and use. It contributes to
the recycling of plastic bottles and the reduction in waste and CO, emissions associated
with the production of traditional materials. The lightweight nature of PET reduces the
density of the mixture, decreasing overall material use and transportation costs. In addition,
the improved durability of concrete with added PET can extend the useful life of structures,
reducing the need for frequent repairs [5]. Therefore, the use of PET in cement mixtures
on the one hand has positive aspects related to mitigating the environmental impact of
disposing of excessive amounts of plastic in landfills [6,7]. On the other hand, it has other
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positive effects related to the improvement in the mechanical and physical performance of
reinforced composites [8].

Screeds, as well as all cementitious mixtures, are materials that possess good compres-
sive strength but low tensile strength. The use of plastic materials produced by recycling
waste PET bottles could be an effective solution for overcoming this deficit in screeds. In
fact, PET has an approximately 30-times greater tensile strength than ordinary construction
screeds [9]. Therefore, the use of PET fibers could increase the flexural strength of cementi-
tious mixtures by producing a material that better resists cracking [10]. As demonstrated
by scientific literature, the stitching effect exhibited by these fibers can restrain the opening
of cracks [11,12] by delaying the achievement of the ultimate deformation and increasing
ductility and toughness [13]. Asdollah-Tabar et al. [14] discovered that the fracture tough-
ness increased by up to 8.5% and 16.3% when a percentage of 4% in weight of fine and
coarse PET aggregates was added, respectively. The benefit of the use of coarse aggregates
was more significant than that of the fine ones due to the resistance conferred by the larger
size of the aggregates. PET fibers can also be combined with other fibers or reinforcing
materials that together improve the characteristics of cementitious mixtures. For example,
by combining PET, polyethylene (PE), and polypropylene (PP), the mortar strength values
that are affected are mainly those after the first crack. In other words, until the first cracking
of the cementitious mixture, the strength is not influenced by the fiber reinforcement but de-
pends almost exclusively on the characteristics of the mortar [15]. In [1], Arulrajah carried
out a characterization of cementitious mixtures used for pavement construction reinforced
with 3% and 5% PET by mass. The use of both the plastic aggregate and that from recycled
concrete verified that there was a reduction in the resistant moduli. However, the 5% PET
mixtures with RCA and CB, stabilized with cement, exhibited physical and strength charac-
teristics that met the specifications set by road authorities for the construction of pavement
base and subbase. Fraternali et al. [16] tested the mechanical properties of fiber-reinforced
concrete and its durability in an aggressive marine environment. The experimental results
showed that the curing condition in seawater slightly modified the first-crack strength and
reduced the toughness of fiber-reinforced concrete. Several studies [17-20] have shown
that waste PET reinforcement can limit drying shrinkage, increasing the compactness of the
cementitious mixture. Fibers with a higher aspect ratio (AR) are usually more effective at
controlling cracking [11,12]. In [21], a significant reduction in the plastic shrinkage cracking
of the mortar was observed due to the increase in the volume fraction of the PET fibers
in a range between 1.0% and 1.50% for a PET fiber length of 50 mm. Instead, the plastic
shrinkage cracks completely disappeared at a fiber volume fraction equal to 1.5% and
fiber length of 50 mm. Screeds with greater resistance to cracking have greater durability
and save material through reduced casting thickness [7]. The use of PET aggregates also
confers a reduction in the thickness of screeds considering the decrease in weight due to
the lightness of this composite material. For this reason, screeds with PET aggregates could
be cast with minor thicknesses compared to the conventional ones with the same flexural
strength. Reis et al. [22] showed that the density of polymer mortars with binders, epoxy,
and unsaturated polyester was reduced by about 23% on average with the incorporation of
20% shredded PET by weight. The way in which PET can be introduced into screeds can
be different; the reinforcement can be in the form of aggregate or fiber [23-26]. In the first
case, the application of regular, circular-shaped particles [8,27-29] leads to an increase in
compressive strength reducing air content [30]. In the second case, PET fibers assume the
same role that reinforcing steel bars have within the concrete [31]. The most distinguishing
aspect of the effectiveness of these PET reinforcements within cementitious mixtures is
their geometry. In fact, having fibers that have a high aspect ratio (AR) with proper dosing
and small equivalent diameters ensures better mechanical performance [32].

