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ABSTRACT

In 2020, European countries generated 807 mln tons of construction and demolition waste 
(CDW), accounting for 37.5% of total waste production. The UE Waste Framework Directive 
of 2008 established as a priority goal to increase the percentage of reuse, recycling and recov-
ery of nonhazardous construction waste to a minimum of 70% by 2020. Pending the report 
that will define compliance with this goal, the average percentage currently stands at around 
50%, of which only 3% involves upcycling operations. This doctoral research defines an op-
erational methodology aimed at implementing digital processes for circularity in the AEC 
sector, with a focus on post-earthquake emergency Italian contexts. The treatment of CDW 
in earthquake-affected areas for the purpose of recovery/reuse, in a perspective of circularity, 
represents an underexplored field and limited, as in the rest of UE, to downcycling operations. 
By defining planning strategies and digital tools and procedures, the research aims to facilitate 
the reuse of building elements from post-earthquake demolition and reconstruction opera-
tions. The final output of the research consists of a cloud database, a Digital Material Bank 
(DMB), of informed building elements from post-earthquake selective demolition operations 
that can be reused in the construction market as a secondary raw material. The CDW man-
agement of the 2016 Central Italy earthquake is identified as the scope of application, with a 
focus on the situation in the Marche region. Finally, the main limitations and possible future 
scenarios of the research are reported.
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INTRODUCTION

The term Industry 4.0 identifies the digitalization pro-
cess affecting the economic sectors of contemporary society 
since the beginning of the 21st century. The objective of this 
model is to operate a complete integration of IoT (Internet 
of things) in these sectors. As reported by Chapman and 
Butry, the construction industry, or AEC (Architecture, 
Engineering and Construction), lags considerably behind 

others today [1], despite the environmental, economic and 
social impact this sector exerts globally. 

According to the Global Status Report for Buildings and 
Construction 2022, the greenhouse gas emissions of the 
AEC industry reached the peak of 13.2 Gt in 2019. The 
global COVID-19-pandemic, and the subsequent decline 
in economic activity, reduced the AEC’s emissions in 2020 
(11.7 Gt). In 2021 we witnessed pre-pandemic levels being 
reached and exceeded, with a new peak of 13.6 Gt, 37% of 
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global emissions1 (Figure 1) [2]. The situation will presum-
ably get worse for both the massive increase in investments 
(+51.9% in 2021 compared to 2015) and the growth in 
global population2.

1 Data referred to the production and operational components.
2 The World Population Prospect 2022 estimates that the world population will reach 9.7 billion in 2050 [3].
3 Data extracted in January 2023.
4 The percentage is meant relative to the weight of the waste.
5 Data updated to 09/30/2021. Data refer to public rubble only. Public rubble is defined as “materials resulting from the partial or total 

collapse of public and private buildings caused by the seismic events, as well as materials resulting from the demolition activities of 
unsafe buildings ordered by the municipalities affected by the seismic events or other competent entities.”

The trend of waste production of the AEC industry, or 
CDW (Construction and Demolition Waste) is aligned with 
emissions. In 2020, Europe generated 807 mln tons of CDW, 
accounting for 37.5% of total waste production3 [4]. In this 
regard, the Waste Framework Directive of 2008 established 
as a priority goal to increase the percentage of reuse, recy-
cling and recovery of nonhazardous construction waste to a 
minimum of 70% by 20204 [5]. Pending the 2022 report, the 
average percentage currently stands at around 50%, mostly 
coming from downcycling applications, while only 3% for 
upcycling operations (Figure 2) [6].

While the overall construction waste average is in line 
with UE, the geomorphological features of the Italian ter-
ritory aggravate the situation, behind one of the highest 
seismicity countries in Europe. To date, the production of 
demolition waste in earthquake-affected areas represents 
one of the main issues and challenges for Italy. Waste pro-
duced in such contexts generally belongs to two catego-
ries: waste from the demolition of unsafe and/or collapsed 
buildings, and provisional works dismantled at the end of 
safety operations. An estimated 497,486 tons of debris were 
removed in the province of Ascoli Piceno, following the 
earthquake of central Italy in 20165. The treatment of this 
waste for the purpose of recovery/reuse, in a perspective of 
circularity, represents an underexplored field and limited, 
as in the rest of UE, to downcycling operations. On one 

Figure 1. Greenhouse gas emissions from the AEC Indus-
try (2019-2021).

