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Abstract: Construction waste (CW) is a prime contributor to the stream of total waste worldwide.
One of the biggest challenges of the construction industry is to minimise CW and to develop practices
of a more sustainable nature for its management and recycling in order to promote its transition
towards a more effective circular economy. The implementation of these practices contributes towards
mitigating the scarcity of natural resources and the environmental impact of CW. Thus, a preceding
and essential step is the estimation of CW during building design, which will allow the adoption of
measures for its early reduction and optimisation. For this purpose, Building Information Modelling
(BIM) has become a useful methodology to predict waste during the early stages of design. There
remains, however, a lack of instrumental development. Therefore, this study proposes a BIM-based
method to estimate CW during building design by integrating a consolidated construction waste
quantification model in three different BIM platforms. For its validation, the method is applied to the
structural system of a Spanish residential building. The results provide evidence that the proposed
method is vendor-neutral and enables the automatic identification and quantification of the waste
generated by each building element during the design stage in multiple BIM platforms.

Keywords: BIM; construction waste estimation; building design platform; European List of Waste;
attributes; Allplan; Archicad; Revit; BIM objects

1. Introduction

The construction industry constitutes a key sector in the sustainable development of
the worldwide productive model system. In the European Union (EU) alone, the construc-
tion sector contributes approximately 9% of gross domestic product and provides 18 million
direct jobs [1]. On the other hand, it produces approximately 35% of all greenhouse gas
emissions, accounts for 40% of total EU final energy consumption, and accounts for 25-30%
of all waste generated [2].

With the rising cost of construction projects and growing environmental concerns, the
construction industry is under immense pressure to become more resource efficient and
to develop construction practices of a more sustainable nature. At international level, the
United Nations” Sustainable Development Goals for 2030 demand sustainable cities and
communities (goal 11), as well as responsible consumption and production (goal 12) [3].
In the EU, the Construction 2020 Strategy encourages the circular economy principles for
the design of buildings [4-6] and calls for the reduction of waste and the facilitation of
high-quality waste management.

Within the last decade, many research efforts have therefore been made to understand
the causes of waste in construction projects, to assess its impact, and to propose eco-efficient
strategies and best practices for its reduction, reuse, and recycling [7-13]. Furthermore, several
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studies have focused on the development of construction and demolition waste (CDW) quan-
tification models [14-17] to support designers with data for appropriate decision-making at the
design stage. Hence, waste reduction can be tackled through the comparative analysis of the
amount of waste generated in different design alternatives [18,19]. The earlier that construction
waste (CW) is identified and measured in the life cycle of a building, the more successful are
the minimisation measures adopted and the more efficient is the management deployed for
the unavoidable stream of CW.

Nevertheless, it is argued that existing estimation tools and methods are insufficiently
convenient for practitioners to be willing to utilise, since information such as material
volume needs to be either measured or retrieved from available documents manually,
which entails much time and effort. The appearance of new collaborative-based and rich
information technologies in the Architecture, Engineering, and Construction (AEC) sector,
such as Building Information Modelling (BIM), is considered as an opportunity to address
construction waste problems from the design stage to obtain results of higher efficiency [20].
To this end, however, major development and standardisation of BIM-integrated tools for
construction waste are required.

Therefore, this study aims to contribute towards filling this technological gap by
designing and developing a BIM-based multiplatform methodology for the estimation of
construction waste during building design, as a preceding and essential step for waste
minimisation and sustainable management. This methodology integrates a Spanish model
of CDW estimation [15] into the main three European BIM platforms (Allplan, Archicad,
and Revit), and provides an automatic and detailed quantification of construction waste.
This information will allow practitioners to implement construction waste minimisation
and optimisation measures from the design stage through the whole life cycle of the
building. Finally, a case study is provided to verify its functionality in the structural system
of a dwelling located in Andalusia (Spain).

