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Sustainable building design has become a hot topic over the past decades. Many standards, databases, and tools have been
developed for achieving a sustainable building. Not until recently have the importance of structural engineering and its con-
tribution to sustainable building design been full recognised. However, due to the highly fragmented and diversity of knowledge
across building and infrastructure domains, there is a lack of approach that can address all the sustainable issues within the
structural design. This paper reviews the sustainable design from the perspective of structural engineering: (1) reviewing the
current situation; (2) identifying the gaps and difficulties; and (3) making recommendations for future improvements. The
strategies and indicators, as well as BIM-enabled methodology, for sustainable structural design (SSD) are also discussed in a
holistic way. The results of this investigation show that most of the methods are not doing well in terms of delivering a successful
sustainable structural design. It is expected that the future BIM could probably provide such a platform to address these issues.

1. Introduction

What is a “sustainable building?” Written works define it as
being designed to adhere to several objectives: (1) to pre-
serve energy and materials and ensure that resources are
recycled and that the release of toxic substances is limited
throughout the building’s process, encompassing the de-
sign, building, functioning, preservation, and destruction;
(2) to suitably comply with the local environment, values,
and societal structure; and (3) to maintain and enhance the
standard of people’s living whilst preserving the ecosys-
tem’s aptitude domestically and globally [1]. This definition
brought together what is now known as the three pillars of
sustainability [2-4]: environmental, economical, and social
well-being. In general, design methods for achieving a
sustainable building are called “sustainable design.”
There are many standards, databases, and tools dedicated
to sustainable design in the building sector. The standards
including ISO/TC 59/SC 17, ISO/TC 207/SC 5, and CEN/TC
350 lay the foundations for assessing the sustainability of a
building during the life cycle. These standards measure the
influence and elements of buildings in terms of their

environmental, social, and financial impact via quantitative
and qualitative signs [5-7]. In most cases, these series of
standards are merely served as guidelines and need to be
used in conjunction with a specific database or rating score
system since they provide little information on benchmarks,
levels of performance, and detailed information [8]. Several
databases currently exist for the measurement of embodied
energy or embodied carbon: Inventory of Carbon and En-
ergy (ICE), U.S. Life Cycle Inventory (LCI), GaBi, European
Reference Life Cycle Database (ELCD), and Ecoinvent
[9, 10]. In order to automate the sustainability assessment of
a building, many companies and international organisations
have initiated rating systems and tools to facilitate the as-
sessment process. The rating systems such as BREEAM and
LEED group the environmental impacts into several sec-
tions, produce an overall score for the building depending
on points gained in each section, and deliver a certificated
assessment [11-13]. However, these assessments are nor-
mally conducted after the design phase and serve primarily
as a verification document rather than a decision-aid tool,
providing little guidance for the designer during the design
process [14, 15]. Despite the emerging life cycle assessment
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(LCA) tools (i.e., Athena and Tally) provide more oppor-
tunity to assist sustainable design on a building scale, the
procedure is similar to the rating systems (i.e., sustainable
assessment after the design stage). It seems difficult to in-
tegrate sustainability idea/knowledge into the early design
stage. This forces us to rethink of the nature of the building
design process.

A building is better expressed as a process than a
product. The design process of a building normally requires
effective and close cooperation among different disciplines
(i.e., structural engineers, architects, and MEP engineers).
Architects can start drafting architectural designs once they
know the needs of the consumer, the tone and idea of the
design, and the core mechanical requirements. The models
devised outline the relevant geometrical aspects and ap-
pearance of the building. At times, this is accompanied by a
range of recommendations regarding the structure; this is
compiled into either a model or a drawing of the building’s
design. Emphasis will then be given to the structural and
MEP consideration. The structural engineer is required to
make the designs more straightforward so that the model
can be structurally analysed and optimised to improve the
structural performance. This iterative mechanism ceases
when the aims of the design are fulfilled [16]. Ultimately, the
structural models, architectural models, and MEP infor-
mation need to be assembled together for the purpose of
sustainability assessment. The above describes the current
sustainable design process, a “bottom-up” process, while a
more reasonable procedure should be a “top-down” process
where sustainability is considered at an early design stage for
each engineer [17]. This poses a challenge to planning and
handling the process properly.

On the contrary, the type of structural system is a sig-
nificant aspect because it sets the foundation for the design
and building work that is undertaken; the nature of the
structure layout significantly impacts the use of land, re-
sources, and energy, the release of greenhouse gas, preser-
vation, recycling, the cost of the process, and the
management of risks [18, 19]. Moreover, the structural
material accounts for a large proportion of a building’s mass,
thus providing over 50% of the embodied energy and carbon
of a building [20-22]. However, despite this growing
awareness, there is scant evidence that the importance of a
structural engineer has been sufficiently recognised. Struc-
tural engineers do, however, have less influence over a
building’s sustainability in comparison to architects and
clients. This can be due to the fact that the knowledge of
sustainability for structural engineers is highly fragmented,
and there are no clear guidance and effective tools to assist
structural engineers for performing sustainable design
[23, 24]. Some studies focus on methodologies, strategies,
and parameters for sustainable structural design. For in-
stance, Anderson and Silman [25] investigated the differ-
ential impact of material selection, recycling, adaptability,
and thermal mass effects on greenhouse gas reduction. They
identified that the thermal mass effects contribute a lot to
reducing carbon dioxide emissions, and material selection is
the most positive design strategy before the operational stage
of a building. Danatzko and Sezen [26] discussed five
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positive and negative sustainable attributes of sustainable
structural design methodologies. They suggested that no
single methodology can address the complex issues of
sustainable structural design, and a combination of the
methodology is reccommended. More details are discussed in
Section 3.2.

Several researchers pay attention to compare the case
study by calculating embodied energy or carbon of a
structure. For example, Sinha et al. [27] performed a
comparative study for calculating the energy footprint and
carbon footprint between the wooden building and concrete
building. The results indicated that the energy footprint of
the wooden building is 43% lower than that of the concrete
building, and the carbon footprint of the wooden building is
75% lower than that of the concrete building. Guggemos and
Horvath [28] compared the environmental effects between
concrete and steel-framed structures (much of the same
layout) over the life cycle. During the construction phase,
compared to the steel structure, the concrete structure
consumed more energy, CO,, CO, NO,, and SO, due to the
large formwork, longer equipment uses, and more materials
to be transported; thus, minimizing the amount of tem-
porary material use is an effective way to reduce the impact.
However, when expanding the construction phase to a wider
range (i.e., entire life cycle including design, construction,
use, and end of life), the differences gradually disappear due
to the fact that the use phase accounts for over 80% energy
use and CO, emissions over the life cycle, whatever material
is used in the frame structure. Catherine et al. [29] analysed
200 building structures from the industry to benchmark
their environmental impact. The normalised material
weights for all the structures were 200-1800 kg/m?, and
normalised embodied CO, ranged between 150 and 600 kg
CO,./m?.

