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Recycling plastic waste is a major challenge today, but it also offers an opportunity to create sustainable building
products and promote a circular economy in construction. The aim of this article is to evaluate a new lightweight
plaster composite incorporating expanded polyethylene (EPE) packaging waste for lightweight steel frame (LSF)
partition walls. Mechanical and hygrothermal characterization and environmental life cycle assessment are
carried out on these composites with a replacement of up to 30% of the original raw material by volume. The
results show that the alternative plaster has 21.7% grater flexural strength in plates than required by standards.
In addition, the reduced water vapour permeability of these materials makes them more resistant to damage in
high humidity environments. On the other hand, the lightened composites have 43.9% lower thermal conduc-
tivity than the reference material, increasing the thermal resistance of LSF partition walls by 20.3%. Finally,
cradle-to-gate global warming potential is reduced by up to 30% compared with the 100% virgin EPE. These
results are encouraging and present a significant opportunity to advance the development of sustainable novel

prefabricated modular building products.

1. Introduction

Changes in consumer habits have resulted in plastics replacing other
raw materials in various applications and products [1]. However, their
non-biodegradability has several environmental consequences [2].
Globally, approximately 330 million tonnes of plastic are produced each
year, with only 9% being recycled [3]. Most plastic waste accumulates in
landfills or is illegally dumped, affecting terrestrial and marine ecosys-
tems [4]. This alarming situation highlights the need for new circular
economy models that enable responsible economic growth [5]. The
European Commission aims for a 55% recycling rate for plastic pack-
aging waste by 2030 [6]. Additionally, the Extended Product Re-
sponsibility (EPR) legislation has encouraged companies to redesign
products and select materials that promote circular economy [7].

One of the most widely produced plastics in the EU is low-density
polyethylene (LD-PE), accounting for 13.4% of total European produc-
tion, second only to polypropylene (PP) with 15.4%. LD-PE is used to
produce expanded polyethylene (EPE), a material extensively used in
packaging due to its lightness, flexibility and insulation properties. In
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Europe, 57.3% of post-consumer plastic waste comes from packaging-
related applications. Notably, 17.3% of this waste still ends up in
landfills, while 44.9% is incinerated for energy recovery [8].

Therefore, this article proposes a novel approach to redesigning
conventional plaster partition panels incorporating recycling expanded
polyethylene (EPE) waste. More specifically, it focuses on the need to
give a second life to the so-called "single-use plastics". Approximately
36% of total plastic production is used for packaging and service articles,
of which 85% becomes potential waste if poorly managed [9]. This
situation becomes even more worrying when considering that the
average use time of these plastics rarely exceeds 15-20 minutes, while
their decomposition period in the environment exceeds 150 years [10,
11].

The construction sector is a key player in the recovery and reuse of
plastic waste due to its high demand for raw materials and its crucial
contribution to the economic growth of nations [12]. Recycling this
plastic waste to develop new sustainable building materials contributes
to mitigating environmental impacts and reducing the consumption of
natural resources [13]. However, despite the significant potential of
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plastic waste as secondary raw materials, their current application is
very limited [1]. This limitation is due to problems related to the quality,
composition, and availability of recycled plastics, lack of adhesion be-
tween the binder and the addition, the required morphology of the
waste, or the need to comply with specific physical-mechanical re-
quirements [14].

Plastic wastes have been tested in developing gypsum-based modular
components without high structural requirements [15]. These compo-
nents are a potential solution for use in buildings interiors due to their
versatile applications, good hygrothermal properties and fireproof
resistance [16,17]. From an environmental perspective, their relevance
is enhanced by the lower production temperature compared to other
binders, as well as the fact that their main raw material (CaSO4—2H50) is
a by-product of many industrial processes [18]. Additionally, its po-
tential for recycling has favoured its growing application in the con-
struction industry [19]. In this context, several studies have tried to
enhance the sustainability and technical performance of this material by
incorporating single-use plastics into its matrix.

Other researchers have redesigned traditional gypsum composites by
incorporating expanded polystyrene (EPS) and extruded polystyrene
(XPS) residues, resulting in reduced density and significantly improved
thermal performance, highlighting their potential for prefabricated
products [20,21]. Recent research has further incorporated dissolved
EPS waste during plasterboard fabrication [22], enhancing the dura-
bility of gypsum-based materials against water and improving their
suitability for damp rooms. This expanded plastic waste is more
economical and environmentally friendly than traditional raw materials
like perlite and vermiculite, with no significant differences in the final
properties of the hardened gypsum composite [23]. Moreover, the
decrease in mechanical properties and ductility caused by adding
expanded waste can be significantly mitigated by incorporating recycled
reinforcing fibres [24,25].

In the last decade, manufacturers have increasingly applied poly-
ethylene foam (EPE) in construction due to its thermal properties, low
density, low water vapour permeability, and acceptable mechanical
properties [26]. Studies have focused on hygrothermal performance of
building solutions with EPE integration [27,28]. Different tests have
shown promising results for the integration of foamed polymers into
gypsum-based composites [26,29]. These studies agree that using these
materials boosts building energy efficiency, improves water properties,
reduces injury risk during installation, and increases productivity [30].

Additionally, the deterioration of ecosystems and urban environ-
ments has led to the evaluation of the physical and mechanical prop-
erties, as well as the environmental impacts, of these novel products
[31]. Life Cycle Assessment (LCA) has been applied to evaluate the
environmental impact of gypsum composites used in prefabrication with
recycled materials [32-34]. Romero-Gomez et al. found that gypsum
blocks incorporating 7.5% polypropylene and 2.5% waste fibres reduce
energy consumption and global warming potential compared to a
reference gypsum [35]. Rodrigo-Bravo et al. concluded that incorpo-
rating 4.9% recycled polyurethane foam in gypsum ceiling tiles reduced
energy consumption, CO, emissions, and water use [36]. Quintana et al.
compared traditional gypsum board to bio-based epoxy composite board
made from natural fibres, showing a 50% reduction in CO, emissions
[37].

Although previous studies have developed gypsum composites using
plastic waste and circular economy principles, none have explored
recycled EPE as partial replacement for the gypsum material. An alter-
native method is presented for recovering EPE waste from post-
consumer packaging by incorporating it into prefabricated plaster. The
main goal is to perform a complete characterization of different plaster
composites integrating several percentages of EPE in their matrix, ana-
lysing their mechanical, hygrothermal, and environmental impacts.
Unlike other research, this study goes a step further by analysing the
potential application of these EPE wastes in the production of pre-
fabricated panels, where the objective is to achieve the mechanical
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requirements of the current standards and, after a detailed study of the
physical properties, to evaluate the thermal behaviour resulting from
the implementation of these plaster composites in a lightweight steel
frame (LSF) partition wall. Finally, a comparative LCA is implemented
for a plaster plate incorporating 30% of EPE waste and a reference
plaster composite (without recycled content), both produced at labo-
ratory scale, to enhance the environmental benefits of using waste-based
plastic composites.

2. Materials and methods
2.1. Materials and sample preparation

The following raw materials were used to elaborate the composite
materials developed in this study:

e Binder: building gypsum type A according to UNE-EN 13279-1
(2009). Known as plaster, it is characterized by its fineness of
grind and whiteness. The manufacturer Placo Saint-Gobain Ibérica S.
A. (Madrid, Spain) provided the following properties: water vapor
diffusion factor (p = 6), pH > 6, grain size 0-0.2 mm, reaction to fire
Al and purity index above 92% [38].

e Tap water: drinking water from Canal de Isabel II (Comunidad de

Madrid, Spain), complying with Council Directive 98/83/EC [39]. It

has an average hardness of 58.5 mg/l CaCOs, pH of 8.15, total

chlorine content of 1.29 mg/l and electrical conductivity 188.04

uS/cm at 20°C [40].

Expanded Polyethylene (EPE): this secondary raw material has been

recovered from packaging waste. EPE is a moulded, flexible, non-

cross-linked, closed-cell foam [41] with low thermal conductivity

(48 mW/m-K), and bulk density of 0.5 kg/m?2, making it an effective

thermal and acoustic insulator. The waste was manually shredded to

a size between 1.0 and 3.0 mm. The maximum size of 3.0 mm was

selected according to the limitations established in other research

found in the literature [42], on the other hand, the minimum size of

1.0 mm was established due to the limitation in the process to obtain

the EPE waste shredded manually.

To develop the composites, the recommendations of UNE-EN 13279-
2:2014 standard [43] were followed. First, crushed EPE waste is mixed
with dry plaster powder to prevent agglomeration. This dry mixture is
then sprinkled over mixing water for 30 seconds. After 60 seconds
resting, kneading process begins, consisting of 30 seconds of mixing, 30
seconds of rest, and 30 seconds of mixing. The quantity of mixing water
was determined according to UNE-EN 13279-2:2014 standard [43],
resulting in a water/binder ratio of 0.65 for all samples, which corre-
sponds to a plastic and workable consistency by obtaining a plaster paste
diameter of 165 + 10 mm in the flow table method. The proportions of
each material used in this research are shown in Table 1.

