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ARTICLE INFO ABSTRACT

Keywords: Life Cycle Sustainability Assessment (LCSA) can help to predict the impact of products and ser-
KDD vices, such as buildings, during their entire life cycle. However, it is an extensive data method.
Construction database The Building Information Modelling (BIM) method can contribute towards reducing the effort in-

Triple bottom line volved and simplifying the data collection relating to the building elements. To this end, data-

]];CS,A bases adjusted to the BIM workflow are needed to systematise and harmonise the structure of the
esign . . . . . . . .
BIMg environmental, economic and social data of said elements. This paper provides a solution to this
Building problem by presenting an innovative Triple Bottom Line (TBL) database with environmental, eco-

nomic, and social indicators of building elements to support the triple assessment adapted to the
BIM workflow. An analysis employing Knowledge Discovery in Databases (KDD) was performed
for the first time on this type of database to better understand the correlations between the di-
mensions. The key contributions include correlation detection, 83 % of which were direct, which
showed that, overall, the environmental (CO, emissions), economic (cost), and social (labour) di-
mensions experience similar growth trends. Strong correlations between economic and social
variables were found in 68 % of the cases, followed by those of the economic and environmental
(32 %), and social and environmental (18 %) variables. Findings from the correlation analysis be-
tween the three dimensions reveal their influence on the type of building system, element and
material. Four scenarios were thereby identified in accordance with these correlations, to aid in
sustainable decision-making. Various growth trends were detected, which can facilitate the im-
plementation of the LCSA.

1. Introduction

The scientific community highlights the impact that buildings exert on the environment, on the economy, and on society. Climate
change constitutes one of the main environmental problems, and the building and construction sector plays a key role, since it is re-
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sponsible for approximately 40 % of CO, emissions worldwide [1]. To overcome this situation and reduce the environmental impact
of buildings, the scientific community and policymakers recommend measuring and drastically reducing CO, emissions. In this vein,
current international sustainability actions, such as the United Nations Sustainability Development Goals (SDGs) [2] and the Euro-
pean Green Deal [3], include ambitious objectives to reduce the effects of climate change. Likewise, the Energy Performance of Build-
ings Directive (EPBD) [4] proposes the communication of the embodied and operational whole carbon emissions produced by the
buildings. To this end, Life Cycle Assessment (LCA) constitutes the most recommended technique, since it offers the most objective
and quantitative method for the assessment of the life cycle environmental impacts of any product or service [5].This method has
been largely applied to building materials and to completed buildings [6-10].

LCA can also be applied to the economic and social dimensions [11]. It enables the development of Life Cycle Costing (LCC),
which assesses economic aspects, and of Social Life Cycle Assessment (S-LCA), which assesses social aspects. The former technique
has a longer track record than does S-LCA, which has been applied very little in buildings [12,13]. In search of a more qualitative and
objective method to assess the sustainability of buildings, the Life Cycle Sustainability Assessment (LCSA) has been conceived as the
sum of the three aforementioned methods (LCA, LCC, S-LCA). This technique has a direct connection with SDGs, for both the assess-
ment of indicators and their monitoring [14]. However, a handicap has been detected in the form of its complexity in data manage-
ment, especially during the design phase [15-17].

The design phase constitutes a key stage since it is the easiest and cheapest juncture to implement measures to reduce the build-
ing's impact [18]. Moreover, the Building Information Modelling (BIM) methodology is useful to simulate these impacts during the
design process [15]. This methodology triggered a revolution in the construction sector, once it became mandatory in the European
Union in 2018 for public works tenders [19]. Its ability to store and manage data in an automated way during the design stage makes
it a powerful methodology to integrate the LCSA [15]. Accordingly, BIM becomes an effective tool in decision-making towards reduc-
ing the impact of buildings [15]. In fact, recent studies highlight the benefits of the LCSA and BIM integration where the most relevant
challenges are the complexity in considering the triple dimensions in the Life Cycle Inventory phase, the data interoperability, and the
software integration [13,15]. However, the integration of LCSA into BIM remains to be fully explored [15].

A major barrier is the lack of specific databases focused on the harmonisation of the three dimensions. The LCSA method needs
building information, as well as environmental, economic, and social data regarding the materials, products, and process involved
throughout the building life cycle [20]. Hence, it requires the compilation, systematisation, and harmonisation of a large amount of
data to develop the life cycle inventory. Even though, in recent years, there has been an increase in the number of multi-dimension
building construction databases, they remain largely focused on economic and environmental indicators (e.g., BEDEC [21]). Thus, in
the LCSA and BIM implementation, there is a lack of databases that include indicators of all three dimensions and that are adapted to
the LCSA workflow in BIM [22]. This means that the information should be structured according to life cycle modules proposed in the
ISO 21931-1 standard [23], and to the data granularity of the BIM model.

To address this requirement, recent studies [15,20,22] have proposed a BIM-TBL (Triple Bottom Line) database following the
aforementioned principles. It is focused on the LCSA integration into BIM, but remains limited since it considered only a few case
studies and a small number of building systems (e.g., structure, envelope). To overcome these limitations, this study presents an en-
riched version of the BIM-TBL database. It covers the most relevant building elements and includes main groups, elements, and items
described in the Andalusian Construction Costs Database, BCCA [24]. This would enable more versatility since it could support any
BIM model that includes any of these building elements.

Furthermore, one of the main utilities of any database involves the data analysis and the identification of the trends, together with
guidance regarding the decision-making process. To this end, the KDD (Knowledge Discovery in Databases) process provides a useful
method to extract “hidden knowledge” [25] from any database. It accesses existing data that cannot be directly transformed into in-
formation by the database management software. Patterns, correlations, relationships, and anomalies can all be detected [25]. For
this purpose, KDD has been applied in studies related to the building design with several approaches, in order to resolve design
clashes in building information models [26] and to discover patterns using KDD and semantic data modelling to establish design pat-
terns [27]. However, its application to databases holding information on building materials remains scarce.

To the best of the authors’ knowledge, hitherto there has been no KDD analysis applied to this type of database to detect patterns
between the economic, social, and environmental data of the products and materials that make up said database. This constitutes the
main research gap detected herein. To fill this gap, this paper applies the KDD method to the BIM-TBL database to analyse the rela-
tionships and dependencies between different subtypes or classes of data or information, in an effort to find answers to the following
research questions (RQ).

RQ1. Is it possible to find relationships between environmental, economic, and social data of building elements and if so, which
aspects mainly affect their correlations?
RQ2. If relationships exist, what are these correlations like, and which dimensions are the most strongly related?

