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Abstract. The construction sector is one of the highest waste generators in many
countries. Several studies evidence the close relationship between the decisions
taken during the design phase and the reduction of the construction and demolition
wastes (CDW).Moreover,many studies show the advantages ofRehabilitation ver-
sus Demolition. However, a main barrier to apply waste minimization strategies
in projects is the lack of information included in the design tools themselves. The
present paper aims to describe a methodological framework based on Quantifi-
cation and Reduction Models of Construction Wastes, used during design stages
of buildings and integrated into a building’s design methodology such as Build-
ing Information Modeling (BIM). The method is conceived to guide designers,
contribute to measure and predict CDW. A case study is also provided. CDW of
two alternative scenarios are obtained and compared: the demolition versus the
refurbishment of a roof. It also contributes to develop a sustainability simulation
of a building by obtaining the construction wastes from its BIM model.

Keywords: Sustainability · Construction and demolition waste · Building
Information Modelling · Building design

1 Introduction

The construction industry is essential to realize the built environment and a key sector
in the sustainable development of the world production model. In Europe, although
construction currently generates 9% of Gross Domestic Product and provides 18 million
jobs [1], it is also responsible for 50%of energy consumption, 50%ofmaterials extracted,
33% of water consumption and 33% of the generated waste [2]. Due to the increase of
the cost of construction projects and the environmental awareness [3], the construction
industry is under an immense pressure to become a more efficient industry in the use
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of resources and in the minimisation of generated waste. Specifically, it is considered
crucial to pay more attention to the end of the useful life of buildings because demolition
activities represent more than 50% of the total waste production of the construction
industry [4].

Directive 2008/98/EC establishes the principle “who pollutes pays” and the “ex-
panded responsibility of the producer of pollution.” It includes recycling and recovery
targets that must be achieved by 2020: 50% of certain household waste and other similar
waste, and 70% of waste from building construction and demolition (CDW). It also
requires Member States to adopt waste management plans and prevention programs to
achieve these objectives. In this way, the European Commission aims to help the con-
struction industry to bemore competitive, resource efficient and sustainable. Its approach
to waste management is based on the “waste hierarchy” that indicates an order of priority
when configuring waste policy and its management at an operational level: prevention
(zero waste), reuse (once waste is generated), recycling, recovery and, as last and least
desirable option, dumping in landfills and incineration without energy recovery [5].

The emergence of new technologies in the Architecture, Engineering and Construc-
tion (AEC), based on collaborative strategies, such as Building Information Modelling
(BIM), is considered an opportunity to address the problem of construction and demoli-
tion wastes (CDW) from early design stages, to obtain more efficient results [6]. Several
researchers [7, 8] point out that the use of the BIM platform can help minimise CDW.
However, BIM remains a novel methodology that has not developed its full potential in
the industry, both at the level of research and practitioners [9]. Therefore, there is a clear
need to accelerate the development and standardisation of BIM tools for CDW and thus
provide broad coverage in life cycle information flows of construction projects [10].

Hence, this work aims to establish a methodological framework based on two vali-
dated Quantification and Reduction of Construction and Demolition Waste Models [11,
12], to be used during building design stages and integrated into the BIM methodology.
The proposed method is intended to help designers in the early prediction and mea-
surement of CDW. At the same time, a case study is provided where the CDW of two
alternative scenarios modelled in BIM are calculated and compared: demolition versus
rehabilitation of a flat roof.

2 Reduction of Construction Waste

While CDW occur during construction execution activities, more and more voices agree
that they are caused by decisions and activities throughout the whole building life cycle.
There is a consensus in scientific literature that project design, material acquisition,
construction, renovation and demolition contribute directly or indirectly to the generation
of wastes [4, 9, 13, 14].

Other recent works [8, 9, 12, 13, 15–17] reveal the importance of reducing CDW
in building planning and design stage as a first step to minimise waste by eliminating
the root causes of its generation. In addition, it is claimed that inappropriate design
decisions, lack of constructive details and unexpected design changes can lead to an
increase of up to 33% in the volume of construction waste [18].

New production models such as “lean construction” [8, 19], “zero waste” [20] or the
circular economy [21] also agree on the importance of reducing CDW at their source
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instead of recycling and recovering them, while they innovate through the involvement
of people and the development of a more efficient work from the beginning of the design
process. The influence that stakeholder’s project engagement exerts on the reduction of
CDW is considered crucial [8, 13], since CDWgenerated by late information, customer’s
last-minute requirements, bad distribution and slow revision of plans could be avoided
by improving their coordination and communication during the design stage.