In the present study, the results of an experimental campaign conducted on three
different types of screeds, with increasing amounts of fine PET aggregates, are presented.
The results of this research aim to find new benefits for the use of PET as a fine aggregate
researching the tradeoff solution for the improvement of the mechanical and thermal
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performance. The simultaneous enhancement of different physical characteristics of screeds
would make these materials useful in multiple areas of the construction industry. This
offers advantages in optimizing resources, simplifying logistics, and reducing material use
with a view to sustainability.

2. Materials and Methods
2.1. Materials
2.1.1. Screeds and PET

The screeds tested in this experimental campaign were the following:

e MT99, which is a traditional indoor and outdoor screed (TS) made of Portland cement
clinker 42.5R, sand aggregates (from 0.15-0.6 mm to 3 mm), and superplasticizer,

e  MF21, which is a self-leveling underlayment screed for interiors (IS) made of natural
gypsum binder and sand aggregates (from 0.15-0.6 mm to 1.3-3 mm),

e AR97, which is a self-levelling screed particularly suitable for underfloor heating
systems (HS) made of Portland cement clinker 42.5R and sand aggregates (from
0.15-0.6 mm to 3 mm).

In each of the three tested screeds, an increasing percentage of fine PET aggregates
was introduced.

The PET type identification code used to perform this research was 01. The PET
waste plastic material had the size of chopped particles with a flaky and irregular shape
(Figure 1a). Specifically, the size of the fine PET particles ranged in length and width
between 1 mm and 5 mm with a thickness of about 0.5 mm (Figure 1b). These plastic
aggregates were produced by shredding through industrial machines for processing and
recycling waste PET bottles. In particular, the first selection of the material to process
was made through a screening and metal detector system. The bottle label was removed
with hot water, and during the cutting phase, the material was gradually washed. The
bottles were shredded inside a blade mill, then a hopper conveyed the PET flakes to a
conveyor belt. From it, the plastic particles were led inside a flotation cell where the cap
was separated from the remaining part of the bottle.

Figure 1. Fine PET aggregates used in the experimental study: (a) top view of the particle size
obtained by shredding recycled plastic bottles; (b) measurements with a ruler (above) and a caliper
(below) of the size of the plastic aggregates.
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2.1.2. Sustainable Screed (S-Screed) Mixtures

The percentages in weight of PET used in this study were 0%, 1%, 2%, and 3%. Table 1
shows the mixtures tested.

Table 1. Design of the S-screeds analyzed in the study.

Mixture Pre-Mixed Screed Type Water (%) PET (%)

TS_OP
TS_1P
TS_2P
TS_3P

HS_0OP
HS_1P
HS_2P
HS_3P

IS_0oP
IS_1P
IS_2P
IS_3P

MT99 13

AR97 17

MF21 15

WINR O WNRFRO|WNR=O

The mixing procedure followed EN 13892-1 [33] and UNI EN 196-1 [34], which, in
Section 4, regulates the equipment to be used for manufacturing and packaging of the
specimens. Specifically, for each mixture, cementitious matrix and plastic aggregate were
combined in a bowl containing water in the percentages prescribed in Table 1. Then, a
paddle was rotated at a constant speed of 140 rpm for a mixing time of 90 s, for a total of
210 rotations.

2.2. Methods

After the blending process, the mixture at fresh state was tested to evaluate its prop-
erties. Subsequently, the fluid mixture was cast into three prismatic and three cylindrical
molds to perform, respectively, mechanical strength tests and thermal tests after 28 days.
The mixing, casting, curing, and testing phases were carried out under controlled con-
ditions of temperature and pressure of 25 °C and 1 atm, respectively. All the properties
observed in both the fresh and hardened states of the three S-screeds were compared with
those without reinforcement. In particular, the workability, air content, density, thermal
conductivity, and compressive and flexural strength were analyzed in accordance with
the relevant European UNI EN standards. Finally, scanning electron microscopy (SEM)
and optical microscopy analyses were conducted along the fracture surfaces in order to
investigate the existing interaction between PET and the cementitious screed.