The aim of this study is to detect the correlations between the environmental, economic, and social dimensions of the building
items that are used in the LCSA application and based on a BIM workflow.
2. Literature review

2.1. LCA-based construction databases

The LCSA implementation in the building sector involves the collection and systematisation of a large amount of data for the life
cycle inventory stage. To this end, the databases that include systematic and predefined values can reduce the effort in the data acqui-
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sition for the calculation of the environmental, economic, and social impacts. In the construction field, mainly the economic values
for cost estimations are held on construction databases. For example, in Andalusia, the BCCA [24] is a widely used economic database
for project budgeting in professional practice, in addition to the existence of BEDEC [21] and Cype [28] in other regions of Spain.
These economic databases mainly consider the cost of the acquisition of materials and their installation in the building. However,
other life cycle phases, such as the use and maintenance phase or the end-of-life phase (transport process for waste processing using
estimated distances) are partially integrated, since they are not fully adapted to the LCSA implementation.

Subsequently, in recent years, mixed databases have appeared, enriched with environmental indicators and impact categories. For
example, in Spain, BEDEC [21] includes, in addition to the economic cost of the product acquisition and commissioning phases, the
CO, emissions during the production and construction phases, and the amount of construction and demolition waste (CDW) gener-
ated during the construction phase. However, the approach is focused on the construction process, without including structured infor-
mation on the building elements during their life cycle. For example, there is a lack of information related to the use stage or to the fu-
ture demolition waste in the end-of-life stage, which is relevant for the LCSA application.

The LCSA is a data extensive method, which not only requires environmental, economic, and social data but also the harmonisa-
tion in the inventories for the assessment of the different dimensions and the building elements, materials, and process data acquisi-
tion. For this reason, the use of BIM methodology in the LCSA workflow can contribute towards reducing the effort exerted in data ac-
quisition and its systematisation [15]. Recent LCSA implementations to buildings in BIM underline the difficulties regarding data col-
lection on the environmental, economic, and social dimensions. Several are based on different data sources, combining primary (e.g.,
surveys) and secondary (e.g., generic data and data obtained from Environmental Product Declarations (EPDs)) data sources, depend-
ing on the dimension. For example, Figueiredo et al. [29] used three different data sources for the LCSA implementation: Tally appli-
cation (Gabi database, a generic environmental database) for the environmental dimension, SINAPI for the economic costs, and pri-
mary data based on surveys for the social dimensions. Other studies, such as Salehabadi et al. [30], combined different data sources,
such as ecoinvent [31] for environmental data, RSMeans 2019 [32] for economic data, and the Social Hotspots [33] for the social di-
mension. However, not only do these lack harmonisation of the data structure for the environmental, economic, and social aspects of
the building elements, but they also suffer from the exclusion of the modularity principle to organise the building information accord-
ing to the ISO-21931-1 [23].

In the LCSA, it is important to define a common data structure to organise the information on materials and processes that com-
prise the inventory [15,22]. On the other hand, other studies [15,20,22]propose a harmonised data structure to consider the triple-
dimension assessment adapted to the BIM workflow. In this vein, the limitation of these studies [20,22,29,30,34,35] is that they all
involve method and tool validation in case studies and the LCSA data fails to go beyond only a few materials and systems. Nor do
these studies focus on analysing the implications of each dimension in the design phase. Moreover, the studies [20,22,29,30,34,35]
provide evidence that the information regarding the economic and environmental dimensions is on a higher level of development,
while the social dimension is still insufficiently systematised. One of the existing examples is the Social Hotspot database [33], which
has limited application to the building sector, and includes limited element flows from limited regions to compare different materials
and construction solutions, such as those shown in Salehabadi et al. [30].

To this end, this study focuses on developing a database, integrating information regarding the economic, environmental, and so-
cial dimensions, and on providing a harmonised data structure to support the application of LCSA to various building systems and ele-
ments. A better understanding of the correlations of the three dimensions in the building design process is also sought.

2.2. Studies on the application of KDD to buildings and construction databases

Data analysis, and in particular Data Mining techniques generally associated with BIM technology, have enjoyed a major upswing
in their involvement in architecture and construction in recent years. Data Mining for sustainable construction has been indicated as a
trend in the future development of the construction industry [36]. In Zhao et al. [37], for example, the costs of the implementation
and management of BIM tools and all the information generated by this type of technology were analysed. Another study [26] em-
ployed these techniques to improve productive design processes related to various aspects of building construction. In Petrova et al.
[38], a decision support environment based on BIM, Data Mining, and Semantic Data Modelling was proposed. Other studies, such as
Pan et al. [39], used BIM as a source of data analysis, where a pattern analysis in BIM models was proposed in order to improve pro-
ductivity and performance in construction. Similar studies, such as Pan et al. and Pan et al. [40,41], analysed the patterns of files gen-
erated by BIM tools in order to discover patterns and design trends that would help in the decision-making of groups of designers. Fur-
thermore, He et al. [42] analysed the correlations between the Climate Parameters (CPs) and Building Parameters (BPs) using Data
Mining technology.

Data analysis and Data Mining techniques were also applied to specific environmental aspects of construction such as energy effi-
ciency. In Qian et al. [43], a Data Mining process was carried out with the aim of identifying trends and building design strategies in
relation to climatic factors in order to be energy efficient. The KDD process has also been used in the field of construction economics
to identify the causes of construction activity delays [44], and cost overruns [45], as well as to investigate social aspects such as to ex-
tract useful knowledge from labour resources [46]. However, approaches towards the processes associated with the implementation
of building LCA and LCSA are lacking, as are those regarding the correlation between the economic, social, and environmental dimen-
sions, to support the design decision-making using BIM methodology.
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3. Methodology

The methodology proposed herein focuses on the data collection and classification, and also on Data Mining. It has been designed
to achieve the research objectives through six steps, as shown Fig. 1: 1) Database design and development, 2) Data selection, 3) Data
pre-processing, 4) Data transformation, 5) Data Mining, and 6) Interpretation.

Step 1: The methodology started from a BIM-TBL database whose principles, design, and structure were developed in Refs.
[22,47], to apply the LCSA of buildings in an automated way in BIM. The database included the data collection regarding the building
construction process from the BCCA [24] enriched with the environmental, economic, and social data, as summarised below. It con-
sidered the principle of modularity for the building information organised according to the ISO 21931-1 [23]. The database was
structured following the classification system and Systematic Building Decomposition [34] of the BCCA [24], including the necessary
building materials, machinery, and labour for the construction of different building elements.

The BCCA [24] is a construction database that organises the building information for cost estimation purposes. It uses a hierarchi-
cal structure to identify the main systems, (called chapters), the main group of elements (called sub-chapters), the main building ele-
ments or working units (called items), and finally to facilitate the decomposition of said items into building materials, machinery, and
labour. The main utility of BCCA items involves the composition of the LCSA information on BIM objects. For example, in order to de-
velop the LCSA information of the BIM-object required to evaluate the A1-A3 (product stage) and A5 (construction-installation) infor-
mation modules of a beam, it will be necessary to use the BCCA items for the beam construction process including the systematic de-
composition of the building materials, machinery, and labour. This study is therefore largely focused on the item level.