2. BIM Methodology and Construction Waste

The use of BIM in the AEC sector has increased in recent years. Since it first appeared
in 1992 [21], the BIM concept has evolved from a simple 3D modelling methodology to a
comprehensive project management tool and process [22]. Building Information Modelling
enables better information sharing among construction project stakeholders throughout
project life cycle, thereby contributing to an accurate decision-making and improved facility
delivery process.

Owing to the heavy physical resource engagement in construction projects and to its
one-off and irreversible nature, it is too expensive, if not impossible, to test different design
and construction schemes before a project is built without employing new technologies.
In this context, BIM is revealed as a powerful methodology and a versatile tool that helps
to predict and understand possible improvements and changes to a building before they
are adopted on site. Hence, BIM is regarded as a feasible methodology to address the
performance problems of construction projects at an early stage before a large commitment
of time or money has been made.

However, international studies reveal that construction waste research is not a pri-
ority issue among BIM research areas [23-25]. The core themes identified in the global
research on BIM are mainly focused on general building environmental assessment and
energy efficiency [26-29].

In the design stage, although still limited, several specific BIM-aided methods and tools
have been developed to assess the amount of waste originated from construction, renovation,
and demolition projects [30-32]. In particular, there is a general consensus on BIM’s potential
to improve the accuracy and quality of design, thereby reducing design errors, reworking,
inefficiencies in communication and coordination between project participants, and unexpected
design changes, which are all frequent causes of construction waste.

A number of these studies have focused on a specific type of waste. Porwal and
Hewage [33] proposed a BIM-based method to analyse reinforced concrete structures to
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reduce reinforcement waste by selecting suitable lengths of rebars and considering available
cut-off lengths. Guerra et al. [34] presented their BIM-based automated construction waste
estimation algorithms for concrete and drywall waste streams.

Other authors envisioned the environmental potential of BIM at the end of the life
cycle of the building and concentrated their efforts on the demolition stage. Cheng and
Ma [35] designed a BIM application programming interface (API) for the estimation of
demolition and renovation waste. Akinade et al. [36] provided the needed technological
support for the development of tools for BIM-compliant Design for Deconstruction tools.
Akanbi et al. [37] developed a BIM-based system for the estimation of the salvage value of
building materials through the life cycle of a building. Furthermore, Zhang and Jia [38]
propose a dynamic recycling BIM-based model for the disposal of construction materials
across the whole life cycle.

As far as BIM software is concerned, most of the methods and tools have been devel-
oped for Autodesk Revit [31,35,39], and are not available for many practitioners that work
with other software.

The more critical authors [40,41] warn that BIM is not the panacea, since it cannot fix
anything automatically. They consider that improvements in BIM computational implemen-
tation and interoperability are strongly needed to effectively address waste minimisation
through BIM, by clarifying a way forward rather than simply adding mere rhetoric.

Likewise, according to recent studies, the actual implementation of BIM in the con-
struction industry for construction waste assessment and management is also relatively low,
and is focused on waste minimisation and on-site waste management [42,43]. However,
stakeholders have major expectations for the use of BIM for construction and demolition
waste management [44].

Since BIM potential has not yet been realised in the construction industry at the level
of research and practitioners [45,46], there is a clear need to speed up the development
and standardisation of BIM-integrated tools for construction waste in order to provide
a broader coverage of user requirements and information flows in the full life cycle of
building projects; an opportunity to be addressed can thus be observed here.

3. Materials and Methods
3.1. Selected Construction Waste Quantification Model

The verified CDW quantification model [15,16] estimates the amount of waste gen-
erated during the construction and demolition phases from the initial design stage. The
types and quantities of CDW are estimated and managed according to EU guidelines, in
terms of building elements, specifically for each project. The results are obtained in detail,
for both building elements and building systems, and globally for the whole building. In
addition, identified and quantified waste is classified according to the European Waste
List (EWL) [47]. The model enables the detection of the source of the waste and other
alternative solutions that reduce CDW. Likewise, it develops a systematic structure of
the construction process, a waste classification system, and several analytical expressions,
which are based on waste quantification factors. These factors depend on the construction
technology available and represent an on-site standard.