However, practitioners and policy makers are still far from implementing CDW
minimization measures at the design stage and continue to consider them secondary
about the traditional objectives of the project, that is, time, cost and quality [20]. Some
authors [7] detect a lack of effective tools that allow accurate estimation of CDW. In
conclusion, for the minimization of CDW, quantitative prediction methods and tools are
considered essential by practitioners, since they can provide themwith fundamental data
to assess the actual volume, type, time and place of generation.

3 BIM Technology and Construction Waste

The great advances have forced the construction industry, considered one of the most
resistant to change, to use new methods that allow it to survive. In recent years, new
technologies are emerging in the international sector of Architecture, Engineering and
Construction (AEC). This is the case of the BIM methodology. Since it first appeared in
1992 [22], the BIM concept is evolving from a 3Dmodelling technology to a comprehen-
sive tool and project management process [3, 7, 23, 24], which allows a better exchange
of information among the participants in construction projects, during the entire life
cycle of the building, for precise decision making and a better delivery process for the
final product.

The international ISO Standard 2010 defines BIM as “a shared digital representation
of the physical and functional characteristics of any built object (…) that constitutes
a reliable basis for decision making”. Many authors estimate that BIM is a set of pro-
cesses [25–27]. For Bazjanac [28], BIM is “the act of creating a construction information
model”. Eastman [24] defines BIM as “amodelling technology and the processes associ-
ated to produce, communicate and analyse construction models”. The Building SMART
International (BSI) association, which promotes the use of BIM worldwide, defines it as
“a business process for the generation and use of construction data, to design, build and
operate the building during its life cycle”. Although most BIM processes are assisted by
informatic tools, the scientific community agrees that it is a new working method that
links new processes assisted by an important technological component [29].

Due to the strong commitment of the physical resources of construction projects
and their unique and irreversible nature, it is too expensive, practically unfeasible, to try
different design and construction schemes before a project is built without using new
technologies. In this context, BIM has been revealed as a powerful technology and a
versatile tool that helps predict and understand possible improvements and changes in a
building before they are adopted on site [13, 30].

Therefore, BIM is considered a viable technology to address the performance prob-
lems of construction projects before having to make a large investment of time or money
[31]. There is a consensus on the potential of BIM to minimise CDW during design sce-
narios. Many authors consider that BIM is a useful tool in the early stages of a project
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to identify, evaluate and effectively reduce the generation of CDW throughout building
life cycle [3, 6, 7, 14, 17, 18, 32].

It is widely recognised that integrated building design based on BIM can improve
the accuracy and quality of the design, thus reducing errors, repetitions, inefficiencies in
communication and lack of coordination amongst the project participants andunexpected
changes in design, which they are frequent causes of CDW generation [13, 32]. BIM
mechanisms, such as alternative design simulations, design reviews, details, collision
detection, digital prefabrication and construction activity planning can reduce the amount
of construction waste by 4.3–15.2% [3, 6, 8, 13, 14, 18].

However, the most critical authors [3, 30, 33] warn that BIM is not a panacea. In any
case, they consider that the implementation of BIM and the improvement of interoper-
ability between different computer programmes are very necessary to effectively address
waste minimisation, proposing a way forward rather than adding mere rhetoric. For this
purpose, more research and implementation are required making this functionality a
reality.

Recent studies [14, 24, 31, 34], which have mapped the global research on BIM,
reveal that CDW research is not a specific topic among BIM research areas. Main issues
identified focused on the general environmental assessment of buildings, especially
energy efficiency [35, 36].Likewise, existingBIMandCDWstudies havebeendeveloped
mainly in the management of CDW during the execution of construction works, being
considered as the stage in which wastes are generated [3].

Similarly, the actual implementation of BIM in the construction industry for the
minimization of CDW is also relatively low, as emerged from latest studies [10, 13].
While stakeholders in the construction industry seem to be aware of the benefits of BIM
to eliminate a large number of causes of waste from its beginning to its completion in a
construction project, especially at the design stage, evidences show that the use of BIM
to reduce them is not yet an extended practice.

Now, none of theworld’s leading BIM software products includewasteminimization
and prediction functionality. Nevertheless, it is evident from the reviewed literature that
there is a promising demand for the use of BIM to reduce the generation of waste in
construction.

4 Methods and Tools for Minimizing Construction Waste
Integrated in BIM

Although they are still limited, some specific methods and tools assisted by BIM
have been developed to minimize and manage the amount of waste from construction,
renovation and demolition projects.

