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INTRODUCTION

ABSTRACT

The paper illustrates some of the ongoing results of the interdepartmental research Prosit
“PROgettare in SostenibillTa: qualification and digitalization in construction’, analyzing the
key steps aimed at testing, within the actual regulatory and technological framework, new
possible applications of recycled materials from construction and demolition (C&D) in sus-
tainable and innovative supply chains. In Italy, in particular, about 98% of the non-hazardous
waste from C&D activities is recycled already in 2018, as documented by the Eurostat’s “Re-
covery rate of construction and demolition waste” report. Nevertheless, C&D waste is mainly
reused for the construction of embankments and road foundations. The research, therefore,
identifies in the use of file-to-factory technologies a possible way to extend the scope of the
reuse of these resources to realize diversified and non-standard manufactures and compo-
nents, in the perspective of a greater spread of virtuous practices of circular economy in the
construction sector. In this sense, a process “algorithm” is described, designed to be scaled and
replicated in different contexts for similar purposes.

Cite this article as: Rigillo M, Ermolli SR, Galluccio G, Piccirillo S, Tordo S, Galdi F, Musto M.
A process “algorithm” for C&D materials reuse through file-to-factory processes. Environ Res
Tec 2022;5:4:340-348.

bone of the EU industrial strategy, enabling circularity
in new areas and sectors, [so that] life-cycle assessments

The need to promote circular economy to reduce the con-
sumption of renewable resources has long been identi-
fied in European policy as one of the key issues of the
environmental challenge. Notably, the EC Report for the
implementation of the Second Action Plan for the Circu-
lar Economy addresses the circular initiatives as «a back-
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of products should become a norm and the eco-design
framework should be broadened as much as possible» [1].
Similarly, the EU investments for the circular economy
(2016-2020) reached almost 10 million euros, intercept-
ing both the research programs (Horizon 2020 funds and
other programs), and the economic and industrial pol-
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icies (Cohesion Policy 2016-2020, European Fund for
Strategic Investments and Innovfin). Despite these efforts,
operational practices are struggling to reconvert the typ-
ical “take-make-dispose” process into widespread circu-
lar practices. The latter fails due to roughly three groups
of reasons: economic interests, environmental concerns,
and regulatory requirements [2]. In particular, limits to
a more effective approach to waste management concern
the difficulty in a exact quantification of waste due to il-
legal abandonment and the lack of an on-site monitoring
system for non-dangerous waste. Also, circular processes
are hindered in some UE country because of low prices
for landfilling and for raw materials [3].

Especially for Construction and Demolition (C&D)
waste, these factors affect the development of new pro-
duction processes aimed at reducing the withdrawal of
natural resources (especially land-take), and at extending
the material life-span. The introduction of circular pro-
cesses in the construction sector finds, in fact, its main
barriers both in the technical background of experts and
firms, both in the operational practices, and in the specif-
ic C&D waste regulation [4].

In the wake of the depicted scenario, the study aims at
outlining a methodological process for shortening the
C&D supply chains. The paper presents here the advances
of the POR CAMPANIA FESR 2014/2020 research, titled
“Prosit - Design in Sustainability: qualification and digi-
tization in construction”. The study concerns the applica-
tion of the selective demolition process in the urban re-
generation yard with the aim of testing the opportunities
for recycling “in situ” the waste produced through BIM-
based file-to-factory processes.

Circular Building Process in Italy: State of the Art

In Italy, the reuse, recovery and recycling of the out-
comes of the complete or partial buildings demolition
fails to enhance the development of supply chains con-
sistent with the operational potential offered by the
sector, nor is able to create a reference for a Secondary
Raw Materials (SRM) market to be re-introduced in the
construction sector [5]. The 2021 ISPRA Report on spe-
cial waste highlights that of approximately 78% of inert
material recovered, only a few parts are reintroduced
into the construction sector, while the greater volumes
are addressed to backfilling [6]. The Italian scenario is
also characterized by great variability between Regions,
due both to the differences in the degree of industrial de-
velopment in the Country, and to the local regulations
[7]. Further distinctions are recognizable in the techno-
logical and material specificity of the regional building
heritage, which shows significant differences in terms of
construction techniques, ages of construction, and the
industrial capacity of the building sector.