At the same time, BIM methodology works in terms of its elements and its potential lies
in the virtual simulation of building and construction processes before their implementation.
The choice of this quantification model is justified, as it is also a model in terms of its
building elements that are applicable in the design phase, which enables strategic decisions
to be anticipated from early stages. Furthermore, the model uses waste quantification
factors which have been obtained and validated for residential building typologies in
Andalusia (Spain). Therefore, the model is considered suitable for application in this study.
There are three methodological tools of the CDW quantification model [15] to be integrated
into BIM methodology:
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e Input data: systematic classification of building construction process; identification
and codification of building elements and construction systems in accordance with
the Base de Costes de la Construccion de Andalucia (BCCA) 2017 [48].

e  Quantification procedure: quantification of the number of building elements in accor-
dance with the unit of measurement in the BCCA; quantification of waste based on
analytical expressions and quantification factors developed in Llatas [15] and obtained
for residential buildings in Andalusia in both Llatas [15] and Llatas and Osmani [16].

e  Output data: amount of waste classified in accordance with the EWL [47] per building
element, building system, and for the entire building.

3.2. Selected BIM Design Software Products

In contrast to other studies that use a single BIM software tool, this work proposes
a triple methodological itinerary that explores the integration of the CDW quantification
model into the most widely used BIM modelling platforms in Spain, certified by buildingS-
MART International [49]: Allplan 2021.0.2 [50], Archicad 24 [51], and Revit 2021.1.1 [52].

Building elements modelled in BIM can easily be described, either from element
type and geometric dimensions (e.g., wall, window, and faucet), or they can be defined
semantically by incorporating information through attributes (e.g., thermal transmittance,
material quality, payload, and manufacturer). This capability of BIM elements in BIM
design programs is employed to implement the CDW quantification model in BIM.

3.3. Integration of CDW Model in BIM

Four steps are required to integrate the selected CDW estimation model into each BIM
design software tool, as shown in Figure 1. First, the numerous building elements that
make up the virtual model of the building are created. Second, the database that contains
the CW model information is developed. Third, each building element is linked to the
amount of waste that it produces. Finally, the results of the generated waste are obtained
in terms of elements and then as the building as a whole, through the design of reports
that filter the desired information.

S BIM building design platfoom -———————————— =
AN
77777777777777 \
7 R |
‘/ Modelling building elements \ e ———— = |
! N
} (geometry): } { Creating CW attributes database \ I
| 1.1. Aliplan | | inBIM software (EWL code): o
| 1.2. Archicad | | 2.1.Allplan | |
} 1.3. Revit } I 2.2 Archicad H—
| | t 2.3.Revit | |
\ / [
I step 1 S 7 jy I step2 ||
|
length |
area I
Rialiig elements waste |
weigth BCCA types |
) '
I
____________ i wo e |
Calculating the total amount of \ [ Assigning amount of waste type \ |
waste for the current design : } for unity of each building element: I I cow
(reports): | | 3.1. Allplan v | ficati
4.1. Allplan E—@m’—4 3.2 Archicad I | quantification
4.2, Archicad l | 33 Revit I I model
4.3. Revit | \\ | |
__________ step4 | ~——————————_ step3 |

Figure 1. Flowchart of the developed methodology.
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3.3.1. Step 1: Modelling Building Elements in BIM Design Software

The process begins with the 3D geometric modelling of each element of the building
system in each software tool. Each building element (e.g., foundation wall, slab, and
column) is identified and modelled by defining its geometry, rendering properties, overall
position in the project, and relative position to the other building elements. The level
of development considered for elements is equivalent to the LOD 200 standard [53]: the
approximate size and shape of elements, which provides sufficient information to obtain the
volumes of the elements and to apply the quantification model. In order to unify the criteria
of identification of the elements and their comparison with their equivalent elements in
the other software tools, the use of the BCCA coding is proposed [48]. In addition, this
classification is used in the selected CDW quantification model, thereby facilitating its
integration. This classification is based on an alphanumeric code that identifies and locates
each element in accordance with the building system to which it belongs.