Won et al. [18] developed a method to quantify how many CDW would be avoided
with the use of BIM through a design validation process on the Autodesk Revit platform
and demonstrated through two case studies that it could be a possible solution to eliminate
the main causes of CDW. Furthermore, considering the possibility of identifying errors
without BIM, using the traditional approach based on drawings, the amount of CDWwas
analysed and compared with the CDW avoided through the use of BIM. In addition, they
claimed that with the use of BIM they could minimize the construction waste generated
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not only during the design stage, but also during the building construction. For example,
waste generated during the construction phase could also be minimized by maximizing
the reuse rate by selecting appropriate cutting lengths, areas and volumes of materials
based on the precise amount obtained by BIM. A limitation of their study is that the
volume of construction waste generated by formworks and packaging materials was
not considered. They justify these methodological aspects arguing that, in South Korea,
formwork information is not commonly included in BIM models, and the percentage
of packaging waste is very insignificant, representing only 0.02% of total construction
waste.

Porwal andHewage [37] proposed a BIM-basedmethod to reduce steel waste in rein-
forced concrete structures by selecting appropriate bar lengths and considering available
cutting lengths. BIMwas used to simulate the architectural and structural design require-
ments and to compare the results in order to make the necessary changes in the design, to
reduce and reuse the reinforcement bar waste. In addition, BIM was used as a database
to communicate project information between various design teams (architectural, struc-
tural, mechanical, electrical and plumbing). The limitation of this method is derived
from reducing only a specific type of construction waste, steel waste.

Mercader et al. [38] led an investigation on the quantification of CDW that was
expected to be generated during the implementation of a building project through a BIM
model. They determined the amount of waste generated during the execution of the
structure, total volume of concrete waste and total weight in kg of steel waste, as well as
the total amount of material resources consumed. Previously, Mercader et al. [39] had
already demonstrated the possibility of automatically quantifying the waste generated in
a model developed in BIM during earthworks and foundation process. They compared
the results with the manual procedure, and these results varied in decimals of cubic
meters; variations that were irrelevant to the magnitudes of the project considered.

Bilal et al. [8] defined an integrated descriptive database of construction materials as
a first step of a constructionwaste simulation tool to be implemented in BIM. In addition,
they coined the term BIM Waste Analysis (BWA) to capture the entire BIM process, to
predict and design construction waste. The BWA consists of four key steps: (i) analysis
of the construction model, (ii) waste prediction, (iii) waste visualization and (iv) waste
minimization. Moreover, it is considered that, in a construction waste simulation tool,
BWA must be integrated. First, the waste simulation tool would read BIM models and
estimate the types and quantities of waste that arise from the different elements used
in construction. Subsequently, the tool would visualize the production of waste from
the construction elements and highlights those that produce massive amounts of waste.
Finally, designers could further investigate these elements to be able to use different
materials and strategies with lower waste production through the specification of smart
materials.

Recently, Akinade [4] developed a BIM tool (BIM Waste) for construction waste
analysis at the design stage, integrated into Autodesk Revit, based on hybrid models of
Artificial Intelligence (AI), due to its ability to store and process large amounts of data.AI
models were incorporated into Autodesk Revit as a complement to allow the prediction
of construction waste from building designs. System performance was assessed by a test
plan and two case studies. Results show that the toolworkswell and predicts construction
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waste according to the types of waste, types of elements and levels of construction. The
study provides a clear direction on how construction waste (CW)management strategies
could be integrated into a BIM platform to streamline CW analysis. Notwithstanding,
the author recognizes as a limitation of the study that it was conducted in the context
of the United Kingdom, so the findings have a bias in AI to conceive the environmental
potential of BIM at the end of the construction life cycle.

Cheng and Ma [7] designed a BIM application programming interface (API) for the
estimation and planning of demolition and reuse waste that provides alerts to contractors
ahead of time in project planning. This API can extract material and volume informa-
tion through BIM models in the Autodesk Revit platform and integrate it for detailed
waste estimation and planning. This system can not only serve as an automated, fast
and accurate tool for estimating waste before demolition or reuse, but also serves as a
tool to calculate the waste disposal rate for different waste facilities and pick-up truck
requirements. This estimation and planning system have been validated in a 47-story
residential building in Hong Kong. Some of the limitations of this tool are that it focuses
more on waste management than on minimizing the root causes that generate waste.

Therefore, it can be concluded from the literature review that there is a lack of
tools and decision-making methods for minimizing CDW during the design phase of the
building.