In theory, these methodologies and strategies can be
used for sustainable structural design (SSD) [30, 31], while in
reality, they have not been utilised effectively in a holistic
way. This can be attributed to several reasons. Firstly, unlike
the sustainable design approach for architects, there are no
exclusive standard, database, and tools specifically designed
for structural engineers to achieve a sustainable structure.
Secondly, the structural engineer’s tools, such as structural
analysis software, sustainability assessment software, and
BIM software, exist as separate entities. Despite there exists
the interoperability that is based on interoperable languages
(i.e., IFC and gbXML), the process for converting the format
is a time-consuming task and may lead to data loss at times.
Lastly, there is a lack of effective collaboration between
architects and structural engineers. Generally, most of the
tasks related to sustainability belong to architects who
represent the whole design team to communicate with the
sustainability consultant. It should be recognised that not
only architects but also structural engineers have great
potential to reduce the environmental impact over the de-
sign process [32-37]. The ultimate goals of sustainable
design can be achieved by efficient information exchange
and effective collaboration between structural engineers and
architects. A central repository, namely, common data en-
vironment, would contribute to the high level of
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cooperation. In this case, there is a need to have a unified
platform that can integrate sustainability considerations
within a common environment between designers.

Building information modelling (BIM) involves a
standardised process that ensures relevant data and expertise
are reused across various fields in the life cycle process. BIM
has the trend for constantly growing to utilise the wide array
of information that comprises a conventional building
project. This information, referenced as being n-dimensional
(nD), incorporates elements including time, expense, sus-
tainability, and potential risks. As with several other nD
building elements, incorporating the issue of sustainability
into BIM is yet to be fully developed [38-40]. Currently,
there are many methods that can integrate sustainability
issues into BIM or conduct sustainable assessment based on
the BIM models [41-44]. For example, Ilhan and Yaman [45]
extracted the IFC data from BIM models and proposed a
green building assessment method for assisting designers in
the generation of documentation for obtaining green
building certification based on the BREEAM category. The
method can automatically calculate the green rating and
provide feedbacks to inform the design. Shadram et al. [46]
identified the lack of interoperability between BIM and LCA
tools and proposed a framework to integrate extract,
transform, load (ETL) into BIM to enhance BIM-LCA in-
teroperability and thus enable a semiautomated assessment
process. Although structural engineers can use these
methods for making a rough sustainable assessment of their
design, these methods are specifically tailored for architects
or clients. From the structural engineering perspective,
several attempts have been made to combine BIM, structural
analysis, and LCA or develop API to accomplish structural
sustainability appraisal in BIM [47-49]. Yet there exist many
papers on green BIM or structural optimization, most of
them have several steps for conversion among different
formats, the commonly accepted (standardised) procedure is
lacking. Currently, BIM software is still a long way from
being fully integrated with various databases for the sus-
tainable design project. Better and more seamless integration
between BIM and sustainable design may come in the future,
but currently, the integration requires considerable effort
and time such that the evaluation of sustainable data ends up
being performed after the design stage in most cases.

As a result, this paper attempts to fill the gap by
reviewing sustainable design with emphases on the struc-
ture. The specific objectives are (1) to investigate the current
situation of sustainable design, especially sustainable
structural design; (2) to identify the challenges and problems
associated with integrating the sustainability issue into
structural design; and (3) to discuss solutions and potential
development for achieving a holistic design. The review
consists of mainly two parts: in the first part, a compre-
hensive investigation of the standards, databases, tools, and
software regarding sustainability in the sustainable building
design domain is identified through a wide range of sources.
The emphasis is put on the aspects that are directly related to
the structural design. In the second part, the current statuses
of sustainable structural design (SSD) are investigated with
emphases on the strategies and indicators. Furthermore, the

BIM-enabled methodology for achieving a sustainable
structural design is also summarized. The challenge that
sustainability-BIM integration faces is discussed, and the
solutions to this incorporation are proposed for future
improvements.

2. Sustainable Design for Buildings

2.1. Standards. Over the past decades, a significant number
of sustainable design approaches for buildings have been
developed by diverse organisations throughout the world.
The term “sustainable design approaches” in this paper
refers to all the standards, databases, and tools regarding
sustainability in the building design domain. The history of
sustainability towards standardization can be traced back to
1993 when a standardised approach called the “code of
practice” was developed by the Society of Environmental
Toxicology and Chemistry (SETAC) [50]. The approach
divided the sustainable assessment into a three-step process,
including the definition of the goal and scope of the LCA, the
Life Cycle Inventory analysis (LCI) phase, the life cycle
impact assessment (LCIA) phase. The International Orga-
nisation for Standardisation (ISO) attempts to provide an
additional definition of this in the mid of 1990s. A series of
LCA criteria was then defined or updated by the ISO in-
cluding Subcommittee 5 (SC 5), Technical Committee 207
(TC 207), and Life Cycle Analysis and Environmental
Management. In 1997, based on the three-phase process
proposed by the SETAC, ISO 14040 was released by in-
corporating the “life cycle interpretation” phase into the
criteria. Since ISO 14040 provides only the principle and
framework without describing and specifying any detailed
LCA methodologies and techniques, ISO 14041, ISO 14042,
and ISO 14043 were produced with the aim of providing
strategies of the methodological basis during 1998 and 2000
[51, 52].

Yet, this criterion is only aimed to provide a universal
approach for LCA practice and hence does not correspond
with the extensive judgements needed in relation to mod-
elling when conducting an LCA. As a result, the standards
proposed by ISO/TC 207/SC 5, ISO identified that the broad
array of possible implementations for LCA needed field-
specific Technical Committees to provide an additional
definition of LCA that incorporated the expert opinion of
those working in the area. As a result, Subcommittee 17
(sustainability in building and civil engineering works,
SC17) was developed under TC 59 (buildings and civil
engineering works) to produce numerous criterions that
provide additional definitions of the LCA framework.
Therefore, various criteria and guidelines (ISO 21929, ISO
21930, and ISO 21931) were produced under the direct
command of ISO/TC 59/SC 17.

The ISO standards outlined above are regarded as the
standard international outlook regarding LCA conduct.
However, the necessity for a consensus has resulted in the
ISO failing to consider certain modelling aspects that are
needed for standardised LCA practice. For that reason, the
European Committee for Standardisation (CEN) Technical
Committee 350 (TC 350) was introduced in 2005, aiming at



ensuring LCA standards being developed for building works.
EN 15643, EN 15804, and EN 15978 were established under
CEN/TC 350 by considering more factors in regard to the
preservation of the environment. In a similar way to ISO/TC
59/SC 17, CEN/TC 350 started by placing its emphasis on
guidelines for buildings rather than civil engineering, al-
though TC 360 has of late implemented Working Group 6
(WG 6) that is intended to advance guidelines for the future
that are relevant to civil engineering. All the aforementioned
standards are summarized in Table 1 with more detail.

The biggest challenge for the standard is that there is a
lack of reliable, comparable benchmarks and transparency in
the methodologies. The results of building assessment are
not comparable to one another. Furthermore, the above
series of standards are used as frameworks or guidelines for
sustainable design since they do not provide benchmarks,
levels of performance, and detailed information, which need
to be used in conjunction with a specific database or score
system. Whilst LCA is an important mechanism for con-
templating the influence of judgements in terms of the
system, it is the only one mechanism that should be utilised
for considering sustainability from a wider perspective. The
limitation of LCA concerns its generic Life Cycle Inventory
(LCI) datasets that overlook the viability of special and
temporal matters. For instance, “land use” is seldom in-
corporated into LCA as there are no means of recording it
within an inventory that is widely recognised. Studies into
LCA have delivered significant process in introducing ac-
knowledged ways of measuring land, water, waste, and flows
that happen over a range of locations and times.

