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Abstract. Sardinia is characterized by an economic and productive system of
modest competitiveness. This connotation also distresses the construction sector,
which is affected by historical problems related to insularity, employment diffi-
culties, the lack of economic resources, as well as the contingent and more general
economic-production crisis. This situation, associated with the high environmental
impact connected to the construction industry, highlights the potential of innova-
tive construction solutions based on the logic of the short supply chain, the circular
economy, and the eco-balance. In that context the PLES (Local Products for Sus-
tainable Buildings) project was carried out, with the aim of developing multilayer
construction systems for walls and floors made of locally produced materials
mainly of natural origin. This project, funded by the Sardinian public adminis-
tration, was carried out through the collaboration between a research group and
a cluster of companies operating in the Sardinian territory. This paper illustrates
the objectives, activities and main results of the PLES project, which carried out a
feasibility assessment of local supply chains start up for the production of building
materials and eco-sustainable construction systems in Sardinia, highlighting both
the critical issues and the positive repercussions.
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1 Introduction

The construction sector is currently responsible on average for over 35% of the con-
sumption of raw materials, soil, water, and energy and for over 30% of pollution and
the production of waste. This situation requires a revision of the management models of
the building stock, regarding both new and existing buildings. Focusing on the design
and construction of new buildings, it should be emphasized that starting from 2021 all
new buildings built in Italy will have to be “nearly Zero Energy Buildings” (nZEB)
[1], namely buildings with almost zero energy needs [2—4]. This means significantly
improving the energy performance of new buildings compared to the average of the
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national building stock [5]. In this context, the sustainability of building materials is of
fundamental importance, and local supply chains take on a strategic role. In fact, the
reduction of the environmental impact of a “green” building goes through the following
factors:

lower energy requirements than traditional buildings,

lower water consumption compared to traditional buildings,
lower environmental impact over the entire life cycle,

best quality and indoor comfort.

These objectives can be achieved by means of the following strategies:

e increased use of natural ventilation,

e greater use of natural light and attention to passive solar gains,

e greater use of systems for low temperature heating and high temperature cooling, in
other words systems that operate at a temperature close to that required with a low
temperature difference,

e greater use of systems powered by renewable sources,

e greater use of local and eco-sustainable materials.

The resort to local short supply chains to produce building materials is particularly
appropriate in contexts of isolated economies, such as those existing in island regions like
Sardinia. Indeed, the situation of insularity increasingly encourages the implementation
of self-sufficiency paths in the production and management of resources, to characterize
the economy from the point of view of sustainability [6].

In this regard, it is worth underlining that the concept of sustainability involves
both the environmental, the economic and the social aspects [7], therefore orienting
the economy towards the track of sustainability suggests to implement solutions that
enhance both the environmental, the economic and the social capitals.

The PLES project - Local Products for Sustainable Buildings - fits into this con-
text. It is a project funded by the local authority Sardegna Ricerche [8], based on the
synergy between the university and local companies for the achievement of a common
goal. The PLES project fits into the general context of the bioeconomy and the circular
economy, and in the specific context of sustainable construction. It is motivated by the
need / opportunity to develop production processes based on the logic of short supply
chain, circularity, and eco-balance, using eco-friendly, recyclable, locally available and
energy-efficient construction materials. This need derives from considerations concern-
ing various aspects, such as the need to renovate the construction sector in deep crisis,
the condition of Sardinia’s insularity, which requires self-sufficiency in terms of produc-
tion and management of resources, the obligation to contain the impacts related to the
construction sector.

This paper describes the PLES project in terms of objectives, activities and results
achieved. The article is structured on 5 sections: after this introduction, Sect. 2 provides
an overview of the project. Subsequently, Sect. 3 illustrates the main activities in which
the project was divided, and Sect. 4 summarizes the results. Finally, Sect. 5 proposes
some concluding remarks.
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2 The PLES Project

The general objective of the PLES project, which also constitutes its scientific theme, was
the development of constructive solutions for walls and floors consisting of multilayer
packages that use sustainable materials, mainly of natural origin, and locally available.
This objective was shared and pursued through the synergy between the research group
and the companies belonging to the cluster supporting the project.

The project therefore had the objective of studying multilayered load-bearing ele-
ments including the insulating element, and which can be integrated with a finishing
element capable of increasing the environmental acoustic comfort and adding aesthetic
value to the panel. The multilayer package is made up as follows:

e structural elements:

— Cross Laminated Timber (CLT) made of Sardinian Maritime Pine
— masonry (clay bricks or concrete blocks)

e clements for thermal and acoustic insulation:

— cork
— sheep’s wool
— earth-based products

e finishing elements:

— textile handicraft products
— plasters of natural origin.