In general terms, however, the difficulty in getting system-
ic procedures capable of integrating the various actors and
contexts off the ground can be traced back to some factors
characterizing the Italian system, as well as the lack of pro-
cedural tools for providing a guideline and protocols for the
construction sector. In this regard, there is a certain delay in
the introduction of innovative and circular processes within
consolidated construction practices, as well as a weakness
in the political direction. The latter, especially, seems to be
unable to take fully advantages of the opportunities offered
by the digital technologies, notably those aimed at Infor-
mation Management, that allow to model the production
of C&D flows and their traceability. Public policies seem
unable to find the conceptual and legislative framework to
reduce C&D production. This objective involves a com-
bination of strategies aimed both at reducing C&D waste
volumes and at enhancing SRM’s performances so that the
latter can be re-introduced into the construction cycle.

C&D Waste Criticalities in the Light of Enhancing the
Concrete Supply Chain

The C&D waste recovery is a key issue for reducing the land-
take, and the environmental impacts of the full construction
chain. In particular, it should be emphasized that the concrete
industry is one of the most polluting on the planet with 5%
CO, emissions and 33% of the waste produced annually in Eu-
rope, as for a world production of about 4 billion tons for year.

The entire concrete life cycle (from extraction to produc-
tion, to transport, and from use to disposal) strongly con-
tributes to the global warming, acidification, photochemi-
cal smog, eutrophication. Several experiments carried out
by research centers and private companies enhanced strat-
egies and interventions to limit the impact of constructions
by outlining new scenarios relating to the entire construc-
tion sector are inscribed within this framework.

File-to-Factory Computational Processes for Reusing the
C&D Cementitious Waste

In this scenario, the PROSIT research investigated the op-
portunities coming from the implementation of construc-
tion processes based on digital manufacturing technolo-
gies. Specially, the focus is on the 3D printing techniques,
and for the production of CDW cement mortars within the
3D printers constraints (Fig. 1).

The additive manufacturing sector has a specific research
field active on producing printing materials, precisely with
the aim of maximizing the content of recycled elements
within cementitious mortars, and of improving the quality
and performance of the final products. The implementation
of additive manufacturing processes (3D printing) with ce-
mentitious materials is a key challenge featured by a strong
industrial potential, as well as environmental benefits. The
latter are mainly focused on the material performances with
respect to the entire building process (optimization of ma-
terial use, cost and construction time reduction, etc.; Fig. 2).
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Figure 2. Concrete walls 3d printing process, Winsun.
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A further challenge is about the capacity of outlining
a virtuous process that links the building dismantling,
the recovery of materials and their reuse through digital
manufacturing. Therefore, the research interest is to ap-
ply this methodology to the existing building stock, so
that it bears a relevant significance in the Italian building
panorama [8].

Starting from these assumptions, a procedural two-steps
“algorithm” has been developed for taking together themat-
ic areas and the issues involved in the recycle workflow.

MATERIALS AND METHODS

“Starting from the End”: Site Management and on-Site
Recycling

The first step in the “algorithm” concerns the aspects related
to the construction site, its management and the demolition
process of the building components. Looking this way, the
first step is placed in the “end-of-life” phase of a building
to start a new construction cycle. The first step in method
is strongly influenced by the bunding context, and by the
administrative and regulatory framework in which the lat-
ter is inserted. The selective demolition operations are a key
secondary step in order to maximize the content of recycled
materials as aggregates for the composition of cement mor-
tars. This approach provides benefits in terms of saving time
and costs, and for the C&D waste management in the design
and demolition phases. According to the selective demoli-
tion protocols and guidelines [9-12], three scenarios might
be addressed: up-cycling, off-site manufacturing, on-site re-
cycle. The latter represents the preferential scenario for the
development of the proposed workflow because it allows for
a cost reduction in terms of material transport, and because
it provides the possibility of direct recycling and reuse.

The regulatory framework governing the use of recycled
aggregates for the production of building components is
scattered in various documents relating to methods and
quantities of C&D waste recovery.

Specifically, the UNI 8520-2 [13] identifies the different mate-
rial categories that can be used as recycled aggregates accord-
ing to the demolition methods. For each of these categories,
the mass content is defined, and split into percentage ranges.
This classification is taken from UNI 11104:2016 which de-
fines the maximum percentages of replacement of the coarse
aggregate with recycled coarse aggregate in relation to its
type, exposure class and strength class of the concrete.

The exposure classes are defined within the same standard,
and depend on the features related to the environment and
the ways in which the product made from recycled concrete
will be used. In this sense, informative examples of situa-
tions to which the exposure classes may correspond are giv-
en. The resistance classes of the concrete can be identified
through the Ministerial Decree January 14, 2008.

The use of these three tools makes it possible to calculate
the amount of recycled aggregates that can be used and is
linked to the quality of the product and its final destination.