The information included in the database considered one impact category per dimension. The environmental category included
the impact category Global Warming Potential (GWP), measured in units of a kg CO, equivalence emissions indicator, since this is the
most evaluated environmental impact category in LCA studies [15]. The economic category included the costs in euros, and the social
dimension included the employment indicator in working hours since it is the most widely used inventory indicator for S-LCA [48].
Environmental data for the product (A1-A3 modules) and construction (A5 module) stage was estimated by assigning the unit process
(activity name) extracted from ecoinvent v3.7.1 [49], the most widely used environmental database for generic data, to the building
materials of the BCCA [24]. Economic and social data was estimated using costs and working-hour values from the BCCA [24]. The
supplementary data section 1 includes Table S1 with the BCCA items, the breakdown of materials, labour, and machinery and the unit
process (from ecoinvent v3.7.1 [49]) used in the calculation.

To this end, the BIM-TBL database was implemented in MS Access [50] as a relational database architecture. It incorporated all
the information at different levels of decomposition (from item to sub-element and material level) to perform the automatic assign-
ment of the environmental, economic, and social values to the BCCA items.

Step 2. Once the database was developed, the data was selected and classified. First, a selection of the most relevant construc-
tion systems was conducted. It included those that potentially generate the greatest impacts [20], such as foundation, structure,
masonry, installations, finishings, envelope, and partitions. Those that generate the lowest impacts [20], such as equipment, waste
management process, urban equipment, security, and health, were not included in this study.

The second selection criterion was the functional unit classification to provide a fair comparison of the data. The information re-
garding the BCCA [24] items included different types of units for the quantity estimations. For example, the beam construction is
measured in “m>”, while the wall construction is measured in “m?”. This process implied the grouping of the items that have the same
functional unit, while maintaining their classification in chapters and sub-chapters of information. Therefore, the selected BCCA
items were classified into different functional units using the unit of measure (e.g., kg, m, m?, m?), to provide a fair comparison of
building elements with similar functions in the system to which they belong.

This stage also focused on analysing the data comparability of different functional units. For example, the unit of measure “unit”
was deleted from the analysis due to the great differences in the product characteristics and functions, which could lead to errors or
misinterpretations. For example, a “unit” could be a large element such as a lift or a small and insignificant element such as a screw.
The selected chapters therefore included only those items that were measured using kg, m, m?, and m>.

ry
E-®

Pre-processing Data Mining Evaluation

STeR 3 STEP 5 ’ Knowledge
/* > * D‘r \’ \‘ > %@

STEP 1 STEP 2 STEP 4
. . STEP 6
BIM-TBL database Selection Transformation
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development a8 EHEH:] P
.
']
B'@

Fig. 1. Flowchart showing the methodology followed in this study.
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Step 3. In the pre-processing stage, the data was prepared and transformed for further analysis. The social, economic, and envi-
ronmental data for each BCCA item was obtained by summing the data from its modules included in the BIM-TBL database (A1-A3,
C1, C2, C4). Thus, certain BCCA items were deleted: those with inconsistent data, with values out of range, or with zero values for en-
vironmental, economic, or social dimensions. All the values were updated, corrected, and normalised to enable the comparison of the
different dimensions (environmental, economic, and social) in later steps. The normalisation of the data implied the adjustment of
values measured using different units (e.g., kg CO, eq., euros, working hours) to a common scale to enable their comparison. The re-
sults of the statistical analysis were presented in charts and carried out in Excel.

Step 4. At this stage, the data was transformed into an appropriate format to proceed with its analysis. In this case, this transfor-
mation consisted of the generation of data files in the form of a matrix and implemented in the form of.csv files. These files came
from queries made on the MS Access database.

Step 5. This stage allowed obtaining useful information through a series of statistical analysis techniques and algorithms. The
goal of this analysis was to seek possible interrelationships between the economic, environmental, and social data of the inte-
grated database. To this end, a bivariate analysis was applied in the form of a correlation between economic, environmental, and
social factors. The correlation coefficients between dimensions were denoted as follows.

“«

r;” is the correlation coefficient between economic and social dimensions.
“ry” is the correlation coefficient between economic and environmental dimensions.
“r3” is the correlation coefficient between social and environmental dimensions.

Three types of correlations were used: Pearson [51], Kendall [52], and Spearman [53]. Pearson's coefficient measures the linear
relationship between two continuous variables, and it is appropriate when the variables do not have a normal distribution or when
the data has outliers. Kendall's and Spearman's correlation coefficients measure the strength and direction of association that exists
between two variables measured on at least an ordinal scale.

The three correlation coefficients were classified as strong, moderate, or weak based on the absolute value of the coefficient. A co-
efficient between 0.50 and 1.00 indicates a strong direct correlation, while a coefficient between —0.50 and —1.00 indicates a strong
inverse correlation.

Step 6. Lastly, in this stage, the interpretation and evaluation of the relationships between the various factors, correlation coeffi-
cients, and data visualisation were implemented.

4. Results

4.1. Selected BCCA items

According to the selection criteria and the pre-processing stage, 1566 BCCA [24] items were selected from the BIM-TBL database,
and were classified following eleven main BCCA [24]chapters (building systems): earthwork (#2), foundations (#3), structure (#5),
masonry (#6), roofing (#7), insulation (#9), finishings (#10), carpentry (#11), glass (#12), painting (#13), and exterior fittings
3»_ The graphs in the results and supplemen-

3 ey cer Doy

(#15). They were also classified into four main functional units: “kg”, “m”, “m*”, and “m
tary data section 2 show these items (Figures S1.1 to S1.22).

4.2. Database statistical analysis

Statistical analysis shows the data extracted from the database queries. In this vein, to obtain consistent and comparable results,
the data was pooled according to the BCCA chapter (building system) (e.g., foundations, structure, roofing), the type of functional
unit (including kg, m, m?, and m?), and the BCCA item type (e.g., 1 m? of pile, 1 m® of beam, 1 m? of window). Fig. 2a—d shows a se-
lection of the results obtained and include each of the functional units comprised in this study (kg, m, m?, and m®). The full set of
charts is provided in the supplementary data section 2 (Figures S1.1 to S1.22).