All the materials selected to make the multilayer packages are locally produced, and
their choice was based on the following considerations.

The construction systems with CLT panels are having a rapid development through-
out Europe thanks to their intrinsic advantages [9, 10]: naturalness, dimensional stability,
the advanced degree of prefabrication at the production level, the rapidity of assembly,
the remarkable properties of strength and stiffness. CLT elements are solid multi-layer
load-bearing panels obtained by overlapping and gluing crossed layers of boards, which
can be used both as walls and as floors. Recently, the first residential buildings with
load-bearing structures in CLT were also built in Sardinia, however, using imported tim-
ber, in particular spruce from Austria or Germany, with a considerable increase in cost.
A crucial point of the PLES project was the choice of using locally produced timber,
namely Maritime Pine, contributing to the theme of sustainable development of zero-
kilometer timber construction in Sardinia, using local resources. This in particular can
enhance Sardinian forests, resulting in an increase in the forest area in order to guarantee
the sustainability of the supply chain, with all the positive implications of environmental
protection and ozone hole reduction, hydrogeological protection of a territory potentially
at risk, and of development and economic impulse of traditionally depressed regional
areas, as well as new life for the building market now in deep crisis [11, 12].
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Cork, sheep’s wool, earth, are also materials of natural origin, locally produced,
and therefore consistent with the idea of biocompatibility and the production process in
a short supply chain. These materials have interesting thermal and acoustic insulation
characteristics - in particular the use of cork in construction is not new - however their
systematic use is still penalized by the competition of materials manufactured on a
large scale, which can therefore be placed on the market at a more competitive price.
The definition of design criteria for the implementation of these materials in Sardinian
timber-based walls or floors packages would give further impetus to the cork sector, to
the emerging and innovative sectors of sheep’s wool and earth as insulating materials,
with the positive effects in terms of eco-sustainability and promotion in the employment
and social sphere already highlighted for the Sardinian CLT panels.

The integration into the wall or floor construction systems of fine finishes, consisting
of fine fabrics such as the traditional products of the island’s textile craftsmanship,
which can also bring a benefit in terms of noise reduction to the environment, expresses
an innovative combination of traditional craftsmanship and technology, opening new
scenarios in the field of design and technological research, with important repercussions
in terms of development.

Alongside the wall and floor elements having the Sardinian CLT as a supporting
structure, the study of the application of the insulating materials described above on
traditional masonry elements (concrete and brick) was carried out too. Although these
materials are obviously less sustainable than wood, this choice allows to better frame the
performance of the timber-based packages in relation to the more traditional masonry
elements, and to diversify the possibilities of using the innovative insulating materials.

The main activities in which the PLES project was articulated to achieve the intended
objectives are illustrated in the next Sect. 3.

3 PLES Activities
The PLES project was developed through a series of activities:

Analysis of Production Processes;

Mechanical and Energetic Characterization of Materials;
Implementation of Models for Numerical Simulation;
Laboratory Tests on Manufactured Prototypes.

el

3.1 Analysis of Production Processes

The starting point of the project consisted in the analysis of the production processes
related to the materials and construction systems considered. This analysis was con-
ducted with reference to the Life Cycle Assessment (LCA) model [13] and made it
possible to highlight the consumption of energy, the primary and secondary resources,
and the emissions and production of non-recyclable waste. In detail, the production
cycles of the following products were considered:

e Cross Laminated Timber panel made of Sardinian Maritime Pine (Fig. 1);
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clay bricks for masonry;

concrete blocks for masonry;

sheep’s wool insulating element;

raw earth insulating element;

finishing based on natural plasters;
finishing with textile handicraft products.
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Fig. 1. Production process for Sardinian Maritime Pine CLT panels manufacturing.

The impacts were assessed in terms of both economic, environmental, and social
sustainability, and the main aspects associated with the production and marketing of the
individual products were highlighted. This phase allowed on the one hand to highlight
the main critical issues associated with the various production processes and to indicate
possible solutions, on the other hand to propose the development of new materials and/or
production processes and the optimization of the already existing ones. Of relevance
within the project is the analysis of the supply chain relating to the production of glued
laminated timber elements based on Sardinian wood. This activity made it possible
to identify the optimal methods for: i) selecting the areas for the supply of the wood
resource, ii) selecting and cutting the plants, iii) processing the logs into boards, iv)
drying the boards, and to point out the costs and criticalities of the process [11, 14].