“Process Algorithm” Development: File-to-Factory
Possibilities for on-Site Operations

The second step of the “algorithm” is aimed at identifying
the most suitable process to involve in the transformation of
demolition waste into construction materials. Specifically,
the steps involved in using recycled aggregates for cement
mortars suitable for 3D printing technology are analyzed.

Several parameters come into play within the process al-
gorithm that frame a range of possible workflows assum-
ing different scenarios. Great importance is attributed to
information and context-related aspects (environmental
characteristics, site accessibility, etc.) that contribute to the
definition of the processes of demolition, recycling, and
accessibility possibilities related to the activation of on-site
operations. These processes are regulated by a framework of
standards that provide the information related to the quan-
tities and methods of use. Of paramount importance are the
material aspects. On the one hand, parameters that derive
from demolitions come into play (type of aggregates, grain
size, etc.) on the other, issues that are related to the mold-
ability of the cement mortar produced, which must possess
certain physical and mechanical characteristics (rheology,
hydration, etc.). These aspects directly inform the charac-
teristics and technological choices that influence the digital
manufacturing process. In this regard, two macrocatego-
ries are identified that are defined by the numerical con-
trol tool used: robotic arm and gantry system. A number
of constraints related to the final products depend on these
categories. The latter constitute the output of the process
and consist of categories of products that can be realized in
concrete through 3D printing.

The objective is to frame this type of construction process
by breaking it down into steps that affect the different actors
in the construction sector, with the aim of shaping itself as a
decision-making tool that can be used by contracting stations
to evaluate possible recovery scenarios through digital fabri-
cation. The goal is to decline with respect to different contexts
the succession of design and strategic choices leading to the
workflow to be followed during the construction phase.

Expected Impact of the Proposed Methodology

The tool proposed in this research appears to be potentially
useful; its implementation, however, requires the activation
of a series of synergies related to the actors of the entire
supply chain involved in the construction process from
demolition to the creation of the printing material and 3D
printing. Its operation, in fact, depends on the amount of
input information in its possession that pertains to dif-
ferent domains. The point of the “algorithm”, therefore, is
precisely to seek a synthesis between different disciplines
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Figure 3. 3D printing concrete composition.

that are aimed at the same purpose and need mutual feed-
back as they inform each other. Another implication is the
connection of the process algorithm to a BIM based system
with the aim of recording and updating in real time aspects
related to material (quantity of demolished materials) and
site management (accessibility). The use of digital fabrica-
tion technologies within the construction site, moreover,
implies significant changes from a socio-economic point
of view within the construction site with the need, for ex-
ample, to have specialized workers capable of planning and
evaluating choices regarding the materials and machin-
ery to be used. From a cultural perspective, the workflow
from demolition to digital manufacturing represents a vir-
tuous example of how technologies can change the entire
construction industry by reducing economic and resource
expenditures and limiting environmental impact. The case
study examined considers, specifically, concrete, whose in-
dustrial supply chain is among the most polluting but is,
theoretically, applicable and repeatable by referring to all
materials derived from demolition and different produc-
tion technologies related to digital manufacturing (subtrac-
tive manufacturing, 3D FDM printing).

RESULTS AND DISCUSSION

Quality Assessment of the Aggregates as 3D Printing
Material

This part of the study analyzes the relationship between the
product coming from the recycling chain, and its use as an
inert for the compound used as a raw material in 3D printing.

The most evident feature of the aggregate is its granularity,
which is relative to the form in which it is presented. Aggre-
gates with a diameter of less than 5 mm are defined as “sand’,
aggregates with a larger diameter are defined as crushed
stone or generally “large aggregates”, and they are those ac-
tually affected by recycling. The C&D waste treatment and
recovery process can be divided into the following phases:

o Crushing phase, that is aimed at reducing cement waste
in the size to make it suitable for final use;

o Separation phase, that is aimed at eliminating undesir-
able materials in the final product;

« Classification phase by screening, that is aimed at sepa-
rating the grains according to their size to obtain homo-
geneous particle size fractions.

With respect to this classification, it should be emphasized
that the demolition method is crucial for improving the ag-
gregate’s quality, since it directly affects the capacity in dif-
ferentiate C&D waste ab-origine. In the ordinary industrial
practice, in order to contain the disposal costs, construction
companies care for separating C&D waste in homogeneous
flows as much as possible because the recovery plants gen-
erally require greater costs in the case of poorly selected
materials and/ or great volumes of undesirable fractions.

In the procedural algorithm, three ranges of aggregate di-
ameters have been identified to be reused:

¢ 4-8mm,
e 8-16 mm,

e 15-25mm.
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Figure 4. 3D printing cycle industry Expo Park, Shangai.