As shown in Table 1, a progressive substitution of the original raw
materials (plaster and water) with EPE waste was implemented,
achieving a 30% volume replacement. This approach addresses the po-
tential application of these secondary raw materials to reduce natural
resources consumption in the construction sector, aligning with the
objectives of the European Green Deal for transitioning to a clean and
circular economy [44].

In all cases, the composites were left in laboratory ambient for six
days (23 + 1°C and relative humidity 55 + 5 %). Then, before testing,
the samples were placed in a drying oven (40 + 2°C) for 24 h until a
constant mass was achieved.

2.2. Experimental programme
The experimental programme (Fig. 1), began with the design and

manufacture of the composites, followed by their physical-mechanical
characterisation. This characterisation included mechanical resistance
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Table 1
Dosages of the composites used in this investigation.
Type Mass ratio (g) Volume ratio (%) Setting time (min)
Plaster Water EPE waste Plaster Water EPE waste
P0.65 1000.00 650.00 — 60.6 39.4 — 14
P0.65-7.5% 925.00 601.30 0.75 56.1 36.4 7.5 12
P0.65-15.0% 850.00 552.50 1.50 51.6 33.4 15.0 12
P0.65-22.5% 775.00 503.90 2.25 47.1 30.4 22.5 11
P0.65-30.0% 700.00 455.20 3.00 42.6 27.4 30.0 10
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Gypsum binder (Type A “Plaster”)
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Fig. 1. Methodology followed for the research development.
tests, analysis of hygrothermal properties and a viability study for pre- 2.2.1. Mechanical characterisation
fabricated plates. Subsequently, a LCA was conducted on the reference
sample and the composite with the highest EPE waste content. This e Surface hardness, determined with a Shore C hardness tester
approach evaluates the feasibility of using these composites in pre- following UNE 102042 [45] on standardised RILEM samples (4 x 4 x
fabricated construction systems and addresses plastic waste manage- 16 cm®). Measurements are taken on two plane-parallel faces that

ment for construction applications.

were in contact with the mould, with five measurements per face
across three samples of each dosage (Fig. 2(a)).

Fig. 2. Pictures of some of the tests carried out in this research: (a) surface hardness, (b) flexural strength, (c) flexural strength in plates, (d) thermal conductivity.
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e Mechanical strength, evaluated for flexural and compressive strength
according to UNE-EN 13279-2 [43] using six samples (4 x 4 x 16
cm®) for each dosage. A hydraulic press model AUTOTEST 200-10SW
was used to apply a progressively constant load until samples failure,
at speeds of 10 N/s for bending and 20 N/s for compression (Fig. 2
(b)).

e Maximum breaking load in plates, determined on plates measuring 40

x 30 x 1.5 cm®, with six samples tested per plaster type. Following

the UNE-EN 12859 standard [46], the minimum breaking load for

prefabricated plates is established at 0.18 kN. It is performed with
the help of a PACAM MPX-22 equipment, applying a progressive load

until breakage (Fig. 2(c)).

Impact hardness, in accordance with UNE-EN 12859 standard [46] by

measuring the average diameter of the footprint produced by a 5 cm

diameter steel sphere dropped from 50 cm onto the plaster plate. Five
measurements are taken across three plates for each dosage.

e Scanning electron microscopy (SEM), conducted on the sample with
the highest EPE waste content to analyse its integration in the matrix.
TESCAN VEGA Generation 4 scanning electron microscope with an
energy dispersive detector model was used. The EDX Oxford ISIS-
Link software facilitated the acquisition, processing, and evalua-
tion of the analyses of samples. Fragments were obtained from within
sample, without altering the surface texture, and were coated with a
thin gold layer using a Cressington 108 metalliser.

2.2.2. Hygrothermal properties

e Water absorption by capillary action, applying the UNE-EN 1925
standard [47] by immersing 4 x 4 x 16 cm® samples vertically in
water to a depth of one centimetre. The samples are placed on a grid
to favour capillarity absorption through its square face (4 x 4 cm?).
Initial dried samples are recorded, along with weights after immer-
sion for 1, 3, 5, 10, 15, 20 and 40 minutes, allowing calculation of
water absorbed per unit of surface area over time.

Permeability to water vapour, determined using the vase method [48].
Circular test samples (1.5 cm thick) are placed in airtight containers
with a water-saturated potassium nitrate (KNO3) solution. The as-
sembly is sealed with silicone to ensure vapour migration across the
sample, maintaining a distance of 1.5 + 0.5 cm between the sample
and the solution. The weight of the assembly is recorded weekly for
eight weeks to measure water vapour permeability under controlled
humidity and temperature conditions.

Thermal conductivity, evaluated using the guarded hot plate method
[49]. Samples (15 x 15 x 2 cm?) are tested with a A-Meter EP500e
equipment at temperatures of 10°C, 25°C, and 40°C, measuring
under steady conditions for 90 min at each temperature. Results are
expressed as a thermal conductivity value obtained at 10°C based on
a regression line of the three measurements (Fig. 2(d)).

Bulk density, determined as the mass-to-volume ratio [45]. The mean
value was determined from three prismatic samples (4 x 4 x 16
cm®). Mass is measured with an electronic balance (accuracy 0.01 g),
and volume was obtained using a calliper (accuracy 0.01 mm).

2.2.3. Numerical simulations

To evaluate the benefits of the new developed gypsum composites
plasterboards when assembled to the lightweight steel framed (LSF)
partition walls, some simulations using THERM finite element software
were conducted and their thermal performances were compared. Mak-
ing use of these two-dimensional THERM models, the thermal re-
sistances (or R-values) were computed and the thermal performance
improvements quantified.

The partition LSF wall is modelled with the new composite panels,
having the lowest thermal conductivity (expected to be the P0.65-30%),
as the finishing layer and compared to the reference plaster panels
(P0.65). The steel studs are non-load-bearing ones, having a C-shape
profile with the following cross-section dimensions C90 x 37 x 15 x 0.6
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mm. Moreover, it was assumed that these steel studs are spaced 400 mm
apart. Therefore, the length of the LSF model is the same (400 mm),
being the steel profile at the middle length (or centre) of the model. As
usual, the air cavity of this LSF partition is full filled with mineral wool
insulation, improving both thermal and acoustic performance [50].

Regarding the boundary conditions, it was assumed an environ-
mental air temperature of 25°C in one side of the partition wall and 15°C
on the other side. Moreover, the surface thermal resistances were set at
0.13 m2?eK/W on both sides of the wall, as recommended by the Spanish
CTE DB-HE standard [51] for envelopes in contact with indoor
environment.

Regarding the implemented model’s accuracy, notice that the au-
thors have a large experience in modelling the thermal behaviour of LSF
walls, as can be checked in previous scientific publications in interna-
tional journals [50,52-55]. The maximum error in the THERM algo-
rithm was set to 2%. Additionally, several verifications were performed
to ensure the reliability of the computed values. First, notice that the
THERM finite element method (FEM) algorithm is in compliance with
the ISO 10211 standard [56], being classified as a steady-state high
precision software. In this context, to ensure not only the accuracy of
this FEM algorithm, but also the author’s ability to correctly model using
this software, the two test-cases displayed in Annex C of ISO 10211
standard [56] were modelled. These Annex C reference values were
compared to the ones obtained by the authors and an excellent agree-
ment between both were found [53].

Additionally, the 2D FEM models’ reliability was checked by
comparing the numerical results computed for a simplified model of the
same LSF partition wall containing only homogeneous layers (i.e.,
without the steel frame). In these walls, having homogeneous layers,
there are analytical solutions in standard ISO 6946 [57], which are easy
to calculate based on the material thermal conductivities and thickness
of each layer. Table 2 displays the thermal transmittances (U-values)
calculated making use of analytical formulas [57] and computed by
THERM simplified models (neglecting the steel frame). Once again,
these results certify the high accuracy of the THERM software algorithm,
as well as the authors’ skills to correctly use it.

Notice that the THERM models are two-dimensional, instead of
three-dimensional as real LSF walls and, therefore, the influence of some
steel frame components, such as the bottom and upper tracks, are
neglected. Moreover, the gypsum plasterboard fixing screws, which
could originate some punctual thermal bridges (steel screws), are also
neglected. Additionally, real building components (e.g., walls) are sub-
jected to transient thermal conditions, while our THERM models per-
formed a simplified steady-state thermal analysis.