2.2.1. Workability

The workability of the mixture was measured using the flow table equipment UTCM-
0660E. To perform this test, the UNI EN 1015-3 standard [35] was followed, according to
which the mixture to be tested was cast inside a truncated-cone or cylindrical mold placed
on a rigid disc plate and compacted with a pestle. With a 15% water content, the IS mixture
had a high workability, so the flow table test was performed by pouring the fresh mixture
into a cylindrical mold with a smaller diameter. After lifting the mold in a vertical direction,
the diameter value of the S-screed deposited on the rigid plate was measured. Due to the
self-levelling features of mixtures IS and HS, it was not necessary to carry out the 15 strokes
prescribed by the flow table test standard. These mixtures, only under their own weight,
were deposited on the surface immediately after removing the mold. The workability of
each mixture was measured with a standard ruler with an accuracy of 1 mm. Spreading of
the mixture deposited on the plate was measured in two mutually orthogonal directions,
and then the arithmetic mean of the two values was calculated.
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2.2.2. Air Content

This test was performed in accordance with UNI EN 1015-7 [36], which concerns test
methods for fresh mortars. The method used to determine the air content was the “pressure
method”, for which a volume of the S-screed was placed inside a specific measuring vessel.
Then, water was poured onto the top surface of the mixture, and by the application of
compressed air, the water was forced inside the S-screed, and the air was removed from
the inner pores. The pressure drop in the air chamber reflects the air content of the S-screed
specimen and was read by the indicator on the pressure gauge.

2.2.3. Thermal Conductivity

The thermal conductivity and mechanical performance of the mixtures were measured
at 28 days after casting in the hardened state. Thermal conductivity tests were performed
at the Technical Physics Laboratory, while mechanical strength tests were carried out at the
M. Salvati Laboratory of Polytechnic University of Bari.

Thermal conductivity values were obtained through the dynamic method with a
transient plane source apparatus. Using the ISOMET 2104 analyzer (Applied Precision
Ltd., Raca, Slovakia) (Figure 2b), for each mixture, three cylindrical specimens with a
dimeter equal to 100 mm and a height equal to 50 mm were tested, for a total of 36
specimens. The measurement involved applying a probe equipped with a thermocouple to
the smooth surface of the cylindrical specimen after recording a stable temperature. The
specimen surface was made flat with sandpaper by removing all asperities that may alter
the measurements. To record the correct values of the conductivity for each cementitious
mixture, the specimens were first placed in an oven at 105 °C for at least one day and
then dried in silica gel desiccators (Figure 2a) for about half a day. Through the values
of temperature and thermal conductivity, the machine also measured the parameters
of thermal diffusivity and volume heat capacity for each mixture tested. The thermal
conductivity of each mixture was assumed by considering the average value among those
of each specimen. Values too far from the arithmetic mean were discarded because they
were caused by an irregularity in the surface of the tested specimen. The roughness on
which the probe is placed is a source of error because air voids, by their nature, alter the
value of the final thermal conductivity.

(b)

Figure 2. Specimens inside the silica gel dryer (a); set up of the measurement of thermal properties
with the analyzer ISOMET 2104 (b).

2.2.4. Flexural Strength

The mechanical strength of the screed mixtures was measured through compression
and flexural tests described in EN 196-1 and EN 13892-2. The mixtures were cast in
metal molds with dimensions of 40 mm x 40 mm X 160 mm. The flexural strength tests
were performed using an Instron 5869 machine (Norwood, MA, USA) (Figure 3b). This
equipment lifts a displacement-controlled plate until the flexural strength of the individual
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beam is reached. The machine’s points of contact with the specimen consist of one central
upper roller and two lateral lower rollers (three-point flexural test). One of the support
rollers and the loading roller must be able to tilt slightly to allow an even load distribution
across the width of the specimen without subjecting it to torsional stress.

(b)
Figure 3. Strength-testing equipment: (a) Controls C300; (b) Instron 5869.