120 o o ® ® ®cconomic BCCA item code  Description
1.00 ) 03ACC00010 Steel in rebar B 400 S in foundation elements
0.80 oo ® environmental ) ) )
® 03ACC00011 Steel in rebar B 500 S in foundation elements
060 9 @ @ social 03AMMO00010  Steel in electro-welded mesh made with ME B 500 S
0.40 corrugated wires
0.20 o0 03AMMO00011 Steel in electro-welded mesh made with ME B 500 T
0.00 drawn wires

03ACC00010
03ACC00011
03AMMO00010
03AMMO00011

Fig. 2a. Normalised values for Chapter 3 Foundations (Functional Unit “kg™).
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4.50 ® economic BCCA item code  Description
4.00 . 05MLV80030  Glued laminated conifer timber GL-24 with adhesive type 1, in straight
3.50 ® environmental beams' pieces up to5m
3.00 e . 05MLV80040  Glued laminated conifer timber GL-24 with adhesive type 1, in straight
2.50 ® social .
beams, pieces between 5and 10 m
2.00 05MTT80010  Vertical support of treated pine wood 20x20 ¢cm, for a maximum
1'38 'YX ) height of 4 m
’ o0 05MTT80020  20x20 cm treated pine wood beam
050 g @ : [ ] s s
0.00 05MTT80030 20x20 cm treated pine wood purlin
o 0 oo oo X .
8323933 05MTT80050 17x20 cm treated pine wood joists
o O O O O O
0 00 00 o0 o0 o0
> > FFFF
4 2 FEEFE EE
=S === 2
n wn wn w wnwn
O O O O o o
Fig. 2b. Normalised values for Chapter 5 Structure (Functional Unit “m™).
9.00 BCCA item code  Description
' 03CMMO00002 45 cm-thick CCP diaphragm wall with mechanical
grab 6 m in depth (HA-25)
8.00 LN 03CMMO00004 45 cm-thick CCP diaphragm wall with mechanical
° PR [ ] grab 6 m in depth (HA-30)
) 03CMMO00007 50 cm-thick CCP diaphragm wall with hydraulic
(e ® ° grab 6 m in depth (ha-30)
[ 03CMMO00012 45 cm-thick CCP diaphragm wall with mechanical
6.00 Py grab, 6 to 15 m in depth (HA-25)
L Py 03CMMO00014 45 cm-thick CCP diaphragm wall with mechanical
[} ° grab, 6 to 15 m in depth (HA-30)
5.00 ® 03CMMO00017 50 cm-thick CCP diaphragm wall with hydraulic
grab, 6 to 15 m in depth (ha-30)
4.00 03CMMO00022 45 cm-thick CCP diaphragm wall with mechanical
grab and more than 15 m in depth (HA-25)
03CMMO00024 45 cm-thick CCP diaphragm wall with mechanical
3.00 grab and more than 15 m in depth (HA-30)
03CMMO00027 50 cm-thick CCP diaphragm wall with hydraulic
2.00 o000 grab and more than 15 m in depth (HA-30)
' o0 ® ° 000 _ce0 03CMMO00092 60 cm-thick CCP diaphragm wall with hydraulic
00 % 00 grab, 6 m in depth (HA-30)
1.00 ) ‘X ) 03CMMO00102 65 cm-thick CCP diaphragm wall with mechanical
PP PRPaPS grab (HA-25)
0.00 0% o000 03CMMO00106 65 cm-thick CCP diaphragm wall with mechanical
' NSITNNSTSNNITNANODNOON O O grab (HA-30)
8888350088338 s=2o23o8 03CMM00109 60 cm-thick CCP diaphragm wall with hydraulic
O O 0O 0O OO0 0O 00 000000 OO o0 o O .
g g g g g g g g g g g g g g g g g g g grab, 6 to 15 m in depth (HA-30)
SSSSSSSSSSSSSSsSsSsSs-s 03CMMO00112 65 cm-thick CCP diaphragm wall with mechanical
R R grab, 6to 15 m in depth (HA-25)
O OO0 0000000000000 OoO oo

03CMMO00116 65 cm-thick CCP diaphragm wall with mechanical
grab, 6 to 15 m in depth (HA-30)

03CMMO00119 60 cm-thick CCP diaphragm wall with hydraulic
grab, more than 15 m in depth (HA-30)

03CMMO00122 65 cm-thick CCP diaphragm wall with mechanical
grab, more than 15 m in depth (HA-25)

03CMMO00126 65 cm-thick CCP diaphragm wall with mechanical
grab, more than 15 m in depth (HA-30)

03CMM80010 70 cm-thick CCP diaphragm wall with mechanical
grab, more than 15 m in depth (HA-30)

® economic @ environmental @ social

Fig. 2c. Normalised values for Chapter 3 Foundations (Functional Unit “m>).

Fig. 2a—d shows that increases do not occur in a linear fashion in each of the dimensions, chapters, and items of the BCCA. On
the one hand, several likely patterns of behaviour were detected in similar products and materials. For the functional unit “kg” in
Chapter 3 Foundations, Fig. 2a shows that similar tendencies are detected in the same type of product such as steel bars and electro-
welded mesh. However, for the functional unit “m” (linear metre) in Chapter 5 Structure, Fig. 2b shows that the dispersion of eco-
nomic values is greater for timber beams (Glued Laminated Timber-GLT) than for pine wood beams, where the proportion of
growth of economic values is much higher than that of pine wood.
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BCCA item
14.00 code Description
06CMC80000 One-sided limestone masonry

06CMC80010 Two-sided exposed limestone masonry
06CMC80020 One-sided granite stone masonry

12.00
° ® 06CMC80030 Two-sided granite stone masonry
o ® 06CMK80010 One-sided limestone masonry
Y P 06CMK80020 One-sided granite stone masonry
10.00 06CMO80000 Ordinary one-sided limestone masonry, with
perpendiculars for transversal bracing and
shingles
06CMO080010 Ordinary limestone masonry for cladding, with
8.00 perpendiculars for transversal bracing and wedge
[ ] tones
°o® ° s
PS °® o® 06CM080020 Ordinary one-sided limestone masonry, with
6.00 [ ] perpendiculars for transversal bracing and coining
! ® ® rubble
o
06CMO80030 Ordinary two-sided exposed limestone masonry
[X ) 06CMO080040 Ordinary one-sided granite stone masonry, with
4.00 L 0o®® P perpendiculars for transversal bracing and coining
® P ([ ] rubble
® (] 06CMO80060 Ordinary two-sided granite stone masonry
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Fig. 2d. Normalised values for Chapter 6 Masonry (Functional Unit “m®).

On the other hand, in Fig. 2c¢ for the functional unit “m? “in Chapter 3 Foundations, the patterns of behaviours were not as similar
for the same type of element (diaphragm wall), where the environmental values show the greatest dispersion. Fig. 2d for the func-
tional unit “m>” in Chapter 6 Masonry shows an even more cluttered pattern of behaviour. However, similar items, such as “Two-foot-
thick masonry” (06LPM80050 and O6LPMS80060 items), and “One-sided limestone or granite masonry” (06CMK80010 and
06CMK80020) had similar dispersions.