2.2. Databases. During the LCA process, the inventory
analysis is an important step since the LCI database gives the
basic data for life cycle assessment. In recent years, there has
been an increasing amount of databases worldwide that can
be used to carry out an life cycle assessment. These databases
can be divided into two types: general database and specific
database. The difference between the general database and
specific database lies in the data coverage. General database
refers to the data that may cover many fields (e.g., trans-
portation, agriculture, manufacturing, building, chemicals,
and waste management), whereas the specific database in
this paper means that they are targeted for only one field (i.e.,
building or construction). General databases contain the
European Life Cycle Database (ELCD), U.S. LCI, Swiss
Ecoinvent, and German GaBi [53-55]. Specific databases
include the Inventory of Carbon and Energy (ICE) from UK,
Canadian Athena, Australian building products LCI, and
New Zealand building material embodied energy database
[56, 57]. The specific databases are normally designed for the
life cycle assessment of a building. Table 2 gives a non-
exhaustive summary of the LCI database around the world.

The biggest challenge for the database is inconsistencies
in the data source, which means that the use of different
databases leads to a comparison issue. For much the same as
the layout of a building, the results from SimaPro, GaBi, and
ICE show significant difference due to the lack of reliable and
transparent data. There is a demand for a reliable database to
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be provided by the manufacturing and construction in-
dustry. Furthermore, there is still a need for updated values
for different countries and regions. As a result, it is likely
that, in the future, LCI records will provide the necessary
data for the analysis of life cycle impact within LCA research.
Moreover, the LCIA stage needs to be spatially and tem-
porally broad to collage the flows happening within the life
cycle. There is a need for updated values per country as most
of the databases have not been updated with progression of
time. As far as the structural aspect is concerned, there are no
standards and databases specifically designed for structural
engineers. However, this is not a barrier to deliver a suc-
cessful sustainable structural design since the environmental
impact of a structural material can be obtained from these
databases.

2.3. Tools. The term “tools” in this paper refers to the rating
systems and software related to sustainability in the building
design domain. Generally, tools to perform environmental
impact assessment can be divided into three levels [58-60]:
(1) level 1: product or component level tools, such as
SimaPro, BEES, Gabi, Umberto, and TEAM; (2) level 2:
building level tools assisting design decision-making, such as
Tally, Athena, eTool, and Bionova; and (3) level 3: rating
system or building, infrastructure, and community assess-
ment tools, such as BREEAM, LEED, Green Star, CASBEE,
and SBTool.

Specifically, level 1 considers the resources and elements
individually, which are then compiled to devise a life cycle
consideration for the building as a whole. Level 2 con-
templates the whole building as its initial basis. This could,
for instance, be the building’s shape, before consideration is
steadily given to the selection of resources in walls and
frames and suchlike. A whole building’s environmental
impact can be assessed through the level 1 or level 2 ap-
proach. The output indicators of these assessments normally
include global warming (kg COzeq), sometimes containing
primary energy (M]), acidification (kg SOzeq), eutrophica-
tion (kg NEQ), ozone depletion (CFC-11eq), smog forma-
tion (Oseq), nonrenewable energy (M]), and renewable
energy (M]). Among these indicators, the global warming,
namely, “embodied carbon,” expressed in carbon dioxide
equivalents (kg COzeq), is regarded as the most important
factor. The other greenhouse gases can be converted into
CO2eq using conversion factors in order to obtain a com-
mon unit for the environmental impact.

It should be noted that the incorporation of BIM and
LCA mechanisms within the initial design process is a
growing tendency for automating the judgement process
based on the outcome. BIM is utilised to uncover the in-
formation relating to the building (material measurements)
which are subsequently processed within external LCA
software or else incorporated “plug-ins” in which LCA can
be calculated within the BIM process. The advantages of BIM
in the LCA applications include preventing data from being
resubmitted manually, enabling analysis to be conducted in
real time, improving the assessment of the building overall,
and utilising an assessment interface that is accessible to the
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TaBLE 1: Summary of sustainable standards and specifications for building design.

Standards and specifications Level Environmental Economic Social Release year
ISO 21929 framework for the development of Framework v v v First version 2006,
indicators for buildings revised 2011
ISO/TS 12720 susta'lnabl.llty in buildings and civil Framework Y 2014
engineering works
ISO/TR 21?32 sustainability in bulldmg§ and civil Framework Y 2013
engineering works—a review of terminology
ISO 21931 framework for the methods of assessment F1r.st version 2906’
. . 1 revised 2010, will be
of the environmental performance of construction  Building v
replaced by ISO/CD
ISO/ work
TC59/ 21931-1
ISO 21930 environmental declaration of building First version 2007,
SC17 Product v .
product revised 2017
ISO 21929-1 sustainability in building
construction—sustainability indicators—part 1: Framework v First version 2006,
framework for the development of indicators and a revised 2011
core set of indicators for buildings
ISO 16745 environmental performance of Buildin v First version 2015,
buildings—carbon metric of a building—use stage & revised 2017
ISO 15392 §usta1nab1hty in bglldlng Framework " " v First version 2008,
construction—general principles revised 2019
EN 15643-1 general framework Framework v v v 2010
EN 15643-2 .framework for the assessment of Framework v 2013
environmental performance
EN 15643-3 framework for the assessment of social Framework v 2012
performance
EN 15643-4 framework for the assessment of Framework v 2012
economic performance
EN 15978 assessment of environmental performance g
of buildings-calculation method Building v 2011
CEN/TC EN 16309 assessment of social performance of g
350 buildings-calculation method Building v 2014
EN16672 assessment of economic performance of g
buildings-calculation method Building v 2015
EN 15804 environmental product declarations-core
rules for the product category of construction Product v 2012
products
EN 15942 .envllronmental pro.duct declaratlons- Product " 2011
communication format-business to business
CEN/TR 15941 environmental product declarations- Product v 2010

methodology for selection and use of generic data
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TasLE 1: Continued.
Standards and specifications Level Environmental Economic Social Release year
ISO 14040 life cycle assessment-principles and Product v First v.ersion 1997,
framework revised 2006
ISO 14044 environmental management—life cycle p First version 2006,
. S roduct v .
assessment—requirements and guidelines revised 2017
ISO 14045 environmental management—eco-
efficiency assessment of product Product v 2012
systems—principles, requirements and guidelines
ISO .14046 .en\flronmente%l management—yvatfzr Product v 2014
footprint—principles, requirements, and guidelines
ISO/TR 14047 environmental management—life Fi .
. R irst version 2003,
cycle assessment—illustrative examples on how to  Product v revised 2012
ISO/ apply ISO 14044 to impact assessment situations
TC207/ ISO/TR 14049 environmental management—life
SCs cycle assessment—illustrative examples on how to Product v First version 2000,
apply ISO 14044 for the goal and scope definition revised 2012
and inventory analysis
ISO/TS 14048 environmental manag.ement—hfe Product v 2002
cycle assessment—data documentation format
ISO/TS 14071 environmental management—life
c?fcle assessment—.crmcal. review processes and Product " 2014
reviewer competencies: additional requirements and
guidelines to ISO 14044
ISO/TS 14072 environmental management—Ilife
cycle assessment—requirements and guidelines for ~ Product v 2014
organizational life cycle assessment
TABLE 2: Summary of sustainable databases.
Database General purpose Construction-specific LCA ECC EEC  Region
database database
Inventory of Carbon and Energy (ICE) v a4 UK
European Life Cycle Database (ELCD) v v v Europe
U.S. Life Cycle Inventory (U.S. LCI) V4 v v UsS
Ecoinvent v v v Switzerland
Oekobaudat.de (German) v v Germany
Milieudatabase.nl (Dutch) v v Netherlands
French national database v v French
Australia LCI v v Australia
SimaPro database v v Netherlands
Gabi database v o/ Germany
CPM LCA v v Sweden
EPD database BBRI (Belgian) v v Belgium
ProBas v v Germany
Japan Sustainable Building Database Japan
BEDEC v v Spain
Athena database v Canada
New Zealand building materials embodied energy v New Zealand
database
Building Products Life Cycle Inventory v Australia

LCA: life cycle assessment, EEC: embodied energy coefficients, and ECC: embodied carbon coeflicients.

user. On the contrary, the drawback may lead to data loss
and format conversion from different software. Although
the industry foundation class (IFC) has been used to enhance
interoperability between different software for many years, a
more automatic and integrated BIM-enabled LCA method is
still lacking.