The flexural strength, Ry, was calculated in MPa using the following equation:

15.F -1
Rf=—3— o

where F is the breaking load applied to the center of the prism, [ is the distance between
the cylindrical supports in mm, and b is the side of the square section of the prism in mm.

2.2.5. Compressive Strength

The compressive strength tests were carried out using the Controls MCCC66 machine
with a C300 frame (Controls Group, Liscate, Milano) (Figure 3a) with a loading rate equal
to 150 N/s. Specifically, the compression tests were performed on the two parts resulting
from the flexural failure of the beam; of the six values of compressive strength measured
on each part of the beam, the average was calculated.

The compressive strength, R., was calculated as the maximum load F, carried by
the specimen divided by the cross-sectional area A of the specimen in contact with the

bearing plate:
R == @

During the flexural and compressive strength tests, measurements from damaged
specimens were discarded. As with the thermal conductivity test, the average values of the
three specimens (for the flexural test) and six specimens (for the compressive test) tested
for each mixture were considered. Since the data did not deviate much from the mean, it
was not considered necessary to do specific statistical analyses other than those prescribed
by the standard.
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2.2.6. OM and SEM Analysis

The observation of the specimens by optical microscopy (OM) was performed using
the Leica EZ4 HD (Leica Microsystems, Heerbrugg, Schweiz). During this test the morphol-
ogy of the fracture surfaces produced by the flexural failure of the specimens was observed.
Before the investigation, the flexural broken specimens were brought to the laboratory and
cleaned by removing any residual dust. To have a stable support surface to fix the move-
ments of the specimen during the investigation, each specimen was tested on a container
with silica gel. The objective lens was centered on a more linear and less jagged area of the
fracture surface so that all points were in more uniform focus. Finally, the focus stacking
images captured by OM were combined together and focused through the CombineZP
v1.0.0 software. To obtain a higher degree of detail on the existing interaction between
the constituent materials of the tested mixtures, SEM EVO-50XVP (LEO) (Carl Zeiss AG,
Oberkochen, Germany) was used. The SEM was equipped with an Oxford Instruments
AZTEC EDS microanalysis system with SD X-MaxN detector (80 mm?). A scanning electron
microscope is an instrument that uses an electron beam with a wavelength shorter than that
of light to obtain micrographs with a scale magnification level of 10~! to 10~°. Therefore,
through this equipment, the specimen was investigated at a higher magnification.

3. Results and Discussion
3.1. Workability

The workability results presented in Figure 4 show that as the amount of PET in
each mixture increased, the values of this property gradually decreased. Similar trends in
workability were also found in [37]. The HS and TS mixtures exhibited greater workability
than the IS mixture; the decrease in HS was less pronounced with 3% PET. The TS mixture
with 3% PET showed a sharp decrease in consistency with smaller values than the other
mixtures. The general behavior of reduced workability in each mixture was justified by the
fact that the fine PET aggregate had a very small size with irregular shape and rough edges.
The presence of edges and rough surfaces contributed to the increased friction existing
between the aggregates by reducing their movement within the cement matrix. In this
way, the aggregates had limited possibility of movement resulting in less workability of the
entire mixture.

25 I_ —&— HS
P A < 5

/
>

21 ¢ N

20 + s

Workability (cm)

18 +

17 T T 1

0.0 1.0 2.0 3.0
PET (%)

Figure 4. Experimental measurements of the workability.

3.2. Density

The density values of each mixture are presented in Figure 5.



Sustainability 2023, 15, 16692

8 of 16

E
B 1750 A R
~ ~
2 R
2 1700 A So
a T
\\
1650 - <o
1600 . . .
0.0 1.0 2.0 3.0
PET (%)

Figure 5. Results of S-screed densities.

Generally [4], the use of the plastic aggregate tended to produce a reduction in the
density of the mixture, considering that this type of aggregate has a lower weight than
natural ones. Therefore, the results showed that the HS and IS mixtures exhibited a slight
density reduction with an increase in the weight of the fine PET aggregates from 0% to
3%. The TS mixture had a different density reduction curve from the other two; in fact, the
inclusion of plastic aggregates produced a progressive density reduction of about 5% for
each increasing weight percentage of PET.