The size of the aggregates directly influences the diameter
of the extruder to be used for 3D printing. This is because
to avoid obstructions, the cement compound must flow
continuously. The parameter relating to the diameter of
the extruder is divided into four scales of size: less than 8
mm, between 8 mm and 5 cm, between 5 cm and 30 cm
and greater than 30 cm.

This choice does not involve the definition of a specific
technology (for example, gantry system - multi-axis op-
erating system with airlift - or robotic arm). It is because
the use of extruders with a smaller diameter is often com-
bined with robotic arms, larger extruders, which need
greater stability, are generally mounted on machines that
use gantry system technology.

As coming from literature [14-16], the optimal composi-
tion for a cement mortar suitable for 3D printing requires
the use of large aggregates with a proportion of 0.63 with
respect to the total mass of the compound. These quan-
tities were calculated through various experiments in
which the printability and characteristics of the extruded
material were tested. Specifically, the control of the semi-
fluid’s ability to exit from the extremity of the extruder is
fundamental, in order to maintain a continuous flow and
retaining the shape once it is deposited (Fig. 3, 4).

Site Accessibility in off/on-Site Production Scenarios

A further aspect of the proposed process is related to dual
operating options offered by 3D printing, that can be on-
site or off-site mode. This option involves a number of dif-
ferences in terms of operating costs, of the need of skilled
operators, and of the quality of the final products. Generally
speaking, the on-site mode provides benefits in containing
economic and energy costs relating to the waste transport
and with respect to construction times. On the contrary, a
number of criticalities are in the need to manage of unex-
pected events arising from the context during the construc-
tion phase, such as greater risks for the workforce, resolu-
tion of problems deriving from printing errors, control of
the quality of the material during the extrusion phase in
relation to the atmospheric conditions.

On the other hand, the oft-site mode allows a greater
quality control during the production phase, and it offers
the possibility of printing elements featured by a great-
er degree of complexity also reducing risks and errors
during the construction phase. These advantages are bal-
anced by the increasing of transport and assembly costs,
and by the dimensional constraints coming from the site
in which the elements are manufactured. Therefore, the
choice between these two methods is done according to
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Figure 5. Case study area: The former industrial area Corradini, Naples.

the conditions of the operational site and, in particular, to
the following conditions: the accessibility of the construc-
tion site, the availability of economic resources, special-
ized work forces and technologies.

CONCLUSIONS

The "algorithm" presented in this study is configured as an
operational tool through which to develop building process
scenarios declined with respect to the context. Its use as a
decision-making tool is linked to the quantity and quality of
information in its possession that constitute its inputs. Spe-
cifically, different parameters come into play, belonging to
separate domains, which have been grouped into five sets:

o Material;

o Information;

o Technology;

o Performance constraints;

o Regulatory constraints.

The result is the definition of a complex system whose read-
ing and use are not deterministic but interpretable with
respect to needs that may vary according to the project
(maximizing the amount of recycled materials, obtaining a
certain type of product, working in a specific context).

For this reason, links between the various process steps were
differentiated by dividing them into deterministic type links
and indicative links to be interpreted as preferential association.
What emerges is the potential of the algorithm to be used to ad-
dress choices regarding the technologies to be used based on the
quality and quantity of materials from demolition. One of the
strengths is the possibility of parametrically declining the same
process to different situations depending on the repeatability of
the process from demolition to recycling and 3D printing.

The “algorithm” presented in this study was developed as-
suming two different scenarios. These are both theoretically
appropriate and feasible according to the presence of spe-
cific constraints (for example the accessibility of the con-
struction site for as regards the possibility of operating with
on-site technologies).
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Figure 6. Former industrial area Corradini, Naples — As-is BIM Model.

Notably, the research focused on the possibility of applying
the methodology to the follow, different cases:

o Urban furniture. This category has been tested with re-
spect to 3D printing for which components are generally
conceived and designed as closed elements, obtainable
through a continuous printing path, realised oft-site in
a controlled environment;

« Fagade elements. These are elements with a great level
of detail aimed at maximizing the performance of the
building facades;

o Interior elements. This group of elements is made up of
highly customizable and site-specific components;

o Structural elements. This group consists of structural com-
ponents in which issues relating to the optimization of the
use of material and the quality of the recycled material are
pivotal (also defined from a regulatory point of view).

The methodology is currently in the process of being tested
with design case studies within the construction site of the
ex-Corradini area of Naples [17], a heavily degraded site of
great urban interest, which has long been off-limits to the
public due to asbestos pollution (Fig. 5, 6).
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