2.2.4. Life cycle assessment

The environmental impacts of a plaster partition panel are assessed
following the Life Cycle Assessment (LCA) methodology [58,59]. LCA is
organized into four interrelated phases: goal and scope definition, in
which functional unit and system boundaries are defined; life cycle in-
ventory (LCI), which involves data collection and calculation procedures
to quantify relevant inputs and outputs of material and energy in the
product system,; life cycle impact assessment (LCIA), which evaluates the
potential environmental impacts using the results of the LCI analysis;
and interpretation, in which the results of the impact assessment are
interpreted, and opportunities for improvement are identified.

A cradle-to-gate LCA was developed for a lab-scale plaster partition

Table 2
Thermal transmittances computed for simplified wall models assuming homo-
geneous layers.

Wall Configuration (Without Steel Frame) U-Value (W/m2.K)

Analytical THERM
P0.65 sheathing plates 0.3340 0.3340
P0.65-30% sheathing plates 0.3204 0.3204
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panel incorporating 30% by volume of EPE waste, and a sample as Table 3
reference was produced with 100% plaster. Since the product is still in Life cycle inventory of mass required for FU of P0.65 and P0.65-30%.
the early stage of development (lab-scale), the potential end-of-life Samples Plaster (kg) Water (kg) EPE waste (kg)
environmental impacts are very difficult to predict, so this stage was
. I o P0.65 [Ref.] 19.2000 12.4800 —
not included, due to the unavailability of specific data, such as the P0.65-30% 13.4400 8.7400 0.0578

recycling processes. The functional unit (FU) is defined as 1 m? of plaster
panel to be used on a partition wall. The selected functional unit allows
for comparison with other studies and materials intended for the same
function, regardless of differences in product dimensions. Fig. 3 presents
the system boundaries of the reference P0.65 and P0.65-30% samples. It

Table 4
Energy consumption per FU required to produce recycled EPE.

includes raw materials (production/transformation and transportation), Product Process Electricity (kWh) Reference

and energy used to produce the plaster partition panel. The raw mate- Recycled EPE Bale opening 0.0010 [60]

rials used are water, plaster (P0.65), and recycled EPE (P0.65-30%). The Ezi:rishin 8‘8822

cut-off system model is considered, which means that the recycled ma- Optical sepagration 0.0062

terial only accounts for the impacts of the recycling process and does not Compaction 0.0019

consider the impacts from its previous life (virgin EPE production). The Washing 0.0102

EPE recycling process was modelled based on the study from Martin- Drying 0.0105

Lara et al., in which the authors conducted an LCA of mechanical recy- Gridding 0.0036

cling of post-consumer EPE flexible films in Granada (Spain) [60]. The

EPE recycling comprises sorting and washing processes. The sorting

process includes the bale opening followed by a drying process. Then, Table 5

the material is pre-crushed, and optical separators eliminate the impu- Energy consumption per FU required to produce P0.65 and P0.65-30% plaster

rities, such as paper, textiles, and other plastics. The wash process starts partition panels.

with the plastic undergoing a wet grinder, where its size is reduced, Product Process Electricity (kWh) Reference

washed by decantation basins and centrifugal washers, and dried by air P0.65 [Ref.] Mixer 0.0253 [35]

heated through electrical resistance and mechanical drying. Addition- Former equipment 0.0881

ally, the transportation from the recycling facility to the plaster partition Curing 0.0348

panel production site is accounted for, with an assumed distance of 50 P0.65-30% Mixer ) 0'0240

km. The production of plaster partition panel was based on a study from Ez::legr equipment 8:11322;

Romero-Gomez et al., which involves mixing the dry raw material and

gradually adding water (0.65 water/plaster ratio) until it reaches a

homogeneous state [35]. The mixture is then placed in the mould, energy consumption per FU required to produce recycled EPE and the

removed after 24 hours, and placed in a dry chamber. It is assumed that energy required to produce P0.65 and P0.65-30% plaster partition

the plaster is made on-site at the plasterboards manufacturing facility, panels, respectively. The data on the recycling process of EPE was

eliminating the need for transportation. Production consists of dehy- extracted from previous research [60]. The Spanish electricity mix from

drating the plaster in rotary kilns, followed by adding additives. the Ecoinvent v3.9 database [61] is adopted as the plaster partition
Table 3 depicts the mass inventory data to fulfil the FU for the plaster panel samples are produced in Spain. The LCIA of the plaster used in the

partition panel samples. The inventory of electricity used is scaled-up samples was collected from the Environment Product Declaration (EPD)

data from industry data based on literature. Tables 4 and 5 present the [62]. Waste management and the production of packaging are also

considered. The water data was collected from the Ecoinvent v3.9

P0.65 Energy Energy Energy l Plaster partition panel | !
Water |
Mixer Former Curing § :> i
Gypsum CquIpMmCnS i ! f
System boundary Water Functional Unit (1 m?)
P0.65-30% Energy Energy Energy
5 Gypsum l l l
Water
I Mixer H e;ﬁ;ﬁfm ]—[ Curing
Sorting Washing Recycled
EPE l
System boundary Water

Fig. 3. System boundary of the production P0.65 and P0.65-30.0% samples.
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database.

The LCIA impact categories selected are climate change (CC), ozone
depletion (OD), resource use, fossil (Ruf), resource use, minerals and
metals (Rum), and water use (WU). These categories were selected ac-
cording to the EPD of gypsum production [62], and the categories rec-
ommended by the Product Environmental Footprint (PEF) [63]. Except
for water use, the selected categories present the most robust methods
according to the PEF classification [64]. Water use was selected due to
the high quantity used to produce the novel composite. Nonetheless,
these categories have been widely used to evaluate composite materials,
particularly in the construction sector. The Environmental Footprint
(EF) 3.1 method assessed the environmental impacts. The analysis is
performed via SimaPro v.9.5 using Ecoinvent v3.9 cut-off database data.

3. Results and discussion
3.1. Mechanical characterisation

Fig. 4 shows the results obtained for the mechanical tests conducted
on standardised samples of 4 x 4 x 16 cm®.

Partially replacing the original plaster material with EPE waste re-
sults in a decrease in the surface hardness of the composites. Thus, as
shown in Fig. 4, there is a decrease of 8.6% in the Shore C hardness for
the P0.65-30% sample concerning the reference (P0.65). This decrease
in surface hardness has been observed in previous research where plastic
additions were used, such as the addition of shredded cable waste [65]
or expanded polystyrene [20]. Furthermore, as reported in previous
studies, this reduction in surface hardness is linked to a lower
compressive strength [66].

Regarding the flexural and compressive strength of the newly
designed composites, Fig. 4 shows that the minimum values established
by the current standards were exceeded in all cases. As with the surface
hardness, when replacing the original plaster material with EPE waste,
there is a decrease in the flexural and compressive strength of the
composites. This effect is due to the lower density and mechanical
strength of the EPE waste compared to the original gypsum material, so
that when incorporated as an addition to the composites, a more het-
erogeneous matrix is generated which may have preferential breaking
points. Thus, in the most unfavourable case (P0.65-30%), the reduction
concerning the material without additions was 37.5% for the flexural
strength and 45.0% for the compressive strength. A similar effect has
been observed in previous research, as presented in Table 6, where a

—
!\)
o

Results in Engineering 24 (2024) 103535

Table 6
Flexural and compressive strength for related studies with gypsum-based ma-
terials and plastic wastes.

Reference Waste* Addition Flexural Compressive
Strength Strength (MPa)
(MPa)
This study EPE 30% vol.  2.98 5.11
(P0.65-
30%)
[21] XPS 4% wt. 1.68 2.07
[67] PP 10% vol.  2.40 7.30
[68] CA 3.5% wt.  2.40 7.06
[65] Cable pellet 70% vol. 2.30 5.20
[69] Polycarbonate 40% wt. 2.61 7.63
[66] ELT rubber 30% vol. 2.25 4.35
[70] HDPE 10% vol.  3.34 7.88
[20] EPS 3% wt. 1.62 3.06
[16] EPS 26.5% 3.79 6.26
dissolution wt.

* Note: XPS (expanded polystyrene), PP (polypropylene), CA (cellulose ace-
tate), ELT (end-of-life tyre), HDPE (high-density polyethylene), EPS (expanded
polystyrene).

comparative review has been conducted.

Table 6 shows that the values obtained in this research align with
those obtained in previous research. From the perspective of the func-
tionality required for these construction products, analysing the me-
chanical properties is fundamental to promoting their application in the
building sector. Fig. 5 shows a scanning electron microscopy analysis of
the P0.65-30% sample to visualise the effect of integrating EPE waste
into plaster composites. This dosage was selected because it was
considered the most unfavourable in terms of mechanical resistance and
the most beneficial in terms of thermal and environmental performance.