3.3. Air Content

The fresh-state tests that were performed to evaluate the consistency of the mixtures
studied included one to determine the air content. Figure 6 shows the results of the air
content of different tested screed mixtures.

-0 =TS
20 et HS
IS
18 -—
16 ="
________ (%—---—-—-0'
14
Y,
t 10
£
8 —
38 - i -
= E | — "
3 6 B . ) A
4 A A A
2
0 : . |
0.0 1.0 2.0 3.0
PET (%)

Figure 6. Air content results.

Figure 6 shows that there was a corresponding increase between the percentage of PET
and the air content of the mixtures. This direct proportionality between the air content and
the amount of PET was also observed in [38,39]. The IS and HS mixtures had approximately
similar air content. Differently, the TS mixture had an air content that was approximately
two to four times higher than that of the other mixtures. It is interesting to note that



Sustainability 2023, 15, 16692

9o0f 16

this trend in air content of the TS mixture was also related to that of the density and
workability for each percentage of PET. In fact, if the air content is higher, the density is
lower since there are more voids within the mixture. And further, the air content affects
the workability because a lower compactness of the particles pulls them away, making the
mixture disaggregated. The reason for this result is that the chemical adhesion between
plastic and cement is less than that between natural fine aggregate (like sand) and cement.
This reduced adhesion contributes to the development of air bubbles during the mixing
phase. Thus, afterwards, during the curing phase, this layer of air localized along the
contact surface between the PET and cement matrix. The concentration of air was greater
in mixtures with plastic aggregates having an angular and slightly rounded shape.

3.4. Thermal Behavior

Thermal conductivity is the ability of a body to transfer heat. A screed with higher
thermal conductivity will be able to insulate a room less by allowing heat to pass through.
This property typically depends on the internal structure of the material and on the different
bonding strength between the components of a mixture. Two materials spaced between
them by layers of air hinders the transfer of heat from one material to the other by reducing
conductivity. This is the reason why, as shown in Figure 7, the thermal conductivity in the
three mixtures tested decreases as the amount of PET increases. The IS and HS mixtures
show the same value of the thermal conductivity at 1% and 2% PET. However, the thermal
performance of the IS mixture is not much affected by the addition of PET; in fact, the trend
is stable up to 2%. For the TS mixture, on the other hand, the range from 2% to 3% PET
produces a slight variation in the property studied. Another reason for the reduction in
thermal conductivity when cement mixtures are reinforced with PET is that PET that has a
lower thermal conductivity than cement, ranging between 0.15 W/(mK) and 0.24 W/(mK).

-0 =TS
12 A— HS

-
- - e
-
~_<>.
-

Thermal conductivity (W/mK)

0 T T 1

0.0 1.0 2.0 3.0
PET (%)

Figure 7. Experimental values of the thermal conductivity.

3.5. Compressive Strength

Table 2 shows the results of the compression tests.

Table 2. Compressive strength values (in MPa) of S-screeds with increasing quantities of PET.

Mixtures oP 1P 2P 3P
TS 11.41 9.79 11.60 11.07
HS 28.42 18.39 18.56 22.02

IS 34.27 31.80 34.88 30.35
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From the values in Table 2, as the weight percentage of PET increases, in each mixture,
the compressive strength does not significantly change. In fact, the values are near to that
of the corresponding reference material in which there is not any plastic aggregate. Other
previous studies [40,41] have also stated how the use of PET in cementitious mixtures
does not produce large changes in their mechanical performance. In this study, the ana-
lyzed mixtures exhibited different compressive behaviors with increasing PET aggregate
quantities. It is interesting to note that the relationship between the compressive strengths
among the different mixtures is incremental. Specifically, the compressive strengths of
HS and IS, for each ratio of PET, were about two and three times higher than those of
TS, respectively. The mechanical parameters decreased in all mixtures except for TS and
IS 2P where there was a slight increase in strength values. It is not possible to describe
with a mathematical law the trend of resistance as a function of PET percentage. The use
of fine plastic aggregates produced from recycled plastic bottles did not always cause an
enhancement in compressive strength because the shape of the aggregates was not very
regular. Smaller PET aggregates generally exhibited better behavior than larger aggregates
in terms of compressive strength of the cementitious mixture.