The rest of the analysed values, which included the remaining items grouped according to the other functional units in the chap-
ters of earthwork (#2), foundations (#3), structure (#5), masonry (#6), roofing (#7), insulation (#9), finishings (#10), carpentry
(#11), glass (#12), painting (#13), and exterior fittings (#15) are provided in the supplementary data section 2 (Figures S1.1 to
S1.22). Similar tendencies were detected therein, where the pattern of behaviour generally depends on the type of building element
(function) and the main material. For example, for the functional unit “m> in Chapter 5 Structure, a different trend was observed for
concrete elements (such as pillars, slabs, and beams) to that for timber elements (e.g., pillars) (see Figure S1.21 in supplementary
data).

4.3. Knowledge Discovery in databases analysis

Table 1 shows the correlation coefficients for the functional units analysed and the relationships found between the different fac-
tors and data in the database, in which correlation indices greater than +0.50 or less than —0.50 are marked in bold. The items in-
cluded in each functional unit considered those whose functional units are used in each chapter (building system) of the BCCA for the
measurement of each type of item: i) for the functional unit “kg”, items from the chapters on foundations (#3) (e.g., steel meshes) and
structure (#5) (e.g., steel profiles); ii) for the functional unit “m”, items from the chapters on foundations (#3) (e.g., piles), structure
(#5) (e.g., wooden beams), masonry (#6) (e.g., lintels), and roofing (#7) (e.g., roof overhangs); iii) for the functional unit “m?”,
items from the chapters on foundations (#3) (e.g., retaining walls), structure (#5) (e.g., slabs), masonry (#6) (e.g., brick walls), roof-
ing (#7) (e.g., tiled roofs), insulation (#9) (e.g., facade insulation), finishings (#10) (e.g., flooring), carpentry (#11) (e.g., windows),
glass (#12) (e.g., polycarbonate panelling), painting (#13) (e.g., facade painting), and exterior fittings (#15) (e.g., ground cover veg-
etation); and iv) for the functional unit “m®’ items from the chapters on earthwork (#2) (e.g., transport of soil), foundations (#3)
(e.g., footings), structure (#5) (e.g., concrete beams), and masonry (#6) (e.g., stone walls).

As shown in Table 1, the relationships found at the functional unit level have a strong positive correlation between the economic
factor “total cost” and the social factor “labour hours” (ry), in all the functional units except for units “m” and “m?”, since in those
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Table 1
Correlation coefficients obtained per functional unit.

Functional unit Kendall Pearson Spearman
Econ. Enviro. Social Econ. Enviro. Social Econ. Enviro. Social

kg Econ. 1.00 1.00 1.00

Enviro. 0.10 1.00 0.37 1.00 0.14 1.00

Social 0.82 —0.02 1.00 0.91 —0.00 1.00 0.93 —0.08 1.00
m Econ. 1.00 1.00 1.00

Enviro. 0.68 1.00 0.68 1.00 0.68 1.00

Social 0.21 0.19 1.00 0.21 0.19 1.00 0.21 0.19 1.00
m? Econ. 1.00 1.00 1.00

Enviro. 0.32 1.00 0.29 1.00 0.44 1.00

Social 0.11 0.07 1.00 —0.08 —0.04 1.00 0.16 0.10 1.00
m® Econ. 1.00 1.00 1.00

Enviro. 0.64 1.00 0.44 1.00 0.71 1.00

Social 0.53 0.28 1.00 0.64 0.08 1.00 0.71 0.33 1.00

groups the highest number of BCCA items and greatest diversity of BCCA chapters were analysed. In the case of the functional unit
“m”, a positive relationship between the social factor “labour hours” and the environmental factor “CO, emissions” (r3) was detected,
and even for the unit “m>” (Kendall and Spearman coefficients). For the functional unit “m?”, however, no correlation was found be-
tween the three factors, since in this group a wide variety of items from eleven chapters were analysed. Table 1 also shows that all the
relationships found a match in at least two of the three correlation indices used (Pearson, Kendall, and Spearman).

Given the great variety and diversity of values (Fig. 2a—-d), it was found that the identification of correlations may have limitations
if the values present different patterns of behaviour. Therefore, the level of disaggregation of the information was increased to detect
possible correlations within the chapters of the BCCA [24].

Fig. 3a—d shows the correlation matrix of the results obtained including each of the functional units comprised in this study (kg, m,
m?, and m®). The foundation items are shown to have different correlation coefficients than the structure items. The complete set of
charts, with the full list of BCCA chapters and items analysed, is included in the supplementary data section 2 (Figures S2.1 to S2.4).

The results for the kg functional unit show different tendencies depending on the chapter. For instance, (see Fig. 3a), the correla-
tion between economic and social factors (r;) was strong and positive (0.85-0.95) for the structure but weak and negative (—0.58) for
the foundations, while the social and environmental correlation (r3) was negative (—1.00) for the foundations and positive, although
hardly related (0.06-0.12), for the structure. Economic and environmental correlations (ry) are positive in both chapters, although
they remain stronger in the foundations chapter. Furthermore, the three correlation indices (Kendall, Pearson, Spearman) provide the
same values for all the dimensions related to the items in the foundations chapter of the BCCA, and the social and environmental cor-
relations have a perfect negative correlation with a value of —1.00.
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Fig. 3a. Correlation matrix for the selected BCCA items measured in “kg”.
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Fig. 3b. Correlation matrix for the selected BCCA items measured in “m”.

The results for the functional unit “m” (see Fig. 3b) show similar strong positive correlations between the economic and social di-
mensions (r;) for the foundations (0.71-0.93) and structure (0.66-0.90) chapters. However, the correlation between the economic
and environmental dimensions (ry) as well as the social and environmental dimensions (r3) are stronger (0.90-0.96) in the structure
chapter than in the foundations chapter (0.36-0.67).

Fig. 3¢ shows the results for BCCA items in the foundations and structure for the functional unit “m?”. Depending on the building
element and material, the correlation matrix shows different tendencies. In the concrete slabs, all the correlation indices are positive
and economic and social dimensions are strongly related, while the concrete and steel slabs show a negative weak correlation be-
tween the economic and social dimensions (—0.11, —0.61). In the foundation items, the most strongly related dimensions are eco-
nomic and environmental (0.76-0.89), followed by economic and social (0.61-0.78), while in the concrete slabs, the most strongly
related dimensions are economic and social (0.74-0.99) followed by economic and environmental (0.46-0.69). The concrete and
steel slabs present strong negative correlation (—0.61) between the economic and social dimensions in the Pearson coefficient, and
strong positive correlation (0.57) between the economic and environmental dimensions in the Spearman coefficient.

Fig. 3d shows the results for BCCA items in the foundations and structure chapters for the functional unit “m>”. In the case of the
structure chapter, the strongest correlation is found between the economic and social dimensions (r;), with similar behaviour to that
of the functional units “kg” and “m?” for concrete slabs. In the case of the foundations chapter, similar behaviour has been found
with respect to the functional unit “m?” since the strongest correlations are between the economic and environmental dimensions
(ro), followed by the economic and social dimensions (r;), and subsequently by the social and environmental dimensions (r3).