5 Methodology

Through a case study, the different scenarios of themethodology based on the integration
in the BIM methodology of the Quantification and Reduction Models of Construction
and Demolition Wastes [11, 12] are established. A native BIM program is used and the
enrichment of BIM objects through attributes (see Fig. 1).

The case study chosen is that of a flat roof covering 25 m2 under two different
scenarios; in Stage 1, the demolition of the roof and its subsequent reconstruction are
established, while in Stage 2 the rehabilitation of the flat roof is proposed.

5.1 Stage 1: Data Collection for the Quantification and Waste Reduction Model

It is essential to start from reliable and validated data on the quantification and reduction
ofwaste generated in the construction processes. Therefore, the first step is to collect data
on the production of waste generated in the following activities: demolition, construction
and rehabilitation of a flat roof in the validated Quantification and Reduction of CDW
Models [11, 12], (see Table 1 and 2). These models develop a systematic structure
of the construction process, a waste classification system and factor-based analytical
expressions.

5.2 Stage 2: Development of CDW Attribute Database in BIM

Then, in the BIM environment chosen to model and provide CDW attributes to the case
study - the Allplan program -, the BIM database is created covering the types of wastes
to be evaluated (see Fig. 2).
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Fig. 1. Methodology scheme based on Quantification and Reduction Models of Construction
Wastes [11, 12] integrated into Building Information Modeling.

5.3 Modelling Architectural Elements in BIM and Attribute Assignment

The roofs are modelled, for the different scenarios of the case study, with the specific
tool “Roof”, thus obtaining quantifiable BIM objects. Then, with the order “Assignment
of attributes to any element”, and using the previously created database, the types of
wastes corresponding to each case are assigned and the corresponding values of each
type of waste are entered by a manual and systematized procedure (Fig. 3). This Allplan
tool allows to define any property or attribute, provide it with value and link it to any
object so that data can be analysed and evaluated later through other tools.

5.4 Analysis and Discussion of Results

To analyse and evaluate the CDW of each of the proposed scenarios, a report that
identifies the different constructive elements and the stages to which they are subjected is
designed. This report allows the comparative study of results (Fig. 4 and Table 3). From
this analysis it is concluded that Rehabilitating/refurbishing the roof (Stage 2) would
reduce up to 99% of the CDW waste generated in the case that the roof was demolished
and rebuilt (Stage 1).
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Table 1. CDW expected in building/site work elements in Stage 1 (Source: data obtained from
Llatas, 2011; and Llatas and Osmani, 2016)

Table 2. CDWexpected in building/site work elements in Scenario 2 (Source: data obtained from
Llatas, 2011; and Llatas and Osmani, 2016)
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Fig. 2. CDW database: definition of CDW attributes.

Fig. 3. CDW database created in Allplan: assignment of CDW attributes.

In addition, another advantage of Stage 2 is that it facilitates the selective separation
of wastes and its subsequent removal, promoting their recovery. While in stage 1 most
of the waste is made up of a fraction of mixed materials, making it difficult to recover
(Table 3 and Fig. 5).
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Fig. 4. Analysis of results. Custom reports in Allplan.

Table 3. CDW. Comparative study of results.

One of the difficulties we have encountered, from an operational point of view, is that
BIMprograms developed for architectural modelling, consider amaximumof 4 decimal;
this fact has conditioned the units we have worked with. In the reference quantification
model the values are expressed in m3. This problem has been overcome with the use of
the dm3 unit in the early stages of the methodology. Finally, in the reports the results are
expressed in m3.
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Fig. 5. Comparative analysis between Scenario 1 & Scenario 2.

6 Conclusions

The results reveal that the Waste Quantification and Reduction Model can be imple-
mented in BIM environments. The proposed methodology and the information flows
generated, through the indexed database, allow us to know the waste produced by the
construction systems defined in the early scenarios of the design, helping in decision
making. However, the following limitations must be considered:

– The attributes related to the quantification of wastes do not exist by default in the
database of BIM modellers.

– The use of more than four decimals imposes the need for the use of units that are
expressed with fewer decimals.

The digitalization of the design process using BIM objects with attributes allows a
real response to the growing need to include environmental considerations in the projects,
such as the production of wastes at the beginning of the design process. For example,
the case study demonstrates with quantitative values how a Rehabilitation Stage reduces
the wastes of a Demolition and Reconstruction Stage up to 99%.

The study forms a basis for future research on the optimization of the integration of
CDW in BIM. The proposed methodology presents a high potential since all data can be
centralized in a single database and customize the information that you want to evaluate.
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