3.2 Mechanical and Energetic Characterization of Materials

During the project, an intense activity of experimental tests was carried out on the basic
materials and components of the stratigraphies. Specific tests were carried out for the
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physical-mechanical and thermoacoustic characterization of the products involved in the
project and in general of similar products that the local companies intend to characterize,
improve and / or promote.

The following tests were of paramount importance:

e tests for the characterization of Sardinian timber (Fig. 2),

e tests on various mix designs for lime-based plasters with natural and vegetable fibres
such as wool, hemp, jute (Fig. 3),

e tests on panels in raw earth mixed with vegetable fibres such as hemp (Fig. 4).

Fig. 3. Bending test (left) and compression test (right) on lime-plaster with natural fibres.

These products are completely innovative or handcrafted, therefore they are not
equipped with technical data sheets that allow their marketing and use in construction. It
is therefore necessary to acquire all the technical data useful for requesting the mandatory
European certifications for placing them on the market.

In particular, the experimental tests have shown that Sardinian Maritime Pine is
a medium-low quality material, especially compared to the woods of central Europe
commonly used for the production of laminated timber, but its use in the form of CLT
panels allows to obtain a final product with mechanical characteristics superior to those
of the starting boards [15, 16].
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Fig. 4. Compression test on raw hearth with hemp fibres.

3.3 Implementation of Models for Numerical Simulation

The project also involved the implementation of numerical models to simulate the
mechanical and thermo-acoustic behavior of the multilayer packages and of the single
constituent layers. This activity mainly consisted in the development and implementa-
tion, by means of calculation codes and commercial software, of numerical models for
the simulation of the mechanical and thermo-acoustic performance, and the subsequent
calibration according to the experimental results.

Particular attention was paid to modeling the mechanical behavior of the CLT panels
(Fig. 5). This activity was carried out starting from the collection and study of the exist-
ing analytical models relating to the main mechanical characteristics of CLT, namely
strengths and stiffnesses. These models were then compared with the experimental data
resulting from the tests conducted on Sardinian Maritime Pine CLT elements. The com-
parison made it possible to adapt the existing models to the specific peculiarities of the
local material, having quality generally lower than that of the Central European fir, the
species on which most of the existing analytical models are calibrated.
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Fig. 5. 5-layer CLT panel subjected to bending action: stress distribution [17].

The simulation of the energetic and acoustic behavior of the building materials and
components was based on experimental data relating to measurements of the thermal
conductivity of the materials, of the permeability to water vapor and of the soundproofing
and sound-absorbing power. Some data were measured with equipment that perform
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tests according to standardized international procedures, such as thermal conductivity,
while other quantities, such as the sound absorption of some materials, were estimated
based on measurements performed on-site. In some cases, moreover, to have all the
data necessary to simulate the thermo-energetic and acoustic behavior of the prototypes,
reference was made to technical standards databases or to scientific literature. Figures 6
and 7 show respectively a thermo-hygrometric simulation and an acoustic simulation of
a stratigraphy.
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Fig. 6. Thermo-hygrometric simulation of a stratigraphy.

3.4 Laboratory Tests on Manufactured Prototypes

The last experimental activity carried out within the project involved the manufac-
turing of stratigraphy prototypes and the implementation of laboratory tests for the
characterization of their mechanical and thermo-acoustic performance.

In particular, thermal and mechanical tests were carried out on Sardinian Maritime
Pine CLT panels (Figs. 8 and 9) to obtain the main quantities, such as strength, stiffness
and thermal conductivity, to define their performance, and acoustic tests on masonry
(Fig. 10), CLT-based walls, and panels covered by handicraft fine fabric (Fig. 11) to
define the soundproofing power of the stratigraphies.

The mechanical and energetic properties of the tested materials and construction
systems were collected and implemented according to the procedures provided for com-
patibility with the BIM (Building Information Modeling) protocol [18]. Through this
kind of coding, now indispensable for the advanced management of projects, a database
has been created with the aim of promoting the marketing of the local products, and their
use by designers and customers [19].

The main results achieved by the PLES project through the activities previously
described are summarized in the next Sect. 4.
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Main results of acoustic simulation
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Fig. 7. Acoustic simulation of a stratigraphy.

Fig. 8. Conductivity measurements on CLT panels.
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Fig. 9. Bending test on CLT panels.

Fig. 10. Acoustic measurements on clay-brick masonry.
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Fig. 11. Acoustic measurements on textile panel.