As presented in Fig. 5(a), the EPE waste integrates well into the
plaster matrix. Some pores generated during the setting process can be
observed. Pedreno Rojas et al. (2019) observed similar behaviour when
incorporating polycarbonate waste, with the pore size increasing as
larger particles were added [71]. Fig. 5(b) shows the good adhesion
between the recycled material and the matrix. The formation of the
typical dihydrate crystals (CaSO4—2H>0) generated after the hydration
of the plaster can be seen, which present a characteristic acicular
morphology [72]. The formation of these crystals at the plaster-EPE
interface is also visible, which makes it difficult to pull out the residue
after flexural breakage [67,73].

._
g
<}

Mechanical Strength (MPa)

1 MPa (Flexural strength)

90

Surface Hardness (Shore C units)

0.0 P0.65-22.5% P0.65-30.0%
Flexural Strength 3.13 2.98
Compressive Strength 6.31 5.11
---@-.- Superficial Hardness 76 74

Fig. 4. Results for mechanical tests, including minimum values from EN 13279-2.



D. Ferrandez et al.

Plaster matrix

Results in Engineering 24 (2024) 103535

P N
). 7! CaSOr_szO?
fooherystals

L/

AUy

<
T
g S5

EPE waste

(b)

Fig. 5. SEM analysis of the sample P0.65-30%.

Finally, as highlighted in the literature [74,75], it is convenient to
conduct mechanical tests on larger samples to better analyse their
behaviour in commercially sized elements. Thus, Fig. 6 presents the
results of tests performed on plaster partition panels made at laboratory
scale and with dimensions of 40 x 30 x 1.5 cm®.

Aligned with the results obtained in Fig. 4, Fig. 6 shows how the
progressive incorporation of EPE waste produces a significant decrease
in the flexural strength. Thus, the maximum ultimate load that P0.65-
30% samples were able to withstand was 0.23 kN, 47.7% lower than that
obtained by the reference sample (P0.65). However, as in the standard
EN 13279-2 test, all the tested plates exceeded the minimum breaking
load established by the standard by 0.18 kN. This reflects the viability of
these composites for use in manufacturing prefabricated boards and
panels. These mechanical test results align with those obtained in other
studies where LDPE waste from single-use bags [29] or discarded CDs
and DVDs [76] was added.

On the other hand, Fig. 6 also includes the results obtained for the
impact resistance test. It can be seen that by replacing the original
plaster raw material with EPE waste, the plaster composites can better
absorb the impact after the test. Thus, the diameter produced by the
steel sphere on the plates increased by 16.8% for the P0.65-30% com-
posite for the P0.65% reference. Furthermore, it was observed that the
plates with an addition of 15% EPE waste did not break during the test,
maintaining their integrity. A similar result was observed in a previous

investigation when incorporating recycled rubber waste aggregates
from discarded tyres [66].

3.2. Hygrothermal properties

Water absorption by capillary action was determined to evaluate the
hygrothermal properties of composites. These results are shown in
Fig. 7.

As shown in Fig. 7, the capillary water absorption of these composite
materials reduces as the replacement of the original plaster material
with EPE waste increases. Thus, at the end of the test, the P0.65-30%
sample absorbed 33.8% less water than the P0.65% reference sample.
Therefore, there is a tendency for water absorption to decrease as the
recycled content of the samples increases. This effect attributed to the
impermeable nature of this plastic waste has already been observed in
other investigations on gypsum materials with the addition of recycled
rubber aggregates [77] or HDPE recycled aggregates [70]. Thus, this
research reinforces the idea reflected in the study of Vidales et al. (2020)
on the possibility of using recycled plastics to improve the water resis-
tance of gypsum composites [30].

Gypsum composites are characterised by their good hygrothermal
regulation capacity [72]. However, in certain geographical regions, it is
desirable to reduce the water vapour permeability to avoid condensation
and mould on the plasterboards surface [78]. Fig. 8 shows the effect of
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Fig. 6. Results for maximum ultimate load and impact strength of precast plates.
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Fig. 7. Capillary water absorption of plaster composites.

the partial replacement of the original plaster raw material by EPE waste
on the water vapour permeability of the composites.

As seen in Fig. 8, adding EPE waste leads to a decrease in the water
vapour permeability of the plaster composites. The test was carried out
for eight weeks under controlled conditions of relative humidity (58.7 +
2.7 %) and temperature (21.5 + 3.3°C), all samples subjected to the
same environmental conditions. Thus, a decrease of up to 19.7 % in
water vapour diffusion was observed for the P0.65-30% sample
compared to the reference plaster. This effect reinforces the idea pre-
sented by Zaragoza-Benzal et al. in their research, where the possibility
of developing prefabricated elements for wet rooms by partially
replacing the original plaster material with plastic waste was addressed
[22]. Thus, incorporating EPE waste would broaden the application field
of conventional gypsum materials, allowing their use in the fabrication
of partition panels for high-humidity spaces, without the need for special
surface treatments and, thereby, reducing execution time and costs.
Thermal behaviour of the new plaster composites was also analysed.
Fig. 9 shows the results for thermal conductivity and bulk density of
each dosage used in this research.

Asseen in Fig. 9, there is a progressive decrease in the bulk density of
the plaster composites as the EPE waste content increases. Thus, the
P0.65-30% sample has a density of 986.3 kg/m?, representing an 18.7%

0.12
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decrease compared to the original material without additions, P0.65.
Therefore, as stated in the UNE-EN 14246:2007 standard, these newly
developed composites can be used to manufacture lightweight parti-
tions. A similar effect was obtained by Alvarez et al. by adding light-
weight fillers to develop new composites for building applications [79].
In the same way, and in agreement with the results obtained by San
Antonio et al., this decrease in bulk density led to a reduction in the
thermal conductivity of the developed composites [21]. In this sense, the
thermal conductivity of the P0.65-30% composite was 172.5 mW/m-K,
which represents a decrease of 43.9% compared to the traditional ma-
terial. These results align with those obtained by other researchers, as
shown in Table 7.

3.3. Numerical simulations

Some numerical simulations were carried out to determine the in-
fluence of the new plaster composites on the thermal performance of a
building partition using THERM software. Light Steel Frame (LSF) wall
partition (Fig. 10) was modelled in the software. Fig. 10 also shows the
thicknesses and thermal conductivity of the wall materials.

As shown in Fig. 10, the thermal resistance of a partition wall made
with P0.65-30% increases by 20.3% compared to the reference material
without EPE waste. The results obtained after this simulation position
the new composites developed in this research as a viable solution to
improve the thermal performance of building systems. The fact that
buildings account for approximately 32% of the world’s total energy
consumption highlights the need to develop enclosures with greater
thermal resistance [80]. For this reason, although the development of
these new sustainable materials with lower thermal conductivity can
currently be considered a potential source of competitive advantage,
they are increasingly becoming necessary to move towards net-zero
energy buildings [81].

3.4. Life cycle impact assessment

Fig. 11 presents the comparative LCIA results for climate change,
ozone depletion, resource use -fossil, resource use - mineral and metal,
and water use for the partition panel made with 100% plaster and the
alternative by replacing 30% plaster with recycled EPE.

Comparing the results shown in Fig. 11, partially substituting plaster
reduces environmental impacts by approximately 30% for all impact

90
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Fig. 8. Water vapour permeability obtained for the plaster composites.
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Fig. 9. Thermal conductivity and bulk density of the plaster composites.

Table 7
Bulk density and thermal conductivity for related studies with gypsum-based
materials and plastic wastes.

Reference Waste Addition Bulk density Thermal Cond.
(kg/m) (mW/mK)
This study EPE 30% vol. 986 173
(P0.65-30%)

[21] XPS 4% wt. 730 89

[68] CA 3.5% wt. 1186 325

[65] Cable pellet 70% vol. 1015 246

[69] Polycarbonate 40% wt. 1190 177

[66] ELT rubber 30% vol. 1060 168

[701 HDPE 10% vol. 1040 190

[29] LDPE 3% wt. 1035 270

[16] EPS 26.5% 746 80

dissolution wt.

*Note: XPS (extruded polystyrene), CA (cellulose acetate), ELT (end-of-life tyre),
HDPE (high-density polyethylene), LDPE (low-density polyethylene), EPS
(expanded polystyrene)

categories. The highest impact in climate change, resource use - fossil,
resource use — mineral and metal, and ozone depletion is due to plaster
production, representing more than 90% of the total impacts and almost
100% for OD. The highest contribution to water use is the water (90%)
used in plaster partition panel manufacturing. The EPE recycling impact
represents less than 1% for ozone depletion, 1% for climate change and
resource use — fossil, and 2% for Rum and water use. The impacts of the
energy used in the plaster partition panel production account for 2% of
climate change and resource use - fossil impacts, 4% for water use in
both samples and 5% (P0.65) and 4% (P0.65-30%) for resource use —
mineral and metal. The transport impact represents less than 1% for all
categories. Therefore, incorporating recycled EPE reduces the environ-
mental impacts by decreasing the plaster manufacturing process bur-
dens, due to less virgin raw material needed. Furthermore, the burdens
of recycled EPE are low since it only accounts for the recycling process
(sorting and washing) of the EPE waste to be used as secondary raw
material.