Level 3 is generally a scoring system that provides
comparisons throughout the building industry. It is used to
analyse the results for the building overall in terms of the
sustainability across the built environment life cycle, from
new construction to in-use and refurbishment. This process
is to advocate the spread of design processes and to advocate
to designers the notion of exceeding the building guidelines
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in place. They contemplate the product overall to a degree
but additionally scrutinise design of the building from the
perspective of health elements and the sustainability of the
society. It has been suggested that the scoring tool is basically
a way of standardising various buildings from the per-
spective of environmental outcomes. Whilst the rating
system might differ according to the specific system fol-
lowed, there is large consistency in how the system func-
tions. For example, the BREEAM (Building Research
Establishment Environmental Assessment Method) was first
launched in 1990 by the Building Research Establishment
(BRE) in UK. Other rating system such as LEED, Green Star,
CASBEE, DGNB, and HQE were developed based on the
idea of the BREEAM [61-65]. Among these systems, the
DGNB (Germany) is deemed as the latest system that is
based on the experience from all the former rating systems,
which is called “A Second-Generation Certification System.”
Its main features include (1) early design stage precertificate,
goal definition, and integrated planning; (2) risk manage-
ment with real transparency; and (3) goal-oriented system.
Figure 1 shows all the aforementioned standards, databases,
and tools to facilitate understanding.

Yet, assessing these systems critically is beyond the vi-
ability of this paper, which instead places its emphasis on
how it relates to sustainable structural design. Despite the
fact that some of the structural design work is not directly
related to the rating system, even reduced use of water in
concrete can contribute to the water protection and natural
environment by integrating the water collection systems and
structural systems. The impact that the design of the
structure has on the rating tool incorporates various factors
including the use of resources, the structural system that is
chosen, the disassembly design, and the dematerialisation.
Eight rating systems have been considered within this work
to analyse the current contribution of SSD to the rating
process and to outline enhancements to them. The analysis
considers embodied energy and other potential signs of
sustainability for the design structure. The work chooses
them for being original, transparent, and extensive. The
influence of SSD on rating credits, or in other words, the
structural points in the rating system, can be divided into
three parts: direct, indirect, and supporting. Taking
BREEAM as an example, the full credit is 100 points which
contains ten sections: management, health and well-being,
energy, transport, water, materials, waste, land use and
ecology, pollution, and innovation. Four out of these 10
sections are related to structural design. They are energy
(direct), materials (direct), waste (indirect), and land use and
ecology (supporting). Thus, the total credits of these four
parts are 44 points. Other rating systems can be done in the
same manner.

Table 3 outlines the credits connected to structural trades
within the process of measuring sustainability, indicating
that the average figure of SSD-associated credits was greater
than expected at approximately 46% [24, 33, 38]. This can be
explained by the fact that the influence that structural design
exerts on the rating system credits can be divided into two
categories based on the involvement of structural engineers:
direct influence and indirect influence. The direct influence

Sustainable building design

Level 1 | Level2 | Level 3 ICE
ELCD
CEN/TC 350 US LCI
ISO/TC 207/SC5 | BEES | Athena |BREEAM Ecoinvent
SimaPro | Tally LEED SimaPro
[SO/TC 59/5C17 Gabi eTool | CASBEE Gabi
Umberto | Bionova | SBTool Athena
TEAM DGNB CPM LCA
Green Star! Probas

FIGURE 1: Methods for achieving sustainable buildings.

deals with the material and component level (i.e., material
use or cost of a beam and column), while the indirect in-
fluence is related to the whole building level, such as
shortening the construction schedule, increasing the net
height and net area, reducing equipment and labour, and
improving the lifespan of a building, which need to be
considered accordingly. From authors’ point of view, these
previous studies have underestimated the contribution of
structural design to the rating system credits since they
consider only the direct influence. Moreover, there are
various rating tools enabling a significantly greater pro-
portion of credits to be ascertained, suggesting that these
rating tools provide a greater array of SSD openings to
acquire the certification.

Whilst the majority of the research referenced
emphasised the limitations of the rating tools in measuring
the influence of the design of the structure, the consideration
here has identified that the rating methods are fairly pro-
gressive in analysing SSD processes, taking into account the
majority of issues in this regard. Furthermore, they fre-
quently utilise quantitative measures where they can. These
processes give varying significance to various SSD issues
based on the area in which they were introduced. For in-
stance, in China, the elements connected to off-site envi-
ronment are given emphasis, perhaps because the
construction process within China is presently especially
extensive.

Based on the review of sustainable design approaches for
buildings, it can be inferred that the biggest challenge for the
standards and databases is the lack of reliable, comparable
benchmarks and inconsistencies in databases. Furthermore,
the current sustainable design tools typically assess the
sustainable performance of a building at a later design stage,
thus being a verification or show-off document rather than a
decision-aided tool, providing little guidance for designers
over the design process. Despite efforts which have been
made towards integrating the sustainability issue into the
early design stage, no single solution can be reached to come
up with a holistic and comprehensive sustainable design.
This can be attributed to the fact that there is a lack of
efficient approach and tools that can support systematic and
effective  information  exchange between different
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TaBLE 3: Summary of the sustainable rating systems for building design (%).
Green Star Green
Section BREEAM (UK) LEED (US) . SBTool DGNB (Germany) Globe = HQE (France) GBAS (China)
(Australia)
(Canada)

Management 11 10.1 9 5 12.5
Off-site 225 21
environment
Ecor.lomlcal 13 75
quality
Sociocultural
and functional 03 225
Techplcal 225
quality
Process quality 10
Site selection 6.4 11.5
Indoor
environment 18.8 17 2 16 12.5 18
quality
Opferatlon and 26.9 12.5
maintenance
Service quality 4
Health and well-

. 14
being
Energy 17 18.8 24 19 39 12.5 24
Transport 7 9 13.7
Water 5 7.3 11 11 12.5 20
Materials 1 217 16 8 125 125 17
(resource)
Waste 7
Land use and 9 5
ecology
Pollution 9
Emission 9 18.3 5 12.5
Impl.antatlon 203 125
quality
Innovation 10 3
Total 100 100 100 100 100 100 100 100
Relevance to 44 47.8 51 27 45 62.5 37.5 61
structural design
participants. Furthermore, although structural design plays

i i i i i i 100 e e .
an important rt?le in susta%nable design (scgre in the rating Ability of the decision to affect the perfofmance
system), there is scant evidence that the importance of a 3 50
structural engineer has been sufficiently recognised. The ey
higher percentage of credits offers a great opportunity for € 60
structural design acquiring the accreditation of sustainable £ 10
design. In the next section, the current situations in the g
sustainable structural design in terms of strategies and in- 20 ~ ¢ desivnn <k
dicators will be investigated. The challenges and difficulties Cost of design changes
associated with integrating the sustainability issue into Design Construction Use Time

structural design are also identified and discussed.