3.3.2. Step 2: Creating the Database of CW Attributese in BIM Design Software

This phase involves the development of the databases with the types of CW that are
intended to be quantified and evaluated in each BIM design program. These data do not
exist by default in BIM modellers. The new attributes (additional information regarding
CW linked to building elements) are named in accordance with the EWL encoding [47]
(e.g., 17 01 01 concrete). The usefulness of this encoding is that it helps to identify each
type of waste. Table 1 shows an example of how the new CW attributes (the types of waste
according to the EWL code) and properties are set in each BIM software tool.

Table 1. Example of new CW attributes to enrich building elements in the BIM model adapted to the

case study.
Type of Waste Coded CW Attributes Database: Type of Parameter
According to the EWL 2 Unit Allplan Archicad Revit
07 07 01 aqueous washing liquids m? Real Volume Volume
15 01 02 plastic packaging m?3 Real Volume Volume
15 01 03 wooden packaging m?3 Real Volume Volume
15 01 04 metallic packaging m? Real Volume Volume
15 01 06 mixed packaging m3 Real Volume Volume
17 01 01 concrete m? Real Volume Volume
17 02 01 wood m3 Real Volume Volume
17 02 03 plastic m?3 Real Volume Volume
17 04 05 iron and steel m? Real Volume Volume
17 09 04 mixed m3 Real Volume Volume

2 European Waste List (EWL) [47].

Creating CW Attributes in Allplan

The “Assign attribute” tool can be used to create the new CW attributes in the Allplan
2021.0.5 version. A new group of attributes, called Pset_ConstructionDemolitionWaste, is
proposed since the native database contains no environmental group. The new attributes
must represent numeric values related to the volume in Allplan by offering four options:
text, real, whole number, and date; therefore, only the real number option is possible and
the unit of measure is expressed in “m3” with a maximum of six decimal places, as shown
in Figure 2.

Creating CW Attributes in Archicad

In Archicad 24, the “PropertyManager” tool is used (see Figure 2). The new CW
attributes are created in the already existent “ENVIRONMENT” group. The program offers
many options for the value of the attributes: chain, number, whole number, length, area,
volume, angle, true/false, screen list, and set of options. In this case, “volume” is selected
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as shown in Table 1, whose unit of measure is expressed in “m

decimal places.
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(b)

Figure 2. Panel for the definition of attributes and type of parameters: (a) Allplan; (b) Archicad.

Creating CW Attributes in Revit

In the Revit 2021.1.1 version, the tools used are “Shared parameters” and “Project
Parameters” (see Figure 3). These tools are necessary if the parameters of a family are
required to be reportable in tables in a project. A new CW attribute in the existing “Green
Building” group is developed, although Revit has numerous options for expressing values,
including volume (e.g., text, whole number, angle, area, distance, length, rotation angle,
pending, speed, time, currency, URL, and material). The parameter value selected is
“volume” (see Table 1) to express CW attributes and the unit chosen to express the values

is m3

, as shown in Figure 3.

with a maximum of six
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Figure 3. Panel for the definition of attributes and type of parameters in Revit: (a) Editing shared parameter panel;
(b) Parameter property panel.
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3.3.3. Step 3: Assigning Amount of Waste Type per Unit of Each Building Element

Once each building element is identified, modelled, and encoded in the first step, and
the CW database is created in the second step, it is necessary to link the CW values to each
entity considering the waste quantification factors of the CDW model [15].