To compare the benefits of replacing 30% plaster with recycled EPE,
the results were compared with those from a similar study by [35]. They
compared the environmental impacts of a conventional plaster partition
panel (AGB-Reference) and an alternative incorporating polypropylene
(AGB/G/PP/7.5%) and waste fibres (AGB/G/PA6/2.5%). To compare
both studies, LCI data was adjusted for 1 m® of plaster partition panel

(FU). The system boundaries included the raw materials and energy
required to produce the plaster partition panels. It was assumed that the
plaster and the panel are produced in the same plant, so no trans-
portation is considered, and the recycled materials were collected from a
50 km distance. LCIA results were calculated for climate change. Fig. 12
shows that replacing 30% plaster with recycled expanded polyethylene
reduces climate change impacts by 48% and 46% compared to the AGB
(Reference) and AGB/G/PA6/2.5%, respectively. Compared with
AGB/G/PP/7.5%, the reduction was 41% for the sample P0.65-30%.
These results demonstrate the environmental benefits of incorporating
recycled materials and the feasibility of EPE waste as an additive for
manufacturing lightweight plaster partition panels.

4. Conclusions

This article addresses the problem of managing single-use plastic
waste, highlighting the potential of these secondary raw materials to
develop sustainable construction products. It represents a breakthrough
in developing new composite materials for lightweight plaster partition
panels. The main findings are summarised as follows:

e The flexural and compressive strength of all tested composites
exceeded the minimum values established by current standard [43].
However, P0.65-30% sample showed a decrease of 37.5% in flexural
strength and 45.0% in compressive strength compared to the refer-
ence. Surface hardness was less affected, with a slight decrease of
8.6% with respect to the reference material.

o In 40 x 30 x 1.5 cm® precast plates, the composite with the highest
EPE waste content withstood a maximum bending load of 0.23 kN,
exceeding the minimum standards by 21.7%. Moreover, the pro-
gressive addition of EPE waste improved impact resistance, pre-
venting plates breakage during testing. These results were further
supported by SEM analysis, which demonstrated good waste inte-
gration in the matrix.

The performance under water action significantly improved with the

addition of EPE waste. Thus, capillary water absorption capacity

decreased progressively, with P0.65-30% composite being 33.8%

lower than the reference. Additionally, these composites are espe-

cially beneficial for damp rooms due to their higher resistance to
water vapour permeability.

o The developed composites showed their feasibility of producing
lightweight partitions with improved thermal behaviour. The P0.65-
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1 Thickness p A
, Materials (mm) (kg/m?) (mW/m'K)
P0.65 25.0 1212.5 307.4
1  Double plasterboard
P0.65-30% 25.0 986.3 172.5
‘ 2 Steel profile C90x37x15%0.6 mm 0.6 7800.0 50000.0
1 2 3 3  Mineral wool insulation 90.0 70.0 35.0
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Fig. 10. THERM simulation for thermal performance of an LSF wall partition with P0.65 and P0.65-30%.
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Fig. 11. LCIA results for the plaster partition panel production on a laboratory scale for P0.65 and P0.65-30%.

30% composite exhibited a density 18.7% lower than the reference
and a 43.9% decrease in thermal conductivity. This improvement is
evidenced by simulations using THERM software, which show that
partitions made with P0.65-30% panels increase thermal resistance
by 20.3%.

The life cycle environmental impact assessment identified plaster
production as the main contributor, accounting for 90 % of the im-
pacts across all categories, except for water use, where water con-
sumption during manufacturing is the hotspot. Partially substituting
plaster with recycled EPE leads to significant environmental benefits,
reducing the overall environmental impacts for all categories by 30%
due to the avoided use of plaster. Additionally, the environmental

10

impacts of the recycling process of EPE have a low contribution to
the total burdens. The findings demonstrated that using recycled EPE
represents a promising alternative for enhancing the sustainability of
plasterboards, reducing significant environmental impacts, and
promoting resource conservation, which aligns with circular econ-
omy and sustainable production practices.

The progressive substitution of original plaster material with
expanded plastic waste promotes a more sustainable construction in-
dustry. These materials meet current regulatory standards, enhance
hygrothermal performance and are environmentally friendly and light-
weight. Future research should focus on characterising the performance
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Fig. 12. LCIA results for the plaster partition panel production, comparing P0.65 and P0.65-30% with the results from Romero-Gémez et al. (2023) [35], which
assessed the gypsum precast (AGB Reference) and substituted gypsum by 7.5% of polypropylene (AGB/G/PP/7.5%) and 2.5% of waste fibre (AGB/G/PA6/2.5%).

of these new materials in terms of fire resistance, acoustic behaviour, as
well as to evaluate the incorporation of other polymer waste types.
Additionally, it is crucial to conduct a cost analysis to evaluate their
economic viability for commercial exploitation. It is also essential to
upscale the production of plaster partition panels by incorporating
recycled EPE, assessing alternative scenarios, for instance, the end-of-
life phase, conducting uncertainty analysis of parameters, and
comparing the developing product with conventional materials in the
market.

CRediT authorship contribution statement

Daniel Ferrandez: Writing — original draft, Software, Resources,
Project administration, Methodology, Investigation, Funding acquisi-
tion, Formal analysis, Data curation, Conceptualization. Alicia Zar-
agoza-Benzal: Writing - original draft, Visualization, Software,
Methodology, Investigation, Formal analysis, Data curation. Erika
Barrak: Writing — original draft, Visualization, Software, Methodology,
Investigation, Formal analysis, Data curation. Paulo Santos: Writing —
review & editing, Validation, Supervision, Software, Project adminis-
tration, Investigation, Data curation. Carla Rodrigues: Writing — review
& editing, Validation, Supervision, Project administration, Methodol-
ogy, Formal analysis, Data curation.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements
The authors would like to gratefully acknowledge the support and

assistance provided by Mr. Ricardo Zaragoza Oliva during the shredding
and preparation of the EPE waste used in this research. Carla Rodrigues

11

(CR) and Erika Barrak (EB) acknowledge the financial support from the
Portuguese Foundation for Science and Technology (FCT) pluriannual
funding programs with DOI: 10.54499/UIDB/50022/2020 (https://
sciproj.pteris.pt/157684UID). EB is also thankful for the financial sup-
port from FCT through the PhD grant (DOI: 10.54499/2023.05566.BD).
CR also acknowledges the financial support from FCT through a
researcher contract [2022.05561.CEECIND].

Data availability
The authors do not have permission to share data.

References

[1] P.O. Awoyera, A. Adesina, Plastic wastes to construction products: status,
limitations and future perspective, Case Stud. Constr. Mater. 12 (2020) e00330,
https://doi.org/10.1016/j.cscm.2020.e00330. Jun.

S. Bansal, S. Singh Kushwah, A. Garg, K. Sharma, Utilization of plastic waste in

construction industry in India — a review, Mater. Today Proc. (2023), https://doi.

org/10.1016/j.matpr.2023.03.693. Apr.

[3] N. Ahmed, Utilizing plastic waste in the building and construction industry: a
pathway towards the circular economy, Constr. Build. Mater. 383 (2023) 131311,
https://doi.org/10.1016/j.conbuildmat.2023.131311. Jun.

[4] A.D. Debele, S. Demeke, T. Bekele, M. Malimo, Recycling and reusing potential of
disposable low-density polyethylene plastic waste for flexible paver tile
construction for outdoor application, Heliyon 10 (8) (2024) 29381, https://doi.
org/10.1016/j.heliyon.2024.e29381. Apr.

[5] R. Hossain, M.T. Islam, A. Ghose, V. Sahajwalla, Full circle: challenges and
prospects for plastic waste management in Australia to achieve circular economy,
J. Clean. Prod. 368 (Sep. 2022) 133127, https://doi.org/10.1016/j.
jclepro.2022.133127.

[6] C.-Y. Zhang, J. Nakatani, Implications of chemical recycling of plastic waste for
climate change impacts: a critical review, Sustain. Prod. Consum. 48 (2024)
301-323, https://doi.org/10.1016/j.spc.2024.05.016. Jul.

[7] K. Tumu, K. Vorst, G. Curtzwiler, Global plastic waste recycling and extended
producer responsibility laws, J. Environ. Manage 348 (2023) 119242, https://doi.
org/10.1016/j.jenvman.2023.119242. Dec.