3. Sustainable Structural Design

3.1. General Processes of Structural Design. A building pro-
cess can be divided into four major periods: design, con-
struction, in-use, and demolition. The design work not only
highly influences the overall cost but also greatly affects the
environmental impact. The possibility of changing the
sustainable performance is high over the design stage and
gradually declines as a project progresses (Figure 2).

FiGure 2: Life cycle stage and its influence on sustainability.

Generally, a structural case—the design of a building, for
example—commences with theoretical foundations relating
to aspects connected to the structure and the architecture.
From contemplation of the needs of the consumers’ design,
its thematic base and its core mechanical values can enable
architects to start drafting resolutions for an initial judge-
ment. This judgement will incorporate self-regulation for
preserving cohesion in the design concept, viability tests, and



Advances in Civil Engineering

suchlike. When the concepts have been judged to be viable,
the extensive stage of architectural moulding will com-
mence. The results of this process outline the relevant aspects
relating to arithmetical aspects or its look. These are pre-
sented in either model or drawing form. The emphasis will
then turn to a structural consideration.

In implementing the model or drawing for the subse-
quent stage of evaluating the structural design, it is necessary
to make the work produced more simplistic so that only the
mechanical sentiment is preserved. This might include, for
instance, a beam-truss structure within a case made out of a
steel frame. This simplified outline can thus be judged for its
consistency during this process, and the outcome can be
additionally enhanced by altering the structure to maximise
the procedure. It is normally expert structural engineers who
possess considerable experience and who decide whether a
different option is better or if modifications should be made.
The state-of-the-art optimization values state that this is a
reoccurring stage that concludes once the aims of the design
have been fulfilled. Subsequently, additional models or
drawings might be suggested for improving the acquisition
and manufacturing process. Ordinarily, judging the main-
tenance of the models proposed also occurs at the subse-
quent design stage.

Once the acquisition and manufacturing stage has oc-
curred, further alterations can still be necessary due to
problems with resources or the construction process. Re-
quired alterations to the architectural and structural aspects
can be proposed, and the present formation of the design is
reviewed. Within the construction stage itself, people asking
for alterations is frequent. This can be instigated by a variety
of aspects, including the identification of the collision or
conflict, and problems with establishing or maintaining the
building. This indicates that being adaptable is crucial within
the whole design and building process and ought to be given
appropriate scrutiny.

3.2. Sustainable Structural Design Strategies and Indicators.
It is not the intention of this paper to provide an extensive
and deeper discussion on the process of structural design.
The focus will be put on the area that is related to sus-
tainability. From authors’ point of view, the following as-
pects should be well understood before the commencement
of SSD:

(1) What phase will be considered? (i.e., embodied
phase, operational phase, end-of-life phase, or the
whole life cycle).

(2) What scope will be considered? (i.e., component
level, structure level, or the whole building).

(3) How to quantify the SSD? What are the strategies
and indicators? When to perform the SSD? (i.e.,
early, middle, or late design stage). What tools can be
used?

The life cycle phase for SSD can reference the classifi-
cation of sustainable design, which can be divided into three
phases, namely, embodied phase, operational phase, and
end-of-life phase (Figure 3). The structural system

Life cycle time

Embodied Operational
— Material acquisition |—Heating — Demolition
— Transportation — Cooling | Transportation
—Manufacture +—Lighting

. o +— Landfill

— Construction — Ventilation
—Maintenance —Equipment — Recycling
'— Replacement '— Electronics '— Reuse processes

Indicators: global warming (kg CO,eq)/primary energy (MJ])/
acidification (kg SO,eq)/renewable energy (M])/
nonrenewable energy (M]J)/eutrophication (kg Neq)
ozone depletion (CFC-11eq)/smog formation Ose

FiGure 3: Life cycles and indictors of sustainable design.

contributes a lot to the embodied and end-of-life impacts,
not much affects operational impacts. The detail analysis is
showed as follows:

(1) Embodied impacts: the structural type ordinarily
comprises a significant proportion of a building’s
mass. Thus, it is a significant factor of the influence
on the environment at the beginning stage. Office
building LCA research that monitors this indicates
that the structure of a building can be responsible for
a figure ranging from 30 to 70% of the embodied
energy over the construction process. Embodied
energy refers to the overall amount of energy used to
remove, create, implement, and eradicate a part or
system. The vast array is because of various aspects,
such as contrasts in the form and scale of a building,
the construction sort, and the way in which the
structure is defined (impacting upon whether fea-
tures such as curtain walls are included or excluded).

(2) Operational impacts: from a structural perspective,
the influence of structure thermal mass and thermal
aspects are the prominent aspects that impact upon
the energy results within the functioning stage.

(3) End-of-life impacts: getting rid of structural re-
sources can have a notable influence because of the
restricted landfill space and the possible pollution of
disposal locations.

It is obvious that the scope of SSD should focus on the
component and structure level. The influence of structural
design over the sustainability can be seen from two different
angles: direct influence and indirect influence. The direct
influence deals with the material and component level (i.e.,
material use), while the indirect influence is related to the
whole building level, such as shortening the construction
schedule, increasing the net height and net area, reducing
equipment and labour, and improving the lifespan of a
building, which need to be considered accordingly. On the
contrary, these strategies focus only on the material or
component level performance, which may result in making
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the overall building system less sustainable by not consid-
ering the relationship and interactions with other parts, or in
other words, not in a holistic way (multiperspectives). As
such, an all-encompassing strategy that optimises a build-
ing’s mechanical, financial, ecological, and energy func-
tioning is yet to be fully expanded. For instance, when
structural engineers are optimising a beam’s height, they are
required to judge the impact on the sustainability not only at
the component level but also at a building level. The opti-
mum sustainable solution for the slab might not be the
optimum solution for the whole building if the optimum
solution minimises embodied carbon of the slab and, at the
same time, increases the depth of the slab. The indirect
influence of optimising a structural component or material
on a macroscopic level needs to be considered in a holistic
way. Furthermore, some approaches or objectives might
contradict other aims relating to sustainability. For instance,
restrictions on a structure’s carbon and energy might result
in the structure’s expense being elevated. Any construction
projects need to achieve a balance between a lower cost and a
higher reliability [66]. This notion can also be applied to the
formation of a structural design, meaning that an appro-
priate arrangement between theories focusing on health and
the environment can be reached.

To indicate the correlation between design theories and
their influence on sustainability, various approaches have
been conducted to categorise them in a natural manner.
Danatzko and Sezen [26] suggested that SSD approaches be
categorised as indicated in the following: (1) least material
condition; (2) minimizing embodied energy; (3) reducing
material production energy; (4) performing life cycle as-
sessment; and (5) reuse of the structural system. Yet, the
aforementioned categorisations can instigate uncertainty for
a variety of aspects. Limiting the utilisation of resources, the
production of energy and the embodiment of energy in-
corporate similarities and can be categorised more specifi-
cally. The life cycle assessment is a mechanism used for
making a judgement as opposed to being a theoretical ap-
proach. Optimising the replication of structural systems
incorporates restoration as opposed to a fresh, original
assignment.