The assignment of the values is carried out through the “Properties Panel” of each
building element in the three BIM programs, that is, within each entity the information
of the CW types is added according to the EWL [47] and the amount of CW generated
per unit of building element is quantified according to the analytical expressions of the
CDW quantification model [15]. Figure 4 shows an example of the attributes assigned to a
building slab in the Allplan software.
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Figure 4. Example of the slab properties panel in Allplan
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: waste types with assigned values per unit of measure.
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Table 2 shows the values calculated for the foundations and elements of the structural
system from the study of residential buildings in Andalusia. This table offers only one
representative example. The table indicates the unit of measure of each building element,
and the amount of each element constructed; in this case a unit value of “1” is used. The
analytical expressions of the CDW quantification model employed to calculate both the
packaging and remains (losses, breakages, etc.) are summarised below. In order to obtain
the total amount of CW per building element, the “Q” quantity of the building element
should be multiplied.

The types and quantities of packaging waste generated by each building element,
coded on the EWL, are estimated by Equation (1):

CWp; = ) (EWL)py - Qi Fp-Fc - Fy 1)
k

where CWp; is the volume of the packaging waste expected for the building element
number “i”; (EWL)py is the code of the packaging waste number “k” according to the EWL;
Q; is the amount of building element number “i” in the unit of measurement of the project
(U); Fp is the packaging waste factor; F¢ is the conversion factor; and Fj is the increased
volume factor.

The types and quantities of remains generated by each building element, coded on
the EWL, are estimated by Equation (2):

CWgi = Y (EWL)py - Qi - Fr-Fc - Fi ()
%

73U

where CWFp; is the volume of the remains expected in the building element number “i”;
(EWL)gk is the code of the remains number “k” according to the EWL; Q; is the amount
of building element number “i” in the unit of measurement of the project (U); Fr is the
remains factor; Fc is the conversion factor; and Fj is the increased volume factor.

The quantification factors of each building element have been taken from the estima-
tion CDW model [15,16].

3.3.4. Step 4: Quantification, Visualisation, and CW Assessment

Finally, the total amount of CW per building element is calculated by multiplying the
quantity of the building element (Q), according to the BCCA measurement criteria, by each
value of the waste type volume assigned (Table 2).

The geometrical information of the elements, together with the information of the CW
attributes and values assigned to these elements, can be extracted and presented through
reports in which the mathematical operations are performed. The data can be located and
grouped according to predefined criteria, and can be filtered with conditions, for example
by selecting only the slabs, or by excluding elements with zero value. For the quantification
of CW and its evaluation, two standard reports can be designed: the first identifies the
quantity of each type of waste generated per building element, while the second collects a
summary of the total quantity per type of waste.

The tools selected for the design of result reports may include “Legend” in Allplan,
“Outline Definitions” in Archicad, and “Planning Tables” in Revit. Figure 5 shows a
standard report designed in Allplan 2021 where the parameters and formulae are defined
through cells distributed in rows and columns.

Although it is not possible to obtain automatic charts from this BIM software, a further
study enables this type of data to be obtained from the reports through other tools, such
as Excel.
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Table 2. CW expected in building elements. Data based on Llatas, 2011 [15] and Llatas and Osmani, 2016 [16].

Volume (m?) of Packaging Waste, Remains and Soil by Building Element

Packaging Waste Remains Waste Soil
1501 07 1701 17 02 17 04 17 09 17 05
organic concrete,
Type of Waste (m®) According to the EWL P Packaging waste chemical bricks, tiles wood, glass and plastic metals mixed soil
processes and ceramics

07 07 01 170101 17 05 04

U BCCA® Building/Sitework 150102 150105 -, 1501 06 aqueous 170201 170203 170405 170904  soiland
code element plastic wooden metalic mixec washing concrete wood plastic iron mixed stones
packaging packaging packaging packaging liquids