[8] Plastics Europe, “The circular economy for plastics. A European analysis,” 2024.
[9] V.F. Arijeniwa, et al., Closing the loop: a framework for tackling single-use plastic
waste in the food and beverage industry through circular economy- a review,

J. Environ. Manage 359 (2024) 120816, https://doi.org/10.1016/j.
jenvman.2024.120816. May.

[2

—


https://sciproj.ptcris.pt/157684UID
https://sciproj.ptcris.pt/157684UID
https://doi.org/10.1016/j.cscm.2020.e00330
https://doi.org/10.1016/j.matpr.2023.03.693
https://doi.org/10.1016/j.matpr.2023.03.693
https://doi.org/10.1016/j.conbuildmat.2023.131311
https://doi.org/10.1016/j.heliyon.2024.e29381
https://doi.org/10.1016/j.heliyon.2024.e29381
https://doi.org/10.1016/j.jclepro.2022.133127
https://doi.org/10.1016/j.jclepro.2022.133127
https://doi.org/10.1016/j.spc.2024.05.016
https://doi.org/10.1016/j.jenvman.2023.119242
https://doi.org/10.1016/j.jenvman.2023.119242
https://doi.org/10.1016/j.jenvman.2024.120816
https://doi.org/10.1016/j.jenvman.2024.120816

D. Ferrandez et al.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[271

[28]

[29]

[30]

[31]

[32]

[33]

Y. Sun, H. He, Understanding consumers’ purchase intentions of single-use plastic
products, Front. Psychol. 14 (2023), https://doi.org/10.3389/
fpsyg.2023.1105959. Feb.

T. Ekvall, C. Liptow, and S. Miliutenko, “Single-use plastic bags and their
alternatives - Recommendations from Life Cycle Assessments,” 2020.

H.M. Hamada, et al., Enhancing sustainability in concrete construction: a
comprehensive review of plastic waste as an aggregate material, Sustain. Mater.
Technol. 40 (2024) e00877, https://doi.org/10.1016/j.susmat.2024.e00877. Jul.
J. Nyika, M. Dinka, Recycling plastic waste materials for building and construction
materials: a minireview, Mater. Today Proc. 62 (2022) 3257-3262, https://doi.
org/10.1016/j.matpr.2022.04.226.

V.S.N.S. Goli, A. Mohammad, D.N. Singh, Application of municipal plastic waste as
a manmade neo-construction material: issues & Wayforward, Resour. Conserv.
Recycl. 161 (2020) 105008, https://doi.org/10.1016/j.resconrec.2020.105008.
Oct.

M. del Rio-Merino, A. Vidales-Barriguete, C. Pina-Ramirez, V. Vitiello, J. Santa
Cruz-Astorqui, R. Castelluccio, A review of the research about gypsum mortars
with waste aggregates, J. Build. Eng. 45 (2022) 103338, https://doi.org/10.1016/
j-jobe.2021.103338. Jan.

A. Zaragoza-Benzal, D. Ferrandez, E. Atanes-Sanchez, P. Saiz, Dissolved recycled
expanded polystyrene as partial replacement in plaster composites, J. Build. Eng.
65 (2023) 105697, https://doi.org/10.1016/j.jobe.2022.105697. Apr.

S.Maiti Aakriti, N. Jain, J. Malik, A comprehensive review of flue gas
desulphurized gypsum: production, properties, and applications, Constr. Build.
Mater. 393 (Aug. 2023) 131918, https://doi.org/10.1016/j.
conbuildmat.2023.131918.

M. Dolezelovd, J. Krejsova, L. Scheinherrova, M. Keppert, A. Vimmrova,
Investigation of environmentally friendly gypsum based composites with improved
water resistance, J. Clean. Prod. 370 (2022) 133278, https://doi.org/10.1016/j.
jclepro.2022.133278. Oct.

A. Erbs, A. Nagalli, K. Querne de Carvalho, V. Mymrin, F.H. Passig, W. Mazer,
Properties of recycled gypsum from gypsum plasterboards and commercial gypsum
throughout recycling cycles, J. Clean. Prod. 183 (2018) 1314-1322, https://doi.
org/10.1016/j.jclepro.2018.02.189. May.

M. del Rio Merino, P. Villoria Saez, I. Longobardi, J. Santa Cruz Astorqui, C. Porras-
Amores, Redesigning lightweight gypsum with mixes of polystyrene waste from
construction and demolition waste, J. Clean. Prod. 220 (2019) 144-151, https://
doi.org/10.1016/j.jclepro.2019.02.132. May.

A. San-Antonio-Gonzalez, M. Del Rio Merino, C. Vinas Arrebola, P. Villoria-Saez,
Lightweight material made with gypsum and extruded polystyrene waste with
enhanced thermal behaviour, Constr. Build. Mater. 93 (2015) 57-63, https://doi.
org/10.1016/j.conbuildmat.2015.05.040. Sep.

A. Zaragoza-Benzal, D. Ferrandez, J.P. Diaz-Velilla, J.A. Ziniga-Vicente,
Manufacture and characterisation of a new lightweight plaster for application in
wet rooms under circular economy criteria, Case Stud. Constr. Mater. 19 (2023)
€02380, https://doi.org/10.1016/j.cscm.2023.e02380. Dec.

Z. Jin, et al., Preparation of eco-friendly functional lightweight gypsum: effect of
three different lightweight aggregates, Constr. Build. Mater. 400 (2023) 132875,
https://doi.org/10.1016/j.conbuildmat.2023.132875. Oct.

L. Alameda, V. Calderdn, C. Junco, A. Rodriguez, J. Gadea, S. Gutiérrez-Gonzilez,
Characterization of gypsum plasterboard with polyurethane foam waste reinforced
with polypropylene fibers, Materiales de Construccién 66 (324) (2016) 100,
https://doi.org/10.3989/mc.2016.06015. Sep.

S. Balti, A. Boudenne, L. Dammak, N. Hamdi, Mechanical and thermophysical
characterization of gypsum composites reinforced by different wastes for green
building applications, Constr. Build. Mater. 372 (2023) 130840, https://doi.org/
10.1016/j.conbuildmat.2023.130840. Apr.

A.D. Zhukov, K.A. Ter-Zakaryan, V.S. Semenov, Insulation systems with the
expanded polyethylene application, IFAC-PapersOnLine 51 (30) (2018) 803-807,
https://doi.org/10.1016/j.ifacol.2018.11.191.

H. Bahmani, D. Mostofinejad, M.R. Eftekhar, A novel eco-friendly thermal-
insulating high-performance geopolymer concrete containing calcium oxide-
activated materials with waste tire and waste polyethylene terephthalate, Dev.
Built Environ. 18 (2024) 100473, https://doi.org/10.1016/j.dibe.2024.100473.
Apr.

A. Pilipenko, O. Rubtsov, I. Bessonov, E. Bobrova, B. Efimov, Evaluation of the
effectiveness of thermal insulation based on foamed polyethylene, Mater. Today
Proc. 38 (2021) 15561559, https://doi.org/10.1016/j.matpr.2020.08.149.

D. Ferrandez, A. Zaragoza-Benzal, P. Santos, L. Duraes, Characterisation of new
sustainable gypsum composites with low-density polyethylene waste from single-
use bags, J. Build. Eng. 80 (2023) 108103, https://doi.org/10.1016/j.

jobe.2023.108103. Dec.

A. Vidales-Barriguete, E. Atanes-Sanchez, M. del Rio-Merino, C. Pina-Ramirez,
Analysis of the improved water-resistant properties of plaster compounds with the
addition of plastic waste, Constr. Build. Mater. 230 (2020) 116956, https://doi.
org/10.1016/j.conbuildmat.2019.116956. Jan.

J. Zhang, et al., Understanding the impact of environmental regulations on green
technology innovation efficiency in the construction industry, Sustain. Cities. Soc.
65 (2021) 102647, https://doi.org/10.1016/j.5¢5.2020.102647. Feb.

S. Pantini, M. Giurato, L. Rigamonti, A LCA study to investigate resource-efficient
strategies for managing post-consumer gypsum waste in Lombardy region (Italy),
Resour. Conserv. Recycl. 147 (2019) 157-168, https://doi.org/10.1016/j.
resconrec.2019.04.019. Aug.

K. Weimann, C. Adam, M. Buchert, J. Sutter, Environmental evaluation of gypsum
plasterboard recycling, Minerals 11 (2) (2021) 101, https://doi.org/10.3390/
minl1020101. Jan.

12

[34]

[35]

[36]

[37]

[38]
[39]
[40]
[41]

[42]

[43]
[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]
[63]

[64]

Results in Engineering 24 (2024) 103535

H. Devaki, S. Shanmugapriyan, LCA on construction and demolition waste
management approaches: a review, Mater. Today Proc. 65 (2022) 764-770,
https://doi.org/10.1016/j.matpr.2022.03.286.

M.I. Romero-Gémez, R.V. Silva, J. de Brito, I. Flores-Colen, Prototype of alveolar
gypsum blocks with plastic waste addition for partition walls: physico-mechanical,
water-resistance and life cycle assessment, J. Clean. Prod. 432 (2023) 139810,
https://doi.org/10.1016/j.jclepro.2023.139810. Dec.