A further categorisation was indicated by Anderson and
Silman [25] which emphasised theories intending to limit
the carbon footprint of buildings. They were (1) design for
adaptability; (2) design for efficiency; (3) design for energy;
(4) design for recycling; and (5) design for materials. This
partly linked with the categorisation proposed by Danatzko
and Sezen. For example, design for materials corresponds
with resources being selected to represent products being
used again. This relates in part to the notion of minimizing
material production energy. The concept of design for en-
ergy partly compares to Danatzko and Sezen’s minimizing
embodied energy concept, comprising techniques intended
to limit the operational energy of the building. Design for
adaptability is connected to reusing structures already in
ready and devising fresh ones that can be reused subse-
quently, which is similar to the reuse of the structural system.
Webster [36] suggested that the structural engineer can
contribute to the environmental impact by using the
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following methods: (1) use of salvaged materials or the
content of the material can be highly recycled; (2) improve
the durability of the concrete structure since it would last at
least 50 years; (3) improve the adaptability of the structure
that can be adjusted over its entire life; (4) efficient use of
structural materials towards minimizing the environmental
impact; and (5) use of structural materials that can be reused
or recycled, and the structural system can be easily dis-
assembled. SEI Sustainability Committee incorporated du-
rability, adaptability, and human health into the SSD
method. They reported that durability and adaptability are
broad perspectives and are difficult to quantify. The human
health much corresponds to the internal finishes rather than
the structural design aspect.

Having recognised the impact that the building structure
has on the sustainability, researchers and practitioners have
investigated the structure performance on the environment
from a practical perspective. Several researchers have studied
the embodied CO, emissions and cost from a structural
element level (i.e., beam, slab, and column). For example,
Hidjek et al. [68] applied the life-cycle assessment method-
ology to assess the performance of the concrete slab. Three
structural floor alternatives ranging from NSC to HPC were
chosen for the environmental assessment. They suggested
that when evaluating the environmental impacts of concrete
structures, a detailed and uniform LCA is greatly demanded.
Yeo and Gabbai [69] performed a study for optimising a
simple reinforced concrete beam with the fixed moment and
shear strengths in terms of sustainable design. The results
indicated that in order to reduce 10% of the embodied
energy of a beam, the cost will increase 5% accordingly. A
further study by Yeo and Potra [70] presented an optimi-
zation approach for a structural engineer to evaluate the
sustainability and economic objectives. A reinforced con-
crete frame was used as a case to illustrate the proposed
approach. The results indicate the developed approach can
reduce carbon emission by 5% to 15%. Foraboschi et al. [71]
studied the embodied energy of tall building structures in the
range of 20 to 70 stories. The results indicated that the lowest
weight of a structure does not necessarily mean it has the
lowest embodied energy. The embodied energy largely de-
pends on what type of slab is used in a structure. They also
concluded that the steel structure consumes more embodied
energy compared to that of a reinforced concrete structure.
Gan et al. [72] developed an optimization approach for cost-
optimal and low-carbon design of the high-rise reinforced
concrete structure by using parametric modelling and ge-
netic algorithm to define the relationship between structural
members and the behavior of the entire building structure.
The proposed approach can reduce the carbon emissions
and material cost by 18-24% after performing the optimi-
zation. Weerasuriya et al. [73] proposed a framework to
estimate accurately the potential of natural ventilation of a
high-rise residential building considering indoor and out-
door air flows, heat gain, and occupant thermal comfort by
combining the computational fluid dynamics (CFD) sim-
ulation, multizone airflow modelling, and building energy
simulation (BES). The results showed that the electricity
consumption can be reduced up to 25% by employing wind-
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driven natural ventilation and up to 45% by facilitating the
buoyancy-driven natural ventilation.

The most recent analysis of the sustainable structure
design was undertaken by Pongiglione and Calderini [24].
They observed the significant elements and stages for un-
dertaking the design of a sustainable structure, which in-
corporates the desired influence, approaches, and
boundaries. Additionally, Bakhoum and Brown [34] sug-
gested a sustainable scoring mechanism to measure struc-
tural materials. The tool incorporated reference to various
sustainable aspects that impact upon the structural resources
that are chosen. Cole and Kernan [67] examined the overall
energy utilised in an orthodox 4620 m” three-storey, generic
office building in terms of varying wood, steel, and concrete
provisions. They deduced that the structure can constitute of
a sizable element of the energy used within the early stages of
a business establishment. Their conclusions verify the
findings of other research studies that the structure can be
the biggest individual aspect of energy at the embodied stage
(Figure 4). For an overview of some of these efforts, refer to
the Ph.D. thesis of Hou [74].

Based on the above question and previously reviewed
strategies, the classification for methodologies of SSD can be
divided into the following parts: minimize material use;
minimize global warming; minimize energy; minimize
nonrenewable energy; minimize total cost; minimize total
weight; maximize material or system reuse; maximize ma-
terial recycling; and maximize human health. Table 4 shows
a summary of strategies and classification method to deliver
a sustainable structural design.

On the basis of the sustainable structural design strat-
egies and indicators, a holistic decision supporting the ap-
proach that integrates structural design and sustainability
issue to assist structural engineer decision-making is needed.
In the following section, various methods of incorporating
the sustainability issue into structural design through BIM
are identified and discussed with the aim of providing in-
sight into the current situation.

3.3. Current Practice of BIM-Enabled SSD. In order to au-
tomate the process of SSD, some vendors have developed
tools to assess the environmental impact of a structure. The
trend is to integrate the sustainability into BIM software. As
a prerequisite, the structural analysis needs to be conducted
in advance before generating a model in BIM software for
the sustainable assessment. Currently, there are several
methods that can integrate sustainability issues into BIM or
conduct sustainable assessment based on the BIM models
[29, 76-80], as follows:

(1) Export the BIM model to external software, normally
LCA software, to conduct sustainable assessment, such
as IES VE, EnergyPlus, Ecotect, Green Building
Studio™ (GBS), SimaPro, Athena EcoCalculator,
DesignBuilder, Bentley Hevacomp, and TAS. This
process often requires the BIM model to be saved as
another format, such as IFC, gbXML, DXF, and Excel.
The advantage of this method is that it is easy to use, and
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the disadvantage of this method includes time con-
sumption and the process is complicated, like a veri-
fication document rather than a decision-making tool.

(2) Use of the “Quantity Takeoff or Material Takeoft”

function in BIM: the new parameters such as sus-
tainability indicators can be added as project pa-
rameters by creating a formula. The indicators such
as embodied CO, can be calculated by multiplying
the mass of the material and embodied CO, per kg.
The mass of the material can be obtained from
“Materail Takeoff,” and embodied CO, is taken from
an Excel format database, such as Bath ICE database.
The disadvantage of this method is that some of the
parameters need to be extracted from the database
manually and input into the Material Takeoff
spreadsheet because they sometime mismatch.

(3) Preinstall LCA software within the BIM environ-

ment, and connect with a structural analysis
tool—this kind of software is like a “plug-in” or “add-
in,” such as Tally and Environmental Analysis Tool™
(EA Tool™). Compared with methods (1) and (2),
this method is more “advanced.” The positive at-
tribute of this method is that it allows users to
calculate the environmental impacts of the building
material directly within the BIM environment right
after the completion of the model.