3.6. Flexural Strength

The results of flexural failure tests are shown in Table 3.

Table 3. Flexural strength values (in MPa) of S-screeds with increasing quantities of PET.

Mixtures oP 1P 2P 3P
TS 3.76 2.63 293 2.54
HS 541 3.60 3.50 4.20
IS 8.23 7.15 8.28 6.69

The trend curves of the flexural strengths of each mixture are similar to those of the
compressive strength. In fact, in each mixture there is a drop in mechanical performance
with 1% PET and then a positive trend. As the percentage by weight of PET increases, the
S-screeds undergo a reduction in flexural strength that is very pronounced with 1% by
weight of PET. This happened because the geometry of the plastic aggregates was highly
irregular with a completely random aspect ratio (AR). Therefore, the introduced PET was
unable to hold together the parts of the specimen that split because of reaching the tensile
strength of the mixture. The reduction in resistance occurred for each increasing percentage
of PET except for IS_2P where a slight increase was achieved.

Figure 8 shows the flexural failure patterns of the control (0% PET) and 3P (3% PET)
specimens of the HS mixture.

3.7. OM and SEM Analysis

Optical microscopy (OM) analysis allowed the comparison of the pattern of roughness
between the two separating parts of the beam with 0% and 3% PET, respectively. By
analyzing the shape and size of the cavities generated along the fracture surfaces, it was
possible to assess the existing interaction between plastic material and cement matrix.
Figure 9 shows the fracture surfaces of the HS specimen in a way that is also representative
of the other TS and IS mixtures.

Figures 8b and 9b show that the introduction of fine PET aggregates produced an
increase in the porosity of the original cementitious material. In fact, the increase in weight
of PET from 0% to 3% enhanced both the number of cavities and their diameters. The
presence of these internal micro-porosities also produced a reduction in the compressive
strength of the S-screed. The use of very small plastic particles did not ensure stress transfer
of the mix into a larger volume of material. The material with PET presented a reduction
in mechanical strength because in areas where voids were present, stress transfer did not
occur along adjacent fibers. So generated points of weakness decreased the overall strength
of the entire mix.
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(a) (b)

Figure 9. HS fracture surface scanned by the OM: (a) Specimen with 0% PET; (b) Specimen with
3% PET.

Figure 10 shows the detail of the enlargements of some pores present along the
fractured surfaces of the specimens broken by flexural stress. It can be observed that when
the conglomerate was brought to failure, the separation of the aggregate in PET occurred
(Figure 10a). On the other hand, when only natural aggregates were used, the fracture
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surface divided the aggregate into two parts (Figure 10b). Therefore, the natural aggregate
remained integral to the cement matrix even when the ultimate strength was reached.
Instead, the plastic aggregate separated from the matrix; it represents a point of weakness.
In Figure 10a, it is possible to distinguish circular and regular pores, which were caused by
imperfections during the mixing stage, from angular and irregular pores that were caused
by the separation of the plastic PET aggregate. However, it is interesting to observe that
these circular mixing porosities generated exactly along the contact surface between PET
aggregates and the cement matrix. This suggests that already during the mixing stage,
waste plastic could not easily bond with cement. From this stage until the end of curing,
there were void areas between the PET and cement matrix.

Natural aggregate shape

(b)

Figure 10. Details of the fracture surface scanned by OM: (a) PET aggregate shape separated from the

cement matrix and voids along the PET surface; (b) natural aggregate cut into two parts that remain
bonded to the cement mixture.

Through SEM investigations, chemical and internal porosity analysis could be carried
out. Figure 11 shows the micrographs obtained from SEM investigations. This image shows
that the cement matrix (on the left) and the PET aggregate (on the right) remained two
elements separated from each other by a detachment surface.

Figure 11. SEM micrograph of the contact surface between the PET and cement matrix.