m?3 02AVV00003 Site clearing 1.100000
m3 03HRLS80090 Concrete ground slab 0.022000 0.000050 0.000221
m? 03HRMS80080 Foundation wall 0.001018 0.000010 0.000017 0.022000 0.003944 0.000193 0.000262
m? 05HRL80020 Concrete deck 0.002867 0.000029 0.000049 0.022000 0.008330 0.000378 0.000308
m3 05HRJ80110 Dropped beam 0.003045 0.000030 0.000041 0.022000 0.008893 0.000078 0.000310
m? 05WCHS80110N  Waffle slab (25 + 5 cm) 0.000554 0.004619 0.000468 0.000056 0.000008 0.004070 0.001020 0.004385 0.000055 0.000095
m? 05WCHS80110 Waffle slab (30 + 5 cm) 0.000609 0.005081 0.000515 0.000062 0.000009 0.004477 0.001122 0.004823 0.000061 0.000105
m?3 05HRJ80020 Beam embbeded floor 0.002907 0.000029 0.000039 0.022000 0.008488 0.000078 0.000306
m? 05HRP80020 Concrete column 0.019147 0.000191 0.000344 0.022000 0.000990 0.000233
m? 05HRL80080 Inclined slab 0.000001 0.000000 0.000066 0.022000 0.011390 0.000403 0.000339
Kg 05ACS00000 Steel column 0.000000 0.000000 0.000001 0.000000
m3 05HRMB80050 Concrete wall 0.019147 0.000191 0.000344 0.022000 0.000146 0.000225

2 Banco de Costes de la Construccién de Andalucia (BCCA) [45]; European Waste List (EWL) [44].
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Figure 5. Report design tool in Allplan 2021.

3.4. Case Study

A case study is provided to explore the feasibility of the method in each software
tool. A residential building with sixteen dwellings, located in Seville, Spain, was selected.
The building was promoted by EMVISESA [54], a public enterprise dedicated to the
construction of public housing. The GFA (gross floor area) is 2.314 m?, distributed across
four floors above ground level and one floor below ground level. The structural system is
made up of reinforced concrete frames and the foundations are composed of reinforced
concrete slab. The method is applied to the structural system, including the foundation
system. Figure 6 shows an example of the model in each of the three BIM modelling
programs: Allplan, Archicad, and Revit.

This building typology is representative according to the statistical data of the Spanish
Ministry of Development [55]. As Table 3 shows, new construction predominates over re-
habilitation work, as does the typology of residential buildings over that of non-residential
buildings, both in Andalusia and across Spain.

On the other hand, in accordance with the building system configuration, Table 4
relates the properties of new residential buildings, where the reinforced concrete structural
system predominates. The data was collected from the building licences granted by Spanish
and Andalusian town halls for buildings built between 2013 and 2017.

Table 3. Number of buildings according to construction type. Spanish Ministry of Development (2017).

Spain Andalusia
New building for residential use 24.946 5.667
New building for non-residential use 8.149 2.215
Rehabilitation work 28.581 5.135

Demolition work 6.989 1.378
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Figure 6. Structure system modelled in BIM: (a) Allplan; (b) Archicad; (c) Revit.

Table 4. Features of new residential buildings in Spain (2017).

Number of Buildings
Spain Andalusia
Vertical building structure
Reinforced concrete 17.931 4.829
Metallics 2.361 401
Load-bearing walls 3.103 288
Mixes and others 1.551 149
Horizontal building structure
One-way slab 17.732 3.194
Other 7.214 2473

4. Results

The building elements were identified, both in the foundation system (concrete slab,
foundation walls) and in the structure system (concrete columns, slabs, and waffle slabs),
as shown in Table 5. Subsequently, they were modelled in each BIM software tool and
coded in a unified manner in accordance with the BCCA [48].

Once modelled, they were enriched with the CW attributes in the three BIM software
tools analysed in accordance with Section 3.3.2. Step 2 (Table 1). The CW was subsequently
calculated by multiplying the quantities of materials obtained by their corresponding
parameters. This procedure was carried out by exporting the quantities of elements
extracted from BIM into Excel calculation tables in each software tool. All the software
tools identified the same types of waste and obtained similar amounts. Table 5 displays
the CW quantities produced by each building element, by the building system, and by the
type of waste listed according to the EWL code.

The BIM design programs provide tools to filter the results according to various
criteria. An example of the results of the waste produced by the concrete slabs is shown in
Figure 7.