(4) Use of API to accomplish BIM extension [46, 81]:

developers depend on a range of techniques to co-
ordinate with the BIM model. For instance, numerous
software packages depend on an open file format,
including STEP, IFC, and CIS/2. These applications
are used to transfer data across various applications.
Alternative integrations are found on an impartial
database driver such as ODBC, which functions as a
converter between different applications. There are
many types of programmers that can be used in the
Revit platform API, such as C#, VB, SQL, and JAVA.
It should be recognised that xBIM is a .NET open-
source software advancement BIM toolkit that per-
mits.NET developers the opportunity to access, devise,
and monitor BIM models within the IFC format.
There is comprehensive assistance for geometric,
topological operations and visualisation. Further-
more, XxBIM encourages bidirectional translation
across COBie and IFC format. Essential libraries for
influencing data are all outlined in C#. The prominent
element of the geometry engine is produced in C++.

(5) Use of ontology to connect BIM and LCA database

[23, 49]: firstly, a LCA database ontology is devel-
oped. Secondly, a BIM model is constructed in Revit
and exported to an IFC format and then to an OWL
format—BIM ontology. Eventually, by combining
the two ontologies, a new BIM ontology is con-
structed and transferred to IFC and then to a BIM
model. Overall embodied carbon of the building is
calculated through a BIM schedule. The disadvantage
of this method is that the ontology for the integration
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FIGURE 4: (a) Average embodied carbon in office buildings [22]. (b) Average embodied energy in office buildings [67].
TABLE 4: Summary of SSD strategies and classifications.
. . Life cycle End-of-life
Strategy Indicator Scope/level Embodied phase operational phase phase
. . Volume (m?)/weight Material/
Minimize material use [26] (kg) structure/building v
Minimize global warming [37] Equivalent carbon (kg Material/structure v
CO,eq)
R Material/
Minimize energy [25] M] structure/building v v v
. Material/
Minimize nonrenewable energy [24] MJ structure/ v
Minimize total cost [75] USD/GBP/EUR Structure/building v v
Minimize total weight [75] Weight (kg/ton) Structure/building v
3 .
Maximize material or system reuse [36] Volume ((12;) )weight Material/structure v
Maximize material recycling [36] Volume (m3)/weight Material/structure v
Maximize human health [35] VOC (volatile organic Structure/building v v

compound)

of the LCA database and BIM is still not fully au-
tomated, and importing IFC back into BIM can
result in some loss of data. Figure 5 graphically shows
the above methods with more detail.

4. Discussion

From the methods mentioned, a number of elements should
be recognised. To achieve a sustainable structure, a joint
effort is needed to come up with a holistic design both within
and outside structural engineers. The challenges that
structural engineers face include the following:

(1) A sustainable structural design, allowing consider-

ation of varying aims—including safety, environ-
mental  impact, cost, functionality = and
aesthetics—necessitates an extensive review of the
orthodox sequential structural process. Central-
isation of different domain information (i.e., struc-
tural analysis, sustainability assessment, and
detailing software) in a common data environment is
a trend. As mentioned earlier in this paper, the in-
teroperability among different software often leads to
data loss and difficulties in conversion and change.
Additionally, BIM mechanisms presently give re-
stricted assistance in regulating alterations over a
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FIGURE 5: Summary of SSD methods with the integration of BIM.

range of models relevant to a certain discipline.
Ontology-based method can be used to reflect, or-
ganise, and monitor alterations to design in BIM’s
context of cooperation over various disciplines. A
greater extent of BIM collaboration across varying
software is required. The core issue is about multi-
objective decision-making in a common environ-
ment. It is also believed that semantic web
technology and open BIM could probably provide
such a platform to address these issues.

(2) Consideration of not only structural material’s im-

pact but also impact from structural components and
structural form: from the literature review, most of
the SSD use the strategies of structural material
quantities for minimizing the environmental impact.
This, however, is not the only important parameter.
For example, from a whole structure perspective, the
layout of columns, beams, and slabs also has a sig-
nificant impact on the overall sustainable perfor-
mance of a structure. Furthermore, the structural
analysis focuses on the material or component level
for optimising the environmental impact, which may
result in making the overall structure or building less
sustainable by not considering the relationship and
interactions with other parts. The optimal compo-
nents are not necessarily optimal for the structure as
a whole. A higher degree of impact assessment
among different building levels is needed. How to
take these factors into full consideration is indeed a
challenge.

(3) Strengthened, efficient, and systematic information

exchange between architects and structural engi-
neers: a greater engineering response is needed at the
initial stage of the design process. However,

currently, the architectural model from the architect
that aims to deliver to the structural engineer cannot
be used directly for the structural analysis. The
structural engineer needs to reconstruct the same
model from structural analysis software. Although
some of the software provided are compatible with
BIM tools (i.e., Autodesk Revit), a more streamlined
and integrative process is highly needed.

(4) Presently, the majority of structures is devised to
limit the embodied influence, as opposed to the
overall influence. Minimal advancement in expenses
at the initial stage could drastically diminish the
influence of the life cycle by reducing the mainte-
nance and permitting salvage or disposal at the
process’s conclusion. Furthermore, designers ought
to try and optimise the adaptability of the design of
any structure to permit further alterations in the
building’s function.

(5) Consideration of the potential influence of the
structural material and structural system (form) on
the construction and building sustainability, such as
lifespan, construction schedule, labour and equip-
ment, and material availability: small changes in
initial design could dramatically change the way of
construction, which in turn influences the overall
sustainability of a building.

It is argued that structural design is not directly relevant
to the operational energy use or CO, emissions during the
use phase, but it has potential influence on the operational
phase from the following three aspects. Firstly, the opera-
tional CO, emissions or energy use can be reduced with the
emerging technology over time, but the embodied energy
and carbon dioxide cannot be reversed. The structure ac-
counts for the greatest weight in buildings and therefore



14

contributes, on average, to more than half of the total carbon
dioxide emissions due to materials. In terms of infrastruc-
ture, such as bridges, roads, or stadia, the energy con-
sumption and CO, emissions during the operational phase
seem rather low, while the structural part (i.e., material
production, transport, construction, and demolition) ac-
counts for most of the energy consumption and CO,
emissions over the life cycle. Secondly, with the effective
reductions in operational carbon dioxide of the building in
future decades, embodied carbon dioxide will become a
more significant percentage of GHG emissions. Some
buildings have a short life, resulting in a high percentage of
embodied carbon dioxide over the total environmental
impact of the life cycle. Thirdly, the structural material
selection and the processing and manufacture of structural
materials cause enormous off-site impacts prior to the
construction or use phase.

The development of a holistic and integrated system
becomes an important prerequisite for effective and efficient
information sharing and exchange. The fundamental idea of
system integration is enabling two or more systems to
communicate, share, and exchange information and to
interoperate to achieve a common objective. Interopera-
bility, the ability that data generated by one party can be
interpreted by all other parties, is the first and most im-
portant step towards system integration. Data interopera-
bility focuses on developing common data models, while
framework interoperability is achieved by common com-
munication language and protocols. IFC is the most com-
prehensive international standard for BIM interoperability.
Developed and managed by building SMARTIFC, IFC
specifies a conceptual data schema and an exchange file
format for BIM data, providing a comprehensive description
of project structure, physical components, spatial compo-
nents, analysis items, processes, resources, controls, actors,
and context definition. Currently, it has been recognised as
the mainstream standard for open BIM and supported by
more than 20 vendors. Although the richness of information
offered by IFC has been constantly improved since the re-
lease of IFC4, the identified barriers to interoperability and
applicability include (1) limited expression range; (2) lack of
logical formalism that enables rigorous semantics; (3) dif-
ficulties in partitioning the information; and (4) multiple
descriptions of the same information. The barriers seem to
be mainly caused by the nature of the EXPRESS language
behind the IFC.