Figure 2. European CDW recycling statistics.
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hand, in the Marche region, debris predominantly com-
posed of aggregates (98%), once selected and crushed, has 
been transformed into recycled aggregates to be used for 
the construction of road sub-bases, embankments, etc. [7]. 
On the other hand, provisional works components, mainly 
of the wood type, have high circular potential, due to their 
homogeneous sections and absence of chemical treatment. 
The life cycle of these elements currently ends in landfills 
or as biomass, also involving the release of CO2 accumu-
lated over time from the wood. Finally, to date there are no 
shared procedures, at the regulatory and operational level, 
aimed at the streamlining and efficiency of the recovery 
process, the reuse of this material directly in the post-earth-
quake reconstruction, and the definition of protocols capa-
ble of considering, from the design stages, the continuation 
of the life cycle of building components following selective 
demolition, with the consequent formation of new business 
models.

DIGITALIZATION AS A STRATEGY FOR THE IM-
PLEMENTATION OF CIRCULAR PROCESSES 

In this scenario, the digitalization of the AEC industry, 
especially in the emergency context, assumes a crucial role. 
The urgency to adopt responsible strategies for the design, 
production and management of the built environment 
leads to considering data as the raw material underlying the 
entire supply chain. The collection and management of data 
makes it possible to read and interpret the criticalities of 
building processes throughout the entire life cycle of archi-
tectural artifacts, and to implement multi-criteria optimi-
zation strategies. It is no coincidence that technological 

developments in the AEC industry, during the 4th indus-
trial revolution, have been primarily concerned with data, 
addressed in the nuances of design, production and man-
agement of the built environment. 

The main novelty in the design field is represented by 
an approach involving the extension of human capabilities 
through the use of computers, defining a new design phi-
losophy known as procedural design (PD) [8]. The main dif-
ference, compared to traditional design, is the development 
of a set of rules and processes that produce a geometric 
and/or informational output from the transformation and 
management of data [9]. Through PD, designers are able 
to deal dynamically with data complexity, made manage-
able through the use of algorithms, in a precise and efficient 
manner. 

In the field of building management, numerous tools 
have been developed that fall under the label of Building 
Information Modeling (BIM). The term stands for the “use 
of a shared digital representation of a built asset to facilitate 
design, construction and operation processes to form a reli-
able basis for decisions” [10]. The BIM methodology was 
born in response to the problem of the MacLeamy curve 
(Figure 3) within the construction history: moving for-
ward in the life cycle of a building artifact, the impact of 
new choices on the project decreases, while the costs asso-
ciated with those choices increase. The BIM methodology 
operates a shift of effort in the design phases, where choices 
determine a strong impact on the project while minimizing 
costs. Through a digital simulation of the building process, 
potential issues are anticipated as early as the design and 
pre-design phase [11]. 

Figure 3. MacLeamy curve adapted to BIM.
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The BIM methodology has many advantages in terms 
of economic and environmental sustainability, but it is cur-
rently marked by theoretical and practical limitations. BIM 
appears to be applicable mainly to new buildings, demon-
strating significant shortcomings toward existing artifacts, 
especially historical ones. The geometric representation of 
such artifacts is not easy, thus also limiting the information 
potential of the building system. Despite efforts toward 
so-called openBIM6, such tools are also unable to guaran-
tee a constant information flow in the exchange of data 
between software. This shortcoming leads to disruptions 
in operational workflows, reducing the effectiveness of the 
goals set by the BIM methodology. In addition to issues 
related to computer tools, which are currently limited to 
extremely sectoral stages, the absence of a unified, shared, 
and comprehensive methodology poses a main limitation. 

Such a described cultural context thus creates significant 
difficulties for designers and stakeholders when attempting 
to address the sensitive issue of circularity in relation to the 
digitalization processes in the AEC industry. 

RESEARCH OBJECTIVES AND PHASES

The current research of the authors, carried out at School 
of Architecture and Design of the University of Camerino 
(Italy), define an operational methodology aimed at imple-
menting digital processes for circularity in the AEC sector, 
with a focus on post-earthquake emergency contexts. The 
research focus is on the sustainability implications of the 
formation of a new market that can attract opportunities 
and investments. By defining planning strategies and digi-
tal tools and procedures, the research aims to facilitate the 
reuse of building elements from post-earthquake demoli-
tion and reconstruction operations. For provisional works, 
the research provides the integration of such procedures 
as early as the immediate post-installation phase. The 
research also aims to provide alternative solutions for both 
streamlining upcycling procedures for construction waste 
and facilitating post-earthquake reconstruction operations 
through a concrete economic boost. Constant discussion 
with administrations, local authorities and economic actors 
are key factors to immerse the research within the dynam-
ics that characterize the AEC sector. The use of IT tools 
is conducted following the perspective of interoperability 
and responsiveness, in order to limit the loss of data during 
the various stages of research, optimizing the workflow in 
terms of timing and accuracy of operations. The final out-
put of the research consists of a cloud database, a digital 
material bank (DMB), of informed building elements from 
post-earthquake selective demolition operations that can 