Finally, the reports can be exported to spreadsheets and charts are obtained as shown
in Figure 8, where Excel software was used.



Recycling 2021, 6, 62 13 of 20

Table 5. Construction waste expected by building elements, obtained in Allplan, Archicad, and Revit.

Volume (m?) of Packaging Waste, Remains and Soil by Building Element

Packaging Waste Remains Waste Soil
1501 07 1701 17 02 1704 1709 1705
3 . b . . .
Type of Waste (m”) According to the EWL Packaging waste organic chemical concrete, brlcks/ wood, glass and plastic metals mixed soil
processes tiles and ceramics
15 01 02 plastic 15 01 03 wooden 15 01 04 metalic 15 01 06 mixed 07 07 01 aqueous 170203 . . 17 05 04 soil and Waste generated
U BCCA @ code Building/sitework element packaging packaging packaging packaging washing liquids 170101 concrete 170201 wood plastic 170405 iron 1709 04 mixed stones by element (m?)
Site earth-work
m3 02AVV00003 Site clearing 2732.8642
Foundation
m3 03HRL80090 Concrete ground slab 6.857334 0.015585 0.068729 6.941648
m3 03HRM80080 Foundation wall 0.101880 0.001019 0.001742 2201945 0.394749 0.019299 0.026177 2.746811
Structure

m3 05HRL80020 Concrete deck 0.285635 0.002856 0.004883 2192209 0.830050 0.037713 0.030649 3.383994
m3 05HRJ80110 Dropped beam 0.167575 0.001651 0.001676 1.210726 0.489408 0.004293 0.017060 1.892390
m2 05WCH80110N Waffle slab (25 + 5 cm) 0.556872 4.642945 0.470426 0.056702 0.007881 4.091099 1.025288 4.407410 0.055748 0.095874 15.410245
m2 05WCHS80110 Waffle slab (30 + 5 cm) 0.205012 1.709296 0.173187 0.020875 0.002901 1.506134 0.377459 1.622584 0.020523 0.035296 5.673267
m3 05HRJ80020 Beam embbeded floor 0.261206 0.002606 0.003504 1.976788 0.762681 0.007009 0.027495 3.041288
m3 05HRP80020 Concrete column 0.948821 0.009488 0.017047 1.090200 0.049059 0.011563 2126178
m3 05HRL80080 Inclined slab 0.000012 0.000000 0.000783 0.260898 0.135074 0.004779 0.004015 0.405561
Kg 05ACS00000 Steel column 0.000448 0.000004 0.000452
m3 05HRM80050 Concrete wall 0.534475 0.005345 0.009603 0.614114 0.004066 0.006278 1.173880

Waste generated by type (m3) 0.761884 6.352241 2.943217 0.100542 0.050018 22.001448 4.014708 6.029994 0.218520 0.323142 42795714

a Banco de Costes de la Construccién de Andalucia (BCCA) [45]; P European Waste List (EWL) [44].
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Figure 7. Examples of reports of the waste produced by the concrete slab in: (a) Allplan; (b) Archicad; (c) Revit.
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Figure 8. Chart with results produced in Excel obtained from reports in Allplan, Archicad, and Revit.

5. Analysis and Discussion of Results
5.1. Integration of the CDW Model in BIM

It has been possible to integrate the CDW quantification model [15,16] into each of the

three BIM design programs.

The limitation of six decimal places to express volume quantities in Allplan and
Archicad has meant that their figures have been rounded up more than in Revit,
although the final results have not been altered.

Another issue considered in the quantification in all the software tools was that
the magnitudes necessary to define Q that differ in length, area, or volume cannot
be obtained directly, and therefore intermediate steps are required (e.g., kg of steel
(05ACS00000), Q (kg) = 7.850 kg/m? x Volume (m?)).