The other correlation matrices analysed for the rest of the functional units in the other chapters are provided in the supplementary
data section 2 (Figures S2.1 to S2.4). Table 2 summarises the ranges of the correlation coefficients (ry, ry, r3) obtained for the combi-
nations of the three related dimensions, including the number of related items in each functional unit group. The detected tendencies
indicate that the majority of the items present a strong correlation between economic and social variables (r;) (e.g., structure). How-
ever, other items, such as those of the finishing chapter, have a weak correlation between economic and social variables (r;). A lower
number of items have a strong positive economic and environmental correlation (ry) (e.g., foundations). Finally, the strong correla-
tion between social and the environmental dimensions (r3) presents the lowest incidence.

5. Discussion

5.1. Main contributions and lessons learnt

5.1.1. In answer to RQ1

The contributions of this work lie in the demonstration that it has been possible to identify both positive and negative correlations
between environmental, economic, and social variables of the BCCA items analysed, in answer to RQ1. As shown Table 2, most of the
correlation coefficients are positive (83 %), as opposed to negative (17 %), which indicates a direct rather than an inverse relation-
ship between the variables analysed. In 39 % of the cases there is a strong correlation (greater than +0.50, or less than —0.50) in all
the correlation factors analysed (Kendall, Pearson, and Spearman), whereby 8 % is negative and 92 % positive, with non-existent cor-
relation or weak/moderate correlation in at least one factor in the remaining cases (61 %) (see Table 2).
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Table 2
Range of correlation coefficients (r) obtained per chapter and functional unit (f). Resulting scenarios” (S).
hapter Functional unit ~ Number of items  Economic and Social Economic and Environmental Social and Environmental Scenario” S
f N , Ty I3
2. Earthwork m® 17 0.85-0.93 0.81-0.92 0.69-0.86 S1
3. Foundations kg 4 —0.58 0.58 -1.00 S4
m 31 0.71-0.93 0.36-0.67 0.21-0.85 sS4
m? 19 0.61-0.78 0.76-0.89 0.32-0.48 S4
m® 81 0.58-0.84 0.83-0.96 0.60-0.74 S1
5. Structure kg 18 0.85-0.95 0.13-0.51 0.06-0.12 S4
m 7 0.66-0.90 0.90-0.96 0.72-0.83 S1
m? 79 0.74-0.99 0.46-0.69 0.38-0.53 S4
m® 48 0.56-0.73 —-0.30-0.29 —0.00-(-0.56) S4
6. Masonry m 71 0.32-0.57 0.23-0.39 —0.08-0.23 S3
m? 155 0.57-0.71 0.41-0.57 0.17-0.22 S4
m® 20 0.78-0.90 0.63-0.82 0.49-0.67 S4
7. Roofing m 67 0.24-0.48 0.21-0.68 0.30-0.52 S3
m? 33 0.61-0.86 0.26-0.55 0.35-0.66 S4
9. Insulation m? 108 0.56-0.80 0.34-0.47 0.21-0.40 sS4
10.1. Wall finish. m? 132 —0.06-0.09 0.54-0.73 0.05-0.08 S4
10.2. Floor finish. m? 127 —-0.04-0.16 0.03-0.13 0.29-0.50 S3
10.3 Ceilings m? 26 —0.04-0.30 0.03-0.44 —0.09-0.29 S3
11. Carpentry m? 348 0.13-0.44 —-0.02-0.04 —-0.39-(-0.14) S3
12. Glass m? 66 0.57-0.82 0.11-0.55 0.42-0.56 S4
13. Painting m? 85 0.94-0.97 0.11-0.14 0.14-0.17 S4
15. Exterior m? 24 0.39-0.47 0.28-0.51 0.12-0.29 S3

fitting

a See Section 5.3.1. Contribution to sustainable design.

Correlations were found on similar elements, and sub-elements with similar materials such as steel bars or electro-welded mesh
(see Fig. 3a). Negative correlations were detected between social and environmental impacts (r3), which means that when environ-
mental values increase, social values are reduced. However, the correlations between the various dimensions and the growth of the
values were different. Generally, the maximum and minimum of each series have different growth logic, and hence finding relation-
ships between variables was more difficult.

This study shows that the linear correlation (1) is only detected when the same variable is considered, and that the more disaggre-
gated the data analysed is, the more correlations can be found. It was also found that the correlations depend mainly on the functional
unit, the type of item (building element) analysed within each building system, and its materials. For example, in the case of founda-
tions and structure, at a general level per “kg” of functional unit, only strong direct correlation (0.82-0.93) was found between eco-
nomic and social variables (r;) (see Table 1), and the remaining variables were not strongly related. This means that if social impact
values increase, then there is a proportional growth in the economic costs. However, if the same values are analysed disaggregated in
terms of chapters (considering foundations and structure separately), then it was possible to find another level of correlations, as
shown in Fig. 2a and Table 2. In this case, for foundation items, the economic and social variables (r;) changed trend, and became in-
versely related (—0.58), and other variables appeared strongly related, such as the social and environmental dimensions (r3), with a
perfect negative correlation (—1), and the economic and environmental (0.58) dimensions (ry). Furthermore, in the case of concrete
slabs in the structure chapter, different correlation factors were found for unreinforced slabs compared to the same concrete slab rein-
forced with steel, as shown in Fig. 3c.

5.1.2. In answer to RQ2

The study also detected the most closely related dimensions in answer to RQ2. Firstly, these were the economic and social (r;) di-
mensions in which 68 % of all the factors (Pearson, Kendall, and Spearman) obtained strong correlations, followed by the economic
and environmental (r,) dimension (32 % in this case), and by the social and environmental (r3) dimension (18 %), as shown in Table
2. Although correlations between dimensions do not have to follow a cause-effect pattern, these coefficients can differ in terms of.

e (r;) The economic (cost) and social (labour hours) variables may be directly interrelated since labour cost is a factor with a
major impact on the total cost, which comprises of 30-50 % of the overall project's cost [54]. This relationship is therefore
strongly positive in the items of almost all the chapters analysed, with certain exceptions (see Table 2). In the case of the
foundations (kg), the relationship is inverse since the cost of the material (steel) has a greater weight in the final cost than that
of the labour.

e (r3) The environmental dimension (CO, emissions) may have a direct impact on the economic dimension (cost) since higher CO,
emissions due to energy consumption in manufacturing leads to higher costs. Moreover, the use of auxiliary machinery in these
items can also directly affect both variables, economic cost, and CO, emissions. This correlation is significant in the items of
earthwork (m?®), foundations (in all functional units except m), structure (m), masonry (m®), and wall finishings (m?) chapters.
These results are in line with those of other studies in which optimised solutions were found that reduced both factors (e.g., Refs.
[55,561).
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e (r3) The social and environmental variables are the least related in this study, as shown in Table 2. Their correlation is significant
in the items of the earthwork (m®), foundations (kg, m?), where it is inverse for kg, and of structure (m) chapters. In these items,
the use of machinery involves labour (social) for its operation, and this in turn has an impact on CO, emissions (environmental).
In the case of the foundations chapter, the correlation of the items in “kg” is inverse, with a perfect correlation (1), as the related
items have double labour, but half material, and hence the emissions from material manufacture decrease in the same proportion
as labour increases. On the other hand, if other variables had been assessed, such as the transport of workers to and from the site,
then the relationship between the social and environmental variables would have been much stronger for all labour-related items,
due to CO, emissions from such transport.

