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A B S T R A C T   

‘Sustainability’, ‘circular economy’, ‘circular construction’ have received increasing attention in the last decade. 
However, their interpretation is often unclear, as is the way a certain study fits into these research fields. In this 
paper, therefore, first a definition of both ‘sustainability’ and ‘circular economy’ is proposed. It is concluded that 
sustainability is the goal, while the circular economy is a means to achieve a more sustainable economy.  

Subsequently, the application of the circular economy in the construction industry is investigated, with a 
special focus on bridge construction. Reason is that, for instance, many concrete pedestrian bridges currently find 
themselves in the end-of-life phase, are demolished and often merely rebuilt, with a lot of material and energy 
loss as a consequence. An investigation of the available circular construction principles is therefore performed in 
order to determine certain limitations and gaps for future research and to stipulate the path to be followed to
wards circular bridge construction. This is necessary in order to prevent the same cycle of demolition and 
replacement from being run through again in a few decades.  

It is concluded that the meso-scale, the construction in general, is rarely discussed. Yet, an in-depth investi
gation is necessary in order to develop specific design strategies for circular bridges. A certain standardisation 
scheme to facilitate circularity, needs to be developed. This scheme should, however, still allow enough archi
tectural freedom. Additionally, this scheme needs to be accompanied by, to be developed, meso-scale circularity 
indicators to effectively assess the eventual circularity of a bridge.   

1. Introduction 

The idea of ‘sustainability’ has been a matter for extensive research 
and discussion ever since the 1987 Brundtland Report [1]. The impor
tance of the idea is widely recognised, as for example resources are not 
unlimited and as pollution is triggering both a climate change and a 
harmful environment for humans and any other species and organism on 
earth. 

Along with the sustainability discourse, also circularity, closing 
loops, has been discussed in literature. Mostly during the last decade the 
‘circular economy’ has gained increasing attention, certainly since the 
launch of the Ellen MacArthur Foundation (EMF) in 2010 whom have 
made it their primary focus [2]. Similar to sustainability, the idea of the 

Circular Economy (CE) originates from an environmental awareness and 
consequent call to preserve our planet. 

Yet it seems that both for sustainability and circularity, there is no 
clear definition. Different studies often adopt different approaches to 
both paradigms. Sometimes the way sustainability and circularity are 
perceived is not discussed at all or the terms are used seemingly 
randomly. This illustrates the importance of adopting a clear definition 
for sustainability and CE and defining how they relate to each other. The 
first section in this paper will therefore deal with this matter. 

Subsequently, the idea of circular construction will be discussed, 
making use of the adopted definitions for sustainability and CE. The 
special focus in this literature review will be on bridge construction. 
Many concrete pedestrian bridges ranging from 30 to 50 years in age, 
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presently need to be replaced as they reached their end-of-life phase and 
appear to be in a severe condition of disrepair [3–5]. This also corre
sponds to the typical design working life that is mentioned in e.g. the 
Eurocodes [6,7].Typically these bridges are not just being demolished, 
they are replaced by new ones. If the designs of these bridges, as well as 
their material use is not thought through more carefully, the exact same 
scenario of demolition and replacement of the bridges will need to be 
run through again in 30–50 years. Hence, the aim is to find research 
opportunities and to stipulate the path to be followed towards circular 
bridge construction. 

2. A vocabulary and reflections 

2.1. Sustainability 

The omnipresent and most referenced definition of sustainability 
remains the general description in the 1987 Brundtland report: “Sus
tainable development is development that meets the needs of the present 
without compromising the ability of future generations to meet their 
own needs. [It] is a process of change in which the exploitation of re
sources, the direction of investments, the orientation of technological 
development, and institutional change are all in harmony and enhance 
both current and future potential to meet human needs and aspirations.” 
[1] Most commonly, three pillars of sustainability are defined, also 
known as Triple P: People (culture/society), Profit (economy), Planet 
(environment/ecology). Yet, some authors add Politics (policy 
making/financial incentives) to the list [8,9], which was, in fact, already 
embedded in the Brundtland report’s general definition: “direction of 
investments […] and institutional change” [1]. Even though one can 
argue that politics is not a necessary factor for sustainable development, 
it is a driving motor to reach this envisioned goal. 

The general character of this definition has given rise to two separate 
interpretations of the matter: weaker sustainability and stronger sus
tainability [10,11]. In weaker sustainability an “anthropocentric” 
worldview is adopted for the relationship between nature and mankind 
[10]. The underlying principle is that science and technology will be 
able to solve any kind of environmental problem. In weaker sustainable 
development, there is no need for mankind to reduce its consumption 
behaviour in order to reduce its demands from nature, as technological 
advances will solve any problem concerning resource depletion 
[10–14]. The focus of weaker sustainability thinkers is thus much more 
oriented towards the pillars of Profit and Planet in order to improve 
mankind’s wellbeing, the People. The idea of stronger sustainability is 
that the future of mankind is greatly dependent on mankind’s attitude 
towards nature and thus the state of the natural capital, and more 
importantly the critical natural capital [10,14]. A critical natural capital 
is non-substitutable, or at least very limitedly, by man-made capital 
when it comes to its contribution to human well-being [12,13]. For 
stronger sustainability followers, the demand-side of the consumer so
ciety needs to be altered and in fact they see ‘sustainable development’ 
as a contradictio in terminis [10]. They believe development will in
crease the consumption rate, which is not sustainable. Stronger sus
tainability is primarily focussed on the People pillar of sustainability and 
emphasises the necessity of a complete change in our consumer 
behaviour, advocating a return to a small-scale economy in order to 
reduce our environmental footprint. 