A. Rodrigo-Bravo, L. Alameda Cuenca-Romero, V. Calderdn, A. Rodriguez,

S. Gutiérrez-Gonzdlez, Comparative Life Cycle Assessment (LCA) between standard
gypsum ceiling tile and polyurethane gypsum ceiling tile, Energy Build. 259 (2022)
111867, https://doi.org/10.1016/j.enbuild.2022.111867. Mar.

A. Quintana, J. Alba, R. del Rey, I. Guillén-Guillamén, Comparative Life Cycle
Assessment of gypsum plasterboard and a new kind of bio-based epoxy composite
containing different natural fibers, J. Clean. Prod. 185 (2018) 408-420, https://
doi.org/10.1016/j.jclepro.2018.03.042. Jun.

“Placo Saint-Gobain.” Accessed: May 13, 2024. [Online]. Available: https://www.
placo.es/Producto/iberyolar#product-variations.

European Parliament and the Council, “Council directive 98/83/EC of 3 November
1998 on the quality of water intended for human consumption,” 1998.

“Canal de Isabel I1.” Accessed: Jul. 06, 2024. [Online]. Available: https://www.
canaldeisabelsegunda.es/calidad-del-agua.

“Modopack.” Accessed: May 10, 2024. [Online]. Available: https://www.modopa
ck.cl/espuma-polietileno/#1501042013220-4eca8b69-3662.

M. del Rio Merino, P. Villoria Saez, I. Longobardi, J. Santa Cruz Astorqui, C. Porras-
Amores, Redesigning lightweight gypsum with mixes of polystyrene waste from
construction and demolition waste, J. Clean. Prod. 220 (2019) 144-151, https://
doi.org/10.1016/J.JCLEPRO.2019.02.132. May.

UNE-EN 13279-2:2014, “Gypsum binders and gypsum plasters - Part 2: Test
methods,” 2014, Madrid, Spain.

European Commission, “The European Green Pact,” 2019. [Online]. Available: htt
ps://sustainabledevelopment.un.org/post2015/transformingourworld.

UNE 102042, “Gypsum plasters. Other test methods,” 2023, Madrid, Spain.
UNE-EN 12859, “Gypsum blocks - definitions, requirements and test methods,”
2012.

UNE-EN 1925, “Natural stone test methods. Determination of water absorption
coefficient by capillarity.,” 1999, Madrid, Spain.

1SO 12572:2018, “Hygrothermal performance of building materials and products.
Determination of water vapour transmission properties. Cup method,” 2018.
UNE-EN 12664, “Thermal performance of building materials and products.
Determination of thermal resistance by means of guarded hot plate and heat flow
meter methods. Dry and moist products of medium and low thermal resistance.,”
Madrid, Spain, 2002.

E. Roque, P. Santos, A.C. Pereira, Thermal and sound insulation of lightweight
steel-framed facade walls, Sci. Technol. Built. Environ. 25 (2) (2019) 156-176,
https://doi.org/10.1080,/23744731.2018.1506677. Feb.

CTE DB-HE/1, Cédigo Técnico de La Edificacién. Ahorro Energético, Ministerio de
Vivienda y Agenda Urbana, Spain, 2022.

P. Santos, D. Mateus, Experimental assessment of thermal break strips performance
in load-bearing and non-load-bearing LSF walls, J. Build. Eng. 32 (2020), https://
doi.org/10.1016/j.jobe.2020.101693. Nov.

P. Santos, G. Lemes, D. Mateus, Thermal transmittance of internal partition and
external facade LSF walls: a parametric study, Energies 12 (14) (2019) 2671,
https://doi.org/10.3390/en12142671. Jul.

P. Santos, D. Mateus, D. Ferrandez, A. Verdu, Numerical simulation and
experimental validation of thermal break strips’ improvement in facade LSF walls,
Energies 15 (21) (2022), https://doi.org/10.3390/en15218169. Nov.

P. Santos, D. Abrantes, P. Lopes, D. Mateus, Experimental and numerical
performance evaluation of bio-based and recycled thermal break strips in LSF
partition walls, Buildings 12 (8) (2022), https://doi.org/10.3390/
buildings12081237. Aug.

ISO 10211, “Thermal bridges in building construction—heat flows and surface
temperatures—detailed calculations,” Geneva, Switzerland, 2017.

1SO 6946, “Building components and building elements—thermal resistance and
thermal—calculation methods,” Geneva, Switzerland, 2017.

ISO 14040: 2006, “Environmental management — life cycle assessment —
principles and framework,” 2006.

ISO 14044: 2006, “Environmental management — life cycle assessment —
requirements and guidelines,” 2006.

M.A. Martin-Lara, J.A. Moreno, G. Garcia-Garcia, S. Arjandas, M. Calero, Life cycle
assessment of mechanical recycling of post-consumer polyethylene flexible films
based on a real case in Spain, J. Clean. Prod. 365 (2022) 132625, https://doi.org/
10.1016/j.jclepro.2022.132625. Sep.

G. Wernet, C. Bauer, B. Steubing, J. Reinhard, E. Moreno-Ruiz, B. Weidema, The
ecoinvent database version 3 (part I): overview and methodology, Int. J. Life Cycle
Assess. 21 (9) (2016) 1218-1230, https://doi.org/10.1007/s11367-016-1087-8.
Sep.

IBERYOLA®/IBER M1, “Environmental product declaration,” 2021.

European Commission, “Commission Recommendation (EU) 2021/2279 of 16
December 2021 on the use of the Environmental Footprint methods to measure and
communicate the life cycle environmental performance of products and
organisations,” 2021.

S. Fazio, F. Biganzioli, V. de Laurentiis, L. Zampori, S. Sala, and E. Diaconu,
“Supporting information to the characterisation factors of recommended EF Life
Cycle Impact Assessment methods, version 2, from ILCD to EF 3.0, PUBSY No.
JRC114822,” European Commsision, Ispra. 2018, doi: https://doi.org/10.27
60/002447.


https://doi.org/10.3389/fpsyg.2023.1105959
https://doi.org/10.3389/fpsyg.2023.1105959
https://doi.org/10.1016/j.susmat.2024.e00877
https://doi.org/10.1016/j.matpr.2022.04.226
https://doi.org/10.1016/j.matpr.2022.04.226
https://doi.org/10.1016/j.resconrec.2020.105008
https://doi.org/10.1016/j.jobe.2021.103338
https://doi.org/10.1016/j.jobe.2021.103338
https://doi.org/10.1016/j.jobe.2022.105697
https://doi.org/10.1016/j.conbuildmat.2023.131918
https://doi.org/10.1016/j.conbuildmat.2023.131918
https://doi.org/10.1016/j.jclepro.2022.133278
https://doi.org/10.1016/j.jclepro.2022.133278
https://doi.org/10.1016/j.jclepro.2018.02.189
https://doi.org/10.1016/j.jclepro.2018.02.189
https://doi.org/10.1016/j.jclepro.2019.02.132
https://doi.org/10.1016/j.jclepro.2019.02.132
https://doi.org/10.1016/j.conbuildmat.2015.05.040
https://doi.org/10.1016/j.conbuildmat.2015.05.040
https://doi.org/10.1016/j.cscm.2023.e02380
https://doi.org/10.1016/j.conbuildmat.2023.132875
https://doi.org/10.3989/mc.2016.06015
https://doi.org/10.1016/j.conbuildmat.2023.130840
https://doi.org/10.1016/j.conbuildmat.2023.130840
https://doi.org/10.1016/j.ifacol.2018.11.191
https://doi.org/10.1016/j.dibe.2024.100473
https://doi.org/10.1016/j.matpr.2020.08.149
https://doi.org/10.1016/j.jobe.2023.108103
https://doi.org/10.1016/j.jobe.2023.108103
https://doi.org/10.1016/j.conbuildmat.2019.116956
https://doi.org/10.1016/j.conbuildmat.2019.116956
https://doi.org/10.1016/j.scs.2020.102647
https://doi.org/10.1016/j.resconrec.2019.04.019
https://doi.org/10.1016/j.resconrec.2019.04.019
https://doi.org/10.3390/min11020101
https://doi.org/10.3390/min11020101
https://doi.org/10.1016/j.matpr.2022.03.286
https://doi.org/10.1016/j.jclepro.2023.139810
https://doi.org/10.1016/j.enbuild.2022.111867
https://doi.org/10.1016/j.jclepro.2018.03.042
https://doi.org/10.1016/j.jclepro.2018.03.042
https://www.placo.es/Producto/iberyolar#product-variations
https://www.placo.es/Producto/iberyolar#product-variations
https://www.canaldeisabelsegunda.es/calidad-del-agua
https://www.canaldeisabelsegunda.es/calidad-del-agua
https://www.modopack.cl/espuma-polietileno/#1501042013220-4eca8b69-3662
https://www.modopack.cl/espuma-polietileno/#1501042013220-4eca8b69-3662
https://doi.org/10.1016/J.JCLEPRO.2019.02.132
https://doi.org/10.1016/J.JCLEPRO.2019.02.132
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://doi.org/10.1080/23744731.2018.1506677
http://refhub.elsevier.com/S2590-1230(24)01778-X/sbref0051
http://refhub.elsevier.com/S2590-1230(24)01778-X/sbref0051
https://doi.org/10.1016/j.jobe.2020.101693
https://doi.org/10.1016/j.jobe.2020.101693
https://doi.org/10.3390/en12142671
https://doi.org/10.3390/en15218169
https://doi.org/10.3390/buildings12081237
https://doi.org/10.3390/buildings12081237
https://doi.org/10.1016/j.jclepro.2022.132625
https://doi.org/10.1016/j.jclepro.2022.132625
https://doi.org/10.1007/s11367-016-1087-8
http://doi.org/10.2760/002447
http://doi.org/10.2760/002447