The emergence of semantic web technologies can con-
nect all kinds of information into one semantic web and
provide a semantically rich methodology for improving the
interoperability by enriching the EXPRESS data. The great
advantage of using semantic web technologies is that the
schema, the instances, and the rules can all be described
using one and the same language. Beetz et al. [82] and Krima
et al. [83, 84] discussed that the logic-based language such as
OWL can bring modelling advantages in knowledge rep-
resentation, reuse of existing information, semantic data
sharing, and interoperability with semantic web. The initial
effort to convert EXPRESS into OWL was made by Schevers
and Drogemuller [85]. The developed prototype and
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mapping create the opportunity to use semantic web-related
technologies for building information models. This initial
effort was extended by Beetz [86] and Knublauch et al. [87]
with proposing a semiautomatic method and system for the
conversion from EXPRESS to OWL. Pauwels and Terkaj [88]
proposed a semiautomatic method for converting EXPRESS
schemas into OWL ontologies and showed how Semantic
Web Rule Language (SWRL) rules can be exploited to enrich
an OWL version of IFC and create a semantic checking
environment. To enable the encoding of semantics with the
data, technologies such as Web Ontology Language are used
to formally represent metadata. Ontology can describe
concepts, relationships between entities, and knowledge
representation [89]. These embedded semantics offer sig-
nificant advantages such as reasoning over data and oper-
ating with heterogeneous data sources. Compared with the
IFC used for BIM data models, ontology-based approach has
a number of advantages:(1) ontology enables linking other
domain data (such as sustainability) into the building in-
formation model; (2) ontology provides a formal and
consistent taxonomy and classification structure to map
concepts between domains; and (3) ontology can provide
reasoning function for automated information processing
and decision support by adopting semantic rules [90].
Currently, several studies have attempted to combine
BIM and ontology for performing analyses, such as facility
management [86], plan verification [91], precast compo-
nents [92], construction cost estimation [93, 94], and sus-
tainable design [95, 96]. As a result, it is expected that the use
of ontology for integration of sustainability with BIM
models will extend the interoperability of BIM and thus
facilitate the sustainable structural design in the future.
Apart from the semantic web technologies, artificial
intelligence (AI) has attracted great interest due to the ca-
pability of learning how to perform a specific task from
known data. Many of the AI branches, such as machine
learning, pattern recognition, neural networks, fuzzy logic,
evolutionary computation, deep learning, expert systems,
probability theory, discriminant analysis, swarm optimiza-
tion, metaheuristic optimization, and decision trees, have
been used in structural engineering. Among the different Al
techniques, machine learning (ML), pattern recognition
(PR), and deep learning (DL) have acquired considerable
attention and are establishing themselves as a new class of
intelligent methods for use in structural engineering [97]. AI
techniques can be effectively used to check the general
validity of laboratory and help minimize time-consuming
laboratory or field tests. However, the application of Al
techniques in the sustainable design remains to be devel-
oped. Recently, effort has been made [98] to combine BIM,
data mining (knowledge discovery), and semantic technique
to enable BIM-based information retrieval in support of
evidence-based sustainable design in the early design phase.
The proposed approach was based on the data and
knowledge discovered in previous projects to enhance de-
cision-making with the case-based design. The knowledge
and data repository consists of 531 building models, while
data mining was performed over the sensor data using motif
discovery and association rule mining. It is a pioneer work
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that decision-making is based on knowledge discovery in
previous projects and embedded in digital data by com-
bining data mining and semantic modelling for case-based
sustainable design. This approach highlights the potential
benefits of using Al technology on the sustainable structural
design in the future. A recent study conducted by Hao et al.
[99] applied 3D graphic statics within a neural network
model to facilitate the structural geometric form selection,
which provides a more flexible method for the mutiobjective
assessment of the solution space and thus enables designers
to obtain different recommended solutions. In the future, it
is evident that there is a tendency for designers to combine
more advanced technology such as AI and semantic web to
facilitate the repetitive and creative work and thus provide
more solutions to advise designers in support of sustainable
structural design.

The challenges that outside structural engineers face
include that there is a need for architects to have effective
corporation with structural engineers. The ultimate goals of
sustainable design can be achieved by efficient information
exchange and effective collaboration between structural
engineers and architects. A central repository, namely,
common data environment, would contribute to the high
level of cooperation. In this case, there is a need to have a
unified platform that can integrate sustainability consider-
ations within a common environment between designers.
The emerging technology, such as semantic web, knowledge
graph, and even artificial intelligence, offers the greatest
opportunities to achieve sustainable structural design. The
fast-growing ontology technology can represent domain
knowledge, entities, and their relationships in a variety of
ways. Ontology not only enables cross-database search and
database interoperability but also provides the means to
represent any data formats, including unstructured, semi-
structured, or structured data, enabling automated rea-
soning about data. Furthermore, in terms of the participant
of a project, the clients should realize the importance of a
structural engineer for a sustainable building and should
have effective communication with structural engineers. The
tuture legislation and organization also need to offer in-
centives to motivate structural engineers to consider the
environmental performance of structural design.

5. Conclusions

Amidst the extensive scrutiny worldwide, environmental
structural engineers have recently started to contemplate the
influence of their outlines in terms of searching for efficient
methods of reviewing energy and mechanisms for casting
judgements which could compensate for the environmental
downsides of their design resolutions. This significantly
alters the outlook of the design industry in establishing
building structures as the difficulty with measuring the
impact of environmental energy is not simple, particularly
when considering the sustainability factors impacting on the
building.

This paper presents a state-of-the-art review of sus-
tainable design from all the standards, databases, and tools
regarding sustainability in the building design domain for
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the current practice of sustainable structural design. An
extensive modern insight into sustainable structural design,
including strategies and indicators, as well as BIM-enabled
methodology, is also presented. The contribution from
structural engineers in striving for resolute and sustainable
objectives is now known, particularly in terms of the ad-
vancement of processes to fulfil these aims. Furthermore, the
notion of sustainability in connection to structural design
has gradually obtained a more comprehensive sentiment,
incorporating environmental, social, and financial factors
over the process. Regardless of a great deal of efforts made
towards streamlining the LCA process, the highly frag-
mented knowledge and the way of working within the
building domain increase the difficulty of the multiobjective
structural design (i.e., safety, cost, and environmental im-
pact). There is always a priority or tradeoff among these
factors. How to balance these parameters remains a chal-
lenge. A systematic approach (multiobjective) beginning
with the standardised calculation procedure for SSD is es-
sential for practitioners to achieve a sustainable structure
and building.

The challenge for achieving a sustainable structure is
multiple: from centralisation of different domain knowledge
in a common environment to an explicit process that enables
efficient and systematic information exchange between
designers. The authors anticipate the forthcoming AI and
semantic technology together with open BIM as a chance for
achieving a holistic sustainable design in the future.
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