Table 2 also shows how of the 22 groups of items analysed, the majority (45 %) have only one strong correlation (mainly be-
tween social and economic dimensions) compared to 9 % with two strong correlations, and 18 % with 3 strong correlations be-
tween all dimensions. Nevertheless, special care was taken to ensure that the groupings of data respected the type of element or
function and could contribute towards finding correlations more easily.

5.1.3. Seeking correlations in databases

If the various impact dimensions of the BCCA items were compared and the variability were proportional, then more correlation
could be found. Hence, in order to find more correlations, special attention must be paid to the selection of values and the way they
are organised.

For positive and/or negative correlations to occur, the increase in values should be proportional. One of the potential strategies for
the control of the variability of the values involves differences in the quantities of materials. For example, in the event that “BCCA
item X" includes half the quantity of material as “BCCA item Y”, then the derived impacts for the environmental, economic, and social
dimensions are incremental and a clear positive correlation is detected. However, that which differentiates the value of some BBCA
items from others is not only the variation in the quantity of material, but also other factors with major influence, such as auxiliary
materials and energy consumption. In this vein, this study demonstrates that the correlation analysis should also include the analysis
of other parameters, such as the material quantities, auxiliary materials, and energy consumption, to better understand its influence
in the derivate impacts. Therefore, the use of the same type of material (e.g., HA-30 concrete) and different building elements (e.g.,
pillars, beams), or different types of materials while maintaining constant the amount of material used (e.g., 1 m? of window) can be
useful in the analysis of how those variations influence the correlation between environmental, economic, and social impacts.

5.2. Limitations of the study

The use of LCSA in the building sector remains scarce, as do the data sources for its implementation at the building element and
building levels [13,15]. The large amount of data required along with the limited systematic data sources to support the LCSA imple-
mentation to buildings constitute the main obstacles.

Consequently, the Data Mining method can facilitate decision-making and reduce the complexity of building element data. The re-
sults of the correlation analysis indicate that the incorporation of the items that produce the lowest impact in all dimensions (environ-
mental, economic, and social) into the design process is a complicated process. For example, in the data analysed there is no dispro-
portionate or markedly upward growth in all three dimensions at the same time (see Table 2), which can limit the search for correla-
tions between alternative items. Furthermore, the data analysis focused on a limited number of BCCA elements and was organised in
terms of functional unit, while leaving other functional requirements of the design out of the analysis (e.g., thermal comfort). There-
fore, although the Data Mining method can help towards understanding the behaviour of large amounts of data, it remains crucial
that the data is clearly organised (e.g., using similar alternative building elements, using the same materials) and that the method cov-
ers small data ranges.

The data analysed in this paper mainly covers the construction and installation phases of the building items. Nevertheless, it is
treated as baseline information to be used for the different life cycle stages. For example, the replacement of a window mainly in-
cludes the manufacturing and installation of a new window. Thus, similar data can be used both for the construction phase and the
use phase, which can be enriched with information regarding the transport, treatment, and final disposal of the building materials.
These data could identify building elements that, despite having a high initial cost, have a lower total cost by requiring less mainte-
nance or even by being recovered at the end of their lifespan. Moreover, this study focuses on analysing the embodied impacts and as-
pects related to the elements, products, and materials that are installed in buildings throughout their life cycle. Given the decarboni-
sation of the energy mix in the coming years and its relevance in reducing operational impacts related to energy consumption [57],
embodied impacts and aspects related to the materials will require special attention in the building design. However, impacts such as
energy use during operation are also relevant when conducting a full LCSA. Therefore, the trade-off between embodied and opera-
tional impact should be considered in the assessment of the sustainability of the building.

Another limitation detected herein involves the number and scope of indicators included in the study, whose expansion can enrich
the analysis. For example, this study focused on the “embodied” carbon emissions of the buildings, since databases and methods are
needed to tackle the decarbonisation of building materials in the coming years [57]. Future studies could address a larger number of
environmental impact categories as in the existing study [58], which focuses on comparing the correlation of the data from the envi-
ronmental impact indicators from Environmental Product Declarations (EPDs). The analysis of the relationships between other envi-
ronmental indicators could help to identify building materials that, in addition to facilitating climate change mitigation, also con-
tribute towards mitigating other relevant environmental problems, such as pollution, habitat destruction, deforestation and loss of
biodiversity.
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5.3. Potential of the methodology and future developments

5.3.1. Contribution to sustainable design

This research demonstrates the potential of the methodology to better understand the growth logic of the different BCCA items
concerning the three dimensions of sustainability. The results could benefit scientific knowledge and engineering practice by identify-
ing, for example, building elements, techniques, and materials in any database to be used in projects that reduce the social, economic,
and environmental impact of the life cycle of buildings. Therefore, based on the types of correlations obtained, sustainability strate-
gies could be implemented. For example, four scenarios could be assessed (see Fig. 4), and if it is assumed that a high value in the indi-
cators of each dimension would lead to a negative impact and vice versa, then impact reduction could be achieved in each scenario as
follows.

e Scenario 1 (S1). Group of alternative items that present a strong positive correlation in all correlation coefficients. This is a
favourable scenario for the application of similar strategies to reduce the impacts since the selection of items with the lowest
values in the results of one dimension will lead to lower values in the results of the other two dimensions. Likewise, an increase in
one dimension would negatively influence the other two dimensions.

e Scenario 2 (S2). Group of alternative items that present a strong negative correlation in all correlation coefficients. This is a

scenario where the same strategy can affect the results in a different way, since one item with lower values in one dimension can

have the highest values in another dimension or vice versa. In this case, it could be decided which dimension is the one to be
prioritised, in the knowledge that this action would be detrimental to the other two dimensions.

Scenario 3 (S3). Group of alternative items that present a weak or null correlation in all correlation coefficients. In this case

there is no apparent relationship between the dimensions. This scenario requires an item-by-item detailed study to analyse the

incidence of the results of each dimension and the growth trend, even if it is weak, with respect the others. In this scenario,
sustainable design measures that may affect one dimension to a greater extent do not necessarily affect the remaining dimensions.