Among the tested mixtures, TS was found to be the most sensitive to plastic aggregate
reinforcement. Its performance for each property studied showed different trends than
those of the other mixtures. As the results showed, the use of fine PET aggregates had
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the great advantage of lightening the slabs on which the S-screed was cast. In addition,
although the workability was reduced, the more durable the plastic was, the more it
increased the service life of the cementitious materials. Thus, it is possible to use new
screeds in the construction world that manage to mitigate the problem of environmental
impact related to plastic disposal. Recovering some PET waste to construct new sustainable
buildings would reduce the need for natural aggregates and therefore the associated CO,
emissions for their production.

4. Conclusions and Future Research

This research investigated the effects produced by using fine recycled PET aggregates
within common construction screeds. The properties in the fresh state and hardened state
of three different screed typologies were tested. Finally, through a series of micrographs ob-
tained from light microscopy and SEM investigations, the existing interaction between the
materials was analyzed. In accordance with the results, the conclusions can be summarized
as follows:

1. The resistance of the frictional force existing between the plastic aggregates prevents
them from moving and floating freely during casting, to the detriment of workability.
To increase this property, PET aggregates with smooth, circular, and regular shapes
should be used. Only in this way can the friction forces existing between particles
be reduced.

2. Increasing the amount of PET within a screed produces a progressive reduction in
the overall density of the mixture. This is caused by the low specific gravity that the
plastic material possesses compared to natural aggregates. Therefore, the introduction
of PET within common construction screeds produces a beneficial effect in terms of
weight reduction by lightening structural elements.

3. The hydrophobicity of PET makes it a material that binds poorly with the cement
matrix. This facilitates the segregation of plastic aggregates from the mix and produces
an enhancement of existing voids along the contact surfaces between cement matrix
plastic aggregates at the disadvantage of air content. For future developments, it
would be more interesting to adopt plastic aggregates that have a regular shape and
a larger contact surface with the cement paste. In this way through friction and
mechanical interaction, the two materials would remain bonded by forming fewer
air bubbles.

4. The addition of PET produces a reduction in thermal conductivity because the thermal
conductivity is directly proportional to density and PET produces a reduction in the
density in the mixture. The increase in air content further creates air bubbles that
represent additional obstacles to the passage of heat. In fact, the latter will be forced
to take a longer and more irregular path to transfer from one surface to the next.

5. The increase in the PET aggregate amount leads to a slight enhancement in compres-
sive strength of TS and IS with 2% PET (2P). Instead, the other PET ratios show a
worst compressive behavior due to the poor mechanical interaction existing between
small, irregularly shaped particles and cement paste. For future developments to
increase compressive strength in all the mixtures, circular plastic aggregates should
be used.

6.  Cementitious mixtures, as well as screeds, have reduced flexural strength due to their
low tensile strength. The use of PET waste plastic material that possesses higher tensile
strength may contribute to the increase in tensile and flexural strength of the entire
cementitious mixture. Usually, by increasing the AR of PET particles, they would
assume the function of reinforcing fibers that hold together the fracture surfaces
generated due to the achievement of ultimate tensile strength. PET fibers would
be able to sew together the two parts of the cement paste that separate, delaying
flexural failure and increasing the strength value. Although the aggregates used in
this research did not have a fibrous geometry with high AR, the introduction of 2%
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PET in IS produced a slight improvement in flexural strength. Hence, in the mixtures
with gypsum (IS), a better interaction occurred between plastic aggregates and binder.

In conclusion, the S-screed that exhibited better mechanical behavior resulted in the IS
mixture. Increasing thermal insulation, coupled with a reduction in the weight of common
building screeds, is a big advantage in construction. In fact, with the same strengths, it
would be possible to save material by lightening structures and maintaining a high level
of thermal insulation. Through experimental results, this study aimed to show how, in
order to encourage a circular economy, one solution may be to reinforce cementitious
screeds using recycled PET. This solution would not only contribute to the reduction in
the ever-increasing amount of waste plastic disposed of in landfills but also improve the
mechanical and thermal properties of common building materials.

Future research can be carried out using fibers or aggregates produced from recycled
PET bottles by adopting more regular shapes and sizes or by increasing the amount by
weight or volume of the reinforcing plastic waste. In addition, to evaluate the long-term
durability of these screeds, it might be useful to study mechanical and physical properties
using an accelerated ageing test in a further experimental campaign.
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