6  “openBIM extends the benefits of BIM (Building Information Modeling) by improving the accessibility, usability, management 
and sustainability of digital data in the built asset industry. At its core, openBIM is a collaborative process that is vendor-neutral. 
openBIM processes can be defined as sharable project information that supports seamless collaboration for all project participants. 
openBIM facilitates interoperability to benefit projects and assets throughout their lifecycle.” [12]

be reused in the construction market as a secondary raw 
material, while defining strategies to facilitate new business 
models. The research mainly involves three phases: 
• state of the art analysis and market surveys; 
• development of methodology; 
• pilot design application

Analysis and market surveys
The first step of the research involves a market survey, 

with a focus on the Italian and regional AEC industry in the 
post-earthquake context. The survey aims at understand-
ing the potential and interest that digitalization processes 
for circularity exert, and will exert, within the construc-
tion supply chain. This phase consists of collecting a large 
amount of data in order to accurately describe the current 
and projected situation of the circularity market in the 
AEC sector. The dialogue with stakeholders (local author-
ities, companies, economic actors) is pivotal to analyze the 
opportunities, benefits, and large-scale applicability of cir-
cularity processes. In addition, the research analyzes the 
current legislative and administrative apparatus to assess 
the level of depth and criticality of circularity processes 
within the post-earthquake demolition and reconstruction 
scenario. Moreover, the research addresses the application 
and management limitations currently found in digitaliza-
tion processes. These limitations include IT issues (software 
and hardware), interoperability, cloud data, traceability, 
certifications, etc. This first phase takes place with parallel 
insights regarding the topic of circularity in AEC, with a 
focus on international academic developments and applica-
tions conducted on the built environment.

Methodological development

Data acquisition
The first task of the methodological development is the 

identification of strategies for acquiring the information 
of the building elements, from the post-earthquake dem-
olition operations, that make up the DMB. The data to be 
acquired are: the identity of the building elements, geom-
etry, typology, materials, weight, chemical and physical 
characteristics, architectural and geographical location (to 
be integrated with GIS systems), and information related 
to the production, installation, and management of the ele-
ments. The retrieval of such information is also addressed 
through analysis of data from existing databases using pro-
gramming tools. Related to geometric surveying, the topic 
of photogrammetry (Structure from Motion) is integrated 
in the workflow, including the subsequent processing and 
management of point clouds using algorithmic support for 
classification, segmentation, etc.
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Building elements analysis
Once the data are collected, the building elements are 

subjected to analysis to understand their state of preserva-
tion (Figure 4). The analyses cover the mechanical strength 
of the elements, the state of deformation, the presence of 
aesthetic imperfections and deteriorating conditions, etc. 
The analyses are conducted in an automated manner using 
VPL (Visual Programming Language) computational tools. 
The analyses aim at defining the economic value of the 
objects, as well as understanding the degree and contexts 
of reusability. 

BIM compiling
The collected geometric and descriptive data need to 

be represented within platforms capable of synthesizing 
and organizing the different categories of information. 

7  LCA is defined as “a technique for assessing the environmental aspects and potential impacts associated with a product.” [13].

BIM tools are be used for this phase, developing proce-
dures to automate the compilation of information and the 
conversion of meshes, obtained from 3D scans, into Brep 
(Boundary Representation), the native geometric typology 
of the main BIM software. Connection tools between BIM 
and VPL tools are used. The outcome of this phase is a dig-
ital twin, i.e. a digital alter ego of the database of real ele-
ments (Figure 5). 

Life cycle assessment
Within the circularity dynamics for the AEC sector, 

life cycle assessment (LCA)7, plays a key role in simulating 
their environmental footprint, in terms of CO2 equivalent, 
from the extraction of the raw materials to the decommis-
sioning and/or reuse. The goal of this phase is to develop 
decision-making strategies to optimize the use of building 
elements in the AEC industry for a responsible and sus-
tainable design approach. This operation contributes to the 
creation of comparative models between conventional and 
circular practices.

Dashboard and reports
The data collected and processed in the previous phases 

need refinement aimed at making such data readable and 
interpretable in a clear and effective manner. Therefore, 
strategies are developed, both on the IT and communica-
tion level, for producing interactive reports and dashboards 
(Figure 6). A high degree of interoperability among the tools 

Figure 5. Digital twin of the building elements.

Figure 4. Analysis detail of a building element for  
deformation (left) and texture quality (right).