Scenario 4 (S4). Group of alternative elements that present a strong correlation (positive or negative) in one dimension and a

strong (with another sign), weak, or non-existent correlation in the remaining dimensions. This scenario will require a case-by-

case study. Items with lower values in one of the dimensions could have higher values in the second directly correlated

SCENARIO 1 SCENARIO 2 SCENARIO 3 SCENARIO 4
(S1) (S2) (S3) (S4)
ra ri ri
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Fig. 4. Scenarios (S) to consider in the development of sustainability strategies in design.




C. Llatas et al. Journal of Building Engineering 91 (2024) 109546

dimension. Furthermore, the behaviour of the third dimension should be verified, in case there is no clear group tendency
detected.

In the case of the analysed items of the TBL-BIM database, three S1 (e.g., m?® Foundations), no S2, six S3 (e.g., m Masonry), and
thirteen S4 (e.g., m? structure) scenarios were identified, as shown in Table 2.

In S1, the selection of items with lower results in one dimension will imply lower results in the other two dimensions. The signifi-
cance of this fact lies in the identification of construction techniques with the lowest impact in all three dimensions. For example, the
study reveals that in the case of earthwork (m?) the transportation of soil by mechanical means would reduce not only the economic
cost, but also the environmental and social impact (Figure $1.19 in supplementary data). Alternatively, in the foundations (m®), the
most economical types of concrete are those that also have the lowest environmental and social impacts (Figure S1.20).

In S3, moderate and non-existent correlations were obtained, such as in BCCA items for floor finishing, ceilings, carpentry, and ex-
terior fittings (Figures S13 to S15, and S18). In these cases, the relationship between the variables tends to be horizontal since there
are no peaks and troughs that follow a trend. Hence, the variability is related to the distribution curve of the data, which was neither
clearly incremental nor decreasing in any dimension. However, the lack of clear correlations indicates that the variability of the val-
ues is not very marked, which in turn shows that values behave similarly in the three dimensions. Other correlation distributions will
merit a detailed study to obtain trends.

In S4, several sub-scenarios can occur. As in S3, it will be necessary to carry out an in-depth study of two-by-two dimensions. For
example, the coexistence of strongly positive correlations between two dimensions and strongly negative correlations between two
others could limit the application of strategies aimed at reducing the values of all three dimensions at the same time. In such cases,
one dimension will be favoured over another. This is the case of foundations (kg) (Fig. 2a), where the items with the highest values in
the economic and environmental dimensions have the lowest values in the social dimension, and vice versa.

A last illustrative example of S4 is given by the structure chapter (m%). In that case, the obtained values indicate that the growing
tendency for economic and social dimension is less accelerated than for the environmental dimension, as shown in supplementary
data (Figure S1.21). This means that the more materials are used in the structure, the greater the increase in the trends of environ-
mental impacts will be in several items, greater than those of the economic and social dimension. This knowledge extracted from the
analysis could prove useful in decision-making in sustainable design in professional practice. For example, if the environmental crite-
rion prevails, then the optimisation of the building elements of the Structure chapter (beams, pillars, walls), with functional unit
“m>”, will have a major contribution in the reduction of the environmental impact.

5.3.2. Future work

This study has provided interesting findings on how to improve and optimise the implementation of Data Mining and KDD tech-
niques in this field. The results show that the way the values of the different dimensions grow is not directly related to the functional
unit or chapter under consideration and should therefore be analysed per element on a case-by-case basis. This would lead to further
studies including fewer values but organised in terms of similar building elements to analyse the data more specifically.

Future work should focus on such developments, which may also be useful for designers and architects to use in the creation of
LCSA data adapted to the BIM workflow [15], including information on environmental, economic, and social dimensions throughout
the life cycle of the building. Further indicators should be included in the TBL-database as should other LCSA modules.

The method also contributes to the field of data interpretation and visualisation in LCSA, thereby complementing existing frame-
works and formats described in other studies such as [59]. In this vein, future work can also focus on integrating other parameters
(such as geometry and dimensions of the building elements, type of materials, and bill of material quantities) into the analysis, which
can help the designer to identify their influence on the LCSA data (regarding the building elements) and the LCSA results. The more
optimised the model is in terms of the use of materials and dimensions of the elements that comprise the building, the better the re-
sults of the triple assessment become. Moreover, unlike other databases, the systematised integration of the database into the BIM
workflow would enable the analysis of BIM models to be automated.

6. Conclusions

The literature review provides evidence that the analysis of three-dimensional data based on the building construction and build-
ing process to support the LCSA implementation in BIM has scarcely been addressed. This gap in the literature generates opportunities
in the development of data sources. This study focuses on filling these gaps, by enriching the existing BIM-TBL database and enabling
a comprehensive analysis of the building data to support the LCSA implementation. The complexity of the LCSA encompasses not only
the collection and harmonisation of data but also the correlation between different and occasionally opposite values. This paper
shows the application of KDD technology and specifically targets Data Mining to improve the use of information regarding the build-
ing and its environmental, economic, and social impacts. The aim is to better understand possible strategies for the design of buildings
of a more sustainable nature. The first main contribution of the paper involves the enrichment of the BIM-TBL database. This enables
the complexity of the data collection to be understood regarding the application of the method on the BCCA items as well as that of its
processing on a large number of building elements. This research constitutes the first application of the KDD process to the data
sources for triple bottom line sustainability assessment for the implementation of LCSA into buildings in BIM. This has enabled the
RQs to be answered, and hence the following conclusions can be drawn.

e Various levels of correlation were found, depending on the type of element, functional unit, and its material, thereby answering
ROQL1.
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The study most frequently found correlations between the economic and social (r) dimensions (68 %), followed by correlations
between the economic and environmental (r;) dimensions (32 %), and by the non-existent or negative correlations between the
social and environmental (r3) dimensions (18 %), thereby answering RQ2.

Findings from the correlation analysis of environmental, economic, and social dimensions reveal their influence on the type of
building system and building element.

Accordingly, based on these correlations, four scenarios were identified to aid in sustainable decision-making. In general, the
growth patterns of the different dimensions are similar, which could favour the triple assessment, since contradictory behaviour
patterns could complicate the application of the LCSA on the BCCA items.

Future studies should enrich the database with other environmental, economic, and social impact categories and other life
cycle phases. In this vein, considering the triple-dimension assessment, special attention should be paid to the analysis and
weighting of these three dimensions. Further to this type of correlation analysis, the triple-dimension assessment should always
include a critical evaluation of the weighting of each dimension, since the least environmentally damaging solutions may well
not be the most economically viable. As a result of this type of analysis, the pathway towards the reduction of impacts should
be prioritised, while being more affordable and beneficial to society.
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