Weaker and stronger sustainability can be seen as opposites, two 
extremes. Each side is right and wrong at the same time and thus there is 
also moderate sustainability combining elements of both weaker and 
stronger approaches [10,14]. Moderate sustainability focusses on tech
nological advances to solve environmental problems (weaker sustain
ability) whilst at the same time focussing on the reduction of the demand 
from nature through cultural change as well (stronger sustainability). 

2.2. Circular economy 

2.2.1. Definition 
The circular economy shifts away from the currently predominant 

linear economy (shown in Fig. 1), in which there is a high demand from 
nature for resources, whilst the end-products are merely disposed in the 
end-of-life stage. 

Primarily, the circular economy was brought up as a solution for the 
depletion of resources [15]. In general, “the 3R framework[, Reduce, 
Reuse, Recycle,] is at the core of the 2008 Circular Economy Promotion 
Law of the People’s Republic of China [whereas] the core of the 2008 
European Union Waste Framework Directive [is a 4R framework] 
introducing ‘Recover’ as the fourth R.” [16] Building further on the 4R 
and 3R framework, Reike et al. searched for all the R’s that are used in 
literature to define the CE. They found a total of 38 different R’s [17]. 
However, when looking more closely, one can conclude that they are all 
embedded in the 4 R’s defined by the European Union (EU): Reuse, 
Reduce, Recycle and Recover. For example, repair and refurbish can be 
categorised under Reuse. 

According to the EMF, ideally only bio-based, renewable materials 
are used and the use of hazardous materials and products is avoided. If a 
material is not renewable, the end-product’s life-cycle should be closed 
through a longer use-period of the end-product and through maximising 
the recycling rate of every material, either in the same production cycle 
or an external one. All these should result in a reduction, and ideally an 
annihilation, of the resource demand from nature [18]. 

The European Commission states that “in a circular economy, the 
value of products and materials is maintained for as long as possible. 
Waste and resource use are minimised, and when a product reaches the 
end of its life, it is used again to create further value.” [19] This defi
nition is less elaborate than the EMF’s and is in fact embedded in the 
EMF’s definition. 

Circle Economy on its turn has mapped 7 key elements which define 
the CE: “prioritise regenerative resources, preserve and extend what is 
already made, use waste as a resource, rethink the business model, 
design for the future, incorporate digital technology, collaborate to 
create joint value” [20]. These 7 key elements elaborate on the EMF’s 
definition, adding technology and new business models. However, in all 
these common definitions the 3R or 4R framework is never referred to. 
Kirchherr et al. made a more elaborate investigation of 114 different 
definitions of CE and found that different authors often focus on 
different combinations of the R’s and that many authors entirely neglect 
the social aspects of sustainability within the CE paradigm. From this 
investigation, they formed a new, more complete definition of CE which 
the authors of this study retain entirely [with some minor additions]: “A 
circular economy describes an economic system that is based on [tech
nological advances and new] business models which replace the 
‘end-of-life’ concept with reducing, alternatively reusing, recycling and 
recovering materials [and energy] in production/distribution and con
sumption processes [in order to keep products at their highest possible 
value], thus operating at the micro-level (products, companies, con
sumers), meso-level (eco-industrial parks) and macro-level (city, region, 
nation and beyond), with the aim to accomplish sustainable develop
ment, which implies creating environmental quality, economic pros
perity and social equity, to the benefit of current and future 
generations.” [16] Apart from materials, also energy should be recov
ered whenever possible, and the choice between Reuse, Recycle and 
Recover should always be based on the value retention of the product. 

2.2.2. General material flows 
The general material flows in a circular economy are represented in 

Fig. 2 and Fig. 3. It was chosen to differentiate two systems: one general 
system (Fig. 2), applicable to most products, and one system for bio- 
based products (Fig. 3). The idea of these two diagrams is that any 
material in a circular economy can be traced in one of these diagrams. It 
is important to note that these material flows do not consider any waste 
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disposal, which is the ideal situation that the circular economy strives 
towards. 

The general system represents the typical idea behind the circular 
economy. The initial phase is resource mining, which can be recycled 
material from the same or another process, or there may be a demand 
from nature which should always be minimised and ideally non-existent. 
Subsequently, there is a manufacturing and assembly phase, followed by 
the service life of the finished product. This product may be repaired and 
refurbished to prolong its usability and to keep