D. Ferrandez et al.

[65]

[66]

671

[68]

[69]

[70]

[71]

[72]

[731]

A. Vidales Barriguete, M. del Rio Merino, E. Atanes Sanchez, C. Pina Ramirez,

C. Vinas Arrebola, Analysis of the feasibility of the use of CDW as a low-
environmental-impact aggregate in conglomerates, Constr. Build. Mater. 178
(2018) 83-91, https://doi.org/10.1016/j.conbuildmat.2018.05.011. Jul.

D. Ferrandez, M. Alvarez, A. Zaragoza-Benzal, P. Santos, Eco-design and
characterization of sustainable lightweight gypsum composites for panel
manufacturing including end-of-life Tyre wastes, Materials 17 (3) (2024) 635,
https://doi.org/10.3390/ma17030635. Jan.

M.L. Romero-Gémez, R.V. Silva, 1. Flores-Colen, J. de Brito, Influence of
polypropylene residues on the physico-mechanical and water-resistance properties
of gypsum plasters, J. Clean. Prod. 371 (2022) 133674, https://doi.org/10.1016/].
jclepro.2022.133674. Oct.

M.I. Romero-Gémez, R.V. Silva, M.F. Costa-Pereira, I. Flores-Colen, Thermal and
mechanical performance of gypsum composites with waste cellulose acetate fibres,
Constr. Build. Mater. 356 (2022) 129308, https://doi.org/10.1016/j.
conbuildmat.2022.129308. Nov.

M.A. Pedreno-Rojas, C. Rodriguez-Lindn, 1. Flores-Colen, J. de Brito, Use of
polycarbonate waste as aggregate in recycled gypsum plasters, Materials 13 (14)
(2020) 3042, https://doi.org/10.3390/mal3143042. Jul.

M. Alvarez, D. Ferrandez, A. Zaragoza-Benzal, B. Colorado-Pastor, Initiative to
increase the circularity of HDPE waste in the construction industry: a physico-
mechanical characterization of new sustainable gypsum products, Appl. Sci. 14 (2)
(2024) 478, https://doi.org/10.3390/app14020478. Jan.

M.A. Pedreno-Rojas, M.J. Morales-Conde, F. Pérez-Galvez, P. Rubio-de-Hita,
Influence of polycarbonate waste on gypsum composites: Mechanical and
environmental study, J. Clean. Prod. 218 (2019) 21-37, https://doi.org/10.1016/j.
jclepro.2019.01.200. May.

A. Zaragoza-Benzal, D. Ferrandez, E. Atanes-Sanchez, P. Saiz, Study of the
hygroscopic properties of environmentally friendly lightened composites through
waste recovery, Constr. Build. Mater. 404 (2023) 133219, https://doi.org/
10.1016/j.conbuildmat.2023.133219. Nov.

A. Asadi Ardebili, P. Villoria Sez, M. Gonzélez Cortina, D.M. Tasan Cruz, A.
Rodriguez Saiz, E. Atanes-Sanchez, Mechanical characterization of gypsum mortars

13

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

Results in Engineering 24 (2024) 103535

with waste from the automotive sector, Constr. Build. Mater. 370 (2023) 130675,
https://doi.org/10.1016/j.conbuildmat.2023.130675. Mar.

F. Iucolano, L. Boccarusso, A. Langella, Hemp as eco-friendly substitute of glass
fibres for gypsum reinforcement: impact and flexural behaviour, Compos. B Eng.
175 (2019) 107073, https://doi.org/10.1016/j.compositesb.2019.107073. Oct.
A. Vidales-Barriguete, J. Santa-Cruz-Astorqui, C. Pina-Ramirez, M. Kosior-
Kazberuk, K. Kalinowska-Wichrowska, E. Atanes-Sanchez, Study of the mechanical
and physical behavior of gypsum boards with plastic cable waste aggregates and
their application to construction panels, Materials 14 (9) (2021) 2255, https://doi.
org/10.3390/mal4092255. Apr.

M.A. Pedreno-Rojas, M.J. Morales-Conde, F. Pérez-Gélvez, P. Rubio-de-Hita, Reuse
of CD and DVD wastes as reinforcement in gypsum plaster plates, Materials 13 (4)
(2020) 989, https://doi.org/10.3390/mal3040989. Feb.

O. Lépez-Zaldivar, R. Lozano-Diez, S. Herrero del Cura, P. Mayor-Lobo,

F. Hernandez-Olivares, Effects of water absorption on the microstructure of plaster
with end-of-life tire rubber mortars, Constr. Build. Mater. 150 (2017) 558-567,
https://doi.org/10.1016/j.conbuildmat.2017.06.014. Sep.

Y. Kang, S.J. Chang, S. Kim, Hygrothermal behavior evaluation of walls improving
heat and moisture performance on gypsum boards by adding porous materials,
Energy Build. 165 (2018) 431-439, https://doi.org/10.1016/j.
enbuild.2017.12.052. Apr.

M. Alvarez, P. Santos, D. Ferrandez, Investigation of gypsum composites with
different lightweight fillers: a physico-mechanical characterisation regarding
possibilities for building applications, J. Build. Eng. 79 (2023) 107813, https://doi.
org/10.1016/j.jobe.2023.107813. Nov.

E. Cuce, et al., Experimental performance assessment of a novel insulation plaster
as an energy-efficient retrofit solution for external walls: a key building material
towards low/zero carbon buildings, Case Stud. Therm. Eng. 49 (2023) 103350,
https://doi.org/10.1016/j.csite.2023.103350. Sep.

M.A. Cusenza, F. Guarino, S. Longo, M. Cellura, An integrated energy simulation
and life cycle assessment to measure the operational and embodied energy of a
Mediterranean net zero energy building, Energy Build. 254 (2022) 111558,
https://doi.org/10.1016/j.enbuild.2021.111558. Jan.


https://doi.org/10.1016/j.conbuildmat.2018.05.011
https://doi.org/10.3390/ma17030635
https://doi.org/10.1016/j.jclepro.2022.133674
https://doi.org/10.1016/j.jclepro.2022.133674
https://doi.org/10.1016/j.conbuildmat.2022.129308
https://doi.org/10.1016/j.conbuildmat.2022.129308
https://doi.org/10.3390/ma13143042
https://doi.org/10.3390/app14020478
https://doi.org/10.1016/j.jclepro.2019.01.200
https://doi.org/10.1016/j.jclepro.2019.01.200
https://doi.org/10.1016/j.conbuildmat.2023.133219
https://doi.org/10.1016/j.conbuildmat.2023.133219
https://doi.org/10.1016/j.conbuildmat.2023.130675
https://doi.org/10.1016/j.compositesb.2019.107073
https://doi.org/10.3390/ma14092255
https://doi.org/10.3390/ma14092255
https://doi.org/10.3390/ma13040989
https://doi.org/10.1016/j.conbuildmat.2017.06.014
https://doi.org/10.1016/j.enbuild.2017.12.052
https://doi.org/10.1016/j.enbuild.2017.12.052
https://doi.org/10.1016/j.jobe.2023.107813
https://doi.org/10.1016/j.jobe.2023.107813
https://doi.org/10.1016/j.csite.2023.103350
https://doi.org/10.1016/j.enbuild.2021.111558

	Upcycling expanded polyethylene waste for novel composite materials: Physico-mechanical, hygrothermal and life cycle assessment
	1 Introduction
	2 Materials and methods
	2.1 Materials and sample preparation
	2.2 Experimental programme
	2.2.1 Mechanical characterisation
	2.2.2 Hygrothermal properties
	2.2.3 Numerical simulations
	2.2.4 Life cycle assessment


	3 Results and discussion
	3.1 Mechanical characterisation
	3.2 Hygrothermal properties
	3.3 Numerical simulations
	3.4 Life cycle impact assessment

	4 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	datalink8
	References