4 PLES Results

The PLES project aimed to strengthen the Sardinian business system from a sustain-
able perspective through the enhancement of technologies and the implementation of
innovative ideas and processes, in order to increase the competitiveness of regional com-
panies in a global context through greater flows of technologies, skills, people. In this
perspective, the main results achieved are the following:

e boost to the development of the Sardinian wood supply chain for structural use;

e support for the diversification of the production and destination of traditional materials
such as sheep’s wool, raw earth, cork;

e impulse to the development of the production sector of derivatives from vegetable
fibres and of fabrics to be used in the construction sector;

e increased competitiveness and innovativeness of the artisan enterprises potentially
interested;

e development of new production processes;

e optimization of existing production processes, also through the application of
innovative tools and technologies.

From a technical-practical point of view, the project has made it possible:

e to determine the mechanical performance of Sardinian Maritime Pine CLT panels
and consequently to implement technical data sheets containing their mechanical
properties, which can be used to encourage production and use of this innovative
material (Fig. 12);
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Data sheet of CLT panel - SARDINIAN MARITIME PINE

55

Layers arrangement: Symmetrical

Standards
D.M. 2018 - UNI EN 16351:2015 - UNI EN 338:2016 - EAD 130005-00-0304:2015
Geometric features
Name: SLAB_xxx
Type: Slab
Thickness: 100 [mm] Gluing between each layers boards:  NO
Width: 12 [m] Max width of boards joints: <6 [mm]
Length: 2.45 [m] Max width of notches (if present): <4 [mm]
Number of layers: 5

Determination of Strength and Stiffness Properties

ACCORDING TO LAYERS CHARACTERISTICS (see below)

In addition, the following values can be taken into account (5.2.3.2 UNI EN 16351):
Rolling shear strenght f, a0 1.1 [mPa]
Compressive strength perpendicular to the fibers f.s.ars 3 [mPa]
Characteristic density Parx 319 [kg/m’]
Mean density Pars 350  [kg/m’]

CLT Panel Schematic

C16 20me

C16 20m=

STIFFNESS:

(for 1 meter wide panel)

Geometric Characteristics of Layers Boards
Wood species: Maritime Pine Thickness: 10to 45 [mm]
Wwidth: 100 to 300 [mm]
strength class (EN 338):  C16 Width to Thickness ratio: z4

Mechanical Characteristics of Layers Boards (Rif. UNI EN 338:2016)

Description C16 -
Mean elastic modulus parallel to the fibers Eomess 8000
Characteristic elastic modulus parallel to the fibers Eoes 5400
Mean elastic modulus perpendicular to the fibers Ego,mean 270
Mean shear modulus Gean 500
Bending strength fux 16
Tensile strength parallel to the fibers foox 8.5
Tensile strength perpendicular to the fibers fisar 0.4
Compressive strength parallel to the fibers foon 17
Compressive strength perpendicular to the fibers foson 2.2
Shear strength fox 3.2
Characteristic dendity P 310
Mean density P 370

Fig. 12. Sardinian Maritime Pine CLT panel — Data sheet.

um.

[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[mPa]
[kg/m’]
[kg/m’]
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e to design and manufacture some prototypes of stratigraphy (Fig. 13) based on natural,
local, innovative materials, to study their mechanical and thermo-acoustic behavior
and to prepare the relative technical data sheets.

Fig. 13. Stratigraphy made of (from inside to outside): fine fabrics, wood panel, sheep’s wool,
3-layer CLT, cork, natural plaster.

All the activities, contents, results and products of the PLES project have been
implemented on a freely accessible dedicated website [19], in order to provide a solid
basis for the implementation in Sardinia of local supply chains for the production of
eco-sustainable building materials.

5 Conclusions

The PLES (Local Products for Sustainable Buildings) project was aimed at developing
construction solutions for walls and floors consisting of multilayer packages that use
sustainable materials, mainly of natural origin, and locally available. This objective was
pursued through the synergy between the university and a group of companies operating
in the Sardinian territory.

The project’s activities demonstrated the structural-energetic effectiveness of the
analysed stratigraphies, highlighting their suitability to meet the performance require-
ments for walls and floors, and pointing out the possibility of using high-performance,
low environmental impact and locally produced construction systems in Sardinian
building sector.

In addition, the project made it possible to evaluate the feasibility of implementing
local supply chains in Sardinia to produce materials/building elements for sustainable
construction and green building.

Of particular importance is the definition of the performance of load-bearing panels
in Sardinian CLT, whose local production would allow the activation of a specific supply
chain, with important positive effects in environmental, economic, and social terms.
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The results of the PLES project can be considered as a basic platform on which to

build effective and shared paths aimed at the implementation of these supply chains for
sustainable building materials, with the involvement of all potentially interested parties
in the Sardinian territory.
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