In all cases (Allplan, Archicad, and Revit), the assignment of the CW values of
each building element must be entered manually (Step 3). Moreover, the most time-
consuming phase is that of the development of the database. However, once these CW
databases linked to each BIM object have been prepared, the calculations are carried
out automatically. Finally, future developments should explore greater automation of
the data entered, both in the visualisation of the results, and in the interoperability
between software tools.

The design of result tables in each of the programs presents a variety of difficulties.
Allplan is the most complex application because, unlike Archicad or Revit, the func-
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tions for defining and operating in the result tables are less intuitive. On the other
hand, Allplan is more versatile in design options.

Therefore, the model is feasible for its integration into all three of the software tools.

5.2. Estimation of the CW

The types and quantities of CW could be estimated in Allplan, Archicad, and Revit in
an automated way. The three software tools identified the same types of CW and obtained
the same amount of CW. A total CW generation of 1.1995 m3/m? was estimated. Three
main groups of CW were identified with the following generation ratios: 0.0043 m3/m? of
packaging waste, 0.0141 m?/m? of remains, and 1.1810 m3/m? of soil. The soil was the
most voluminous waste due to the excavation of the basement, followed by remains and
packaging waste.

The CW was quantified in terms of the structure and foundation systems of the
analysed building. Other building elements and systems could be assessed once the
quantification factors were known and introduced with the same method into the BIM
modelling programs. Furthermore, any change in the geometry or in the values of the
building elements, as well as their substitution by other elements of different properties,
could be automatically reflected in the reports. This automated information related to the
types and amounts of waste generated by alternative building elements would enable waste
reduction strategies to be evaluated during the design phase (for example, prefabrication,
standardisation, and modular coordination).

5.3. Limitations

In general, there is a lack of systematisation of the data structure regarding the environ-
mental aspects of the building components. There are no specific attributes to identify the
types of waste in the database of the BIM modellers, and hence it is essential to create such
identifiers. A homogeneous classification proposal would be interesting. In this respect,
the use of the IFC (Industry Foundation Classes) schema [56] could provide an appropriate
solution to establish common criteria and nomenclatures among the applications. The IFC
is an open international standard (ISO 16739-1:2018) that provides a digital description
of the built asset industry and promotes vendor-neutral and usable capabilities across a
wide range of hardware devices, software platforms, and interfaces for many different
applications. Interoperability is an essential requirement for the exchange of data in BIM
methodology. It is the ability of a software product to exchange data with heterogeneous
software products in order to streamline and /or automate workflows.

On the other hand, building elements should include information of a more complex
nature regarding their properties. In this respect, manufacturers have much to contribute
by providing libraries of BIM objects enriched with environmental information, such as the
CDW generated during the life cycle of their products. Finally, the integration of the CDW
quantification model (15) was verified in a case study (a structural system in a residential
building). In order to widen the possibilities of its implementation, more case studies will
be necessary both in other building systems (fagades, roofs, facilities, etc.) and in other
building typologies (offices, hospitals, educational buildings, etc.).

6. Conclusions

This study reveals that the reference model of quantification of CDW, which employs
building elements in its prediction in the design phase and considers the EWL, can be
implemented in the different BIM design programs. The method allows designers to visu-
alise and explore possible corrective measures in order to increase construction efficiency.
Moreover, it can enable contractors to identify critical processes in waste generation and to
plan control strategies.

The virtualisation of the design process using BIM elements enriched with attributes
constitutes a real response to the growing need to include environmental considerations in
projects. The proposed method and the information flows generated, through the integrated
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database, enable the identification and quantification of the CW produced by the building
systems defined in the initial design scenarios. The implementation of the CDW quantification
model in BIM could therefore help designers in making decisions of a more sustainable nature
during the building design phase, thereby contributing towards the improvement of the
management of CDW, since it would provide the identification of the typologies and quantities
of CDW, which in turn would indicate the waste treatment required.

This investigation constitutes a basis for future research in which the aim is to automate
the process of generating the database of the quantification model and the visualisation of
both numerical and graphic results with the help of the parametric design tools included
in BIM design programs.
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