Figure 6. Interactive dashboard of the digital material bank.
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involved is maintained in this phase as well, so any kind of 
updates from previous phases will be responsively reflected 
in the reports. The outcome of this phase composes an ini-
tial finished and autonomous product, which can also be 
summarized by means of technical data sheets and certifica-
tions, to be submitted to the attention of the stakeholders to 
obtain feedback about possible investment interests. 

Cloud database
The next step of the research is the cloud publication of 

the DMB generated in the previous steps. The main chal-
lenge is the programming of a bidirectionally interactive 
database, so that any changes can be updated simultane-
ously on both the digital twins and the cloud database itself. 
Strategies are planned to track updates and to manage the 
usability, accountability, and security levels of the database. 

Worksites
The operations described so far involve an initial tran-

sition from the physical to the digital world, converting 
building elements into a condensed dataset within a fully 
digitized database. The next step is to return research within 
the physical world in order to develop strategies that can be 
traced back to the worksite domain. These include the use 
of RFID (Radio Frequency Identification) technologies and 
QR codes that can be physically applied to the building ele-
ments of the database, also with the support of augmented 
and virtual reality technologies, in order to visualize and 
edit the data associated with the elements.

Design applications
As a conclusion of the research, it is proposed to ver-

ify the applicability of the system by carrying out a pilot 

architectural project. The design of the pavilion will be 
done by taking into consideration only the database build-
ing elements, which can be considered as secondary raw 
material, from the post-earthquake selective demolition 
operations. The design will be addressed with the aim of 
loop algorithms which operate successive iterations to select 
from the database, for each design architectural element, 
the most suitable building element for design purposes. The 
architectural product will again trigger circular procedures: 
its component building elements will re-enter the database 
with updated information to be reused in the future.

Comparative models
Finally, comparative models between traditional and 

circular approach are conducted to highlight the benefits 
of the latter in terms of environmental impact, economic 
savings, waste generation and opportunities for local gov-
ernments and businesses.

The research is currently in the first of three planned 
years of the Ph.D. program in Architecture, Design and 
Planning at the International School of Advanced Studies of 
the Camerino University, curriculum in Innovation Design 
- Design for environmental sustainability and for process 
and product innovation. In addition, a baseline trial of the 
entire process of digitizing construction waste was initi-
ated in order to understand the constraints, requirements, 
objectives and data crucial for methodological develop-
ment. Future research developments will involve theoret-
ical and practical insights into the individual steps of the 
methodology, which will be interspersed with milestones 
that can be configured as stand-alone products.

Figure 7. Methodology summary diagram.
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FIELD OF APPLICATION AND EXPECTED OUT-
COMES

Demolition and reconstruction operations after the 
2016 Central Italy earthquake is identified as the scope of 
application, with a focus on the situation in the Marche 
region. The proposed methodology provides numerous 
advantages for local governments and companies operating 
in the AEC industry, as well as benefits in terms of envi-
ronmental sustainability. The research provides a system 
for the upcycling of construction and demolition waste and 
in which the elements to be used for provisional works are 
produced, processed, certified, and installed following cer-
tain planned procedures in such a way that they are consid-
ered, from the earliest stages of their life cycle, as elements 
that can potentially be reused in the future as secondary 
raw material. It would thus open up the possibility for com-
panies to purchase materials in advance at a subsidized 
price since they are reusable only after dismantling. In addi-
tion, such a system is convenient for local governments as 
they would be able to benefit from economic subsidies that 
can be reused directly in safety and post-earthquake recon-
struction works. Finally, the reuse of such building material 
leads to a significant reduction in waste production and 
greenhouse gas emissions. However, the proposed method-
ology is applicable in a variety of contexts, not necessarily 
emergencies, and to the entire caseload of technological 
units and building materials.

The main limitations of the research relate to the dif-
ficulties of incorporating this methodology within the 
European and national regulatory framework. A reform in 
this sense is auspicable in order to fulfill the paradigms of 
Architecture 4.0 for circularity processes in the construc-
tion sector, not only for new construction. From an IT point 
of view, the geometric and informational representation of 
certain categories of building elements (e.g. aggregates) 
remains uncertain to date. In addition, tools for converting 
point clouds, derived from photogrammetric surveys, into 
BIM objects need further development to ensure a high 
level of automation of the process itself. Possible future sce-
narios for the advancement of the research project involve 
the integration of artificial intelligence within the process. 
The use of AI and Computer Vision can potentially auto-
mate the entire process of acquiring the different layers of 
information (geometric, material, presence of degradation). 
Such acquisition represents today the most time-consum-
ing and complex operation in terms of accuracy. Thus, AI 
contribution could be a winning strategy to augment design 
and management capabilities in the construction industry, 
within the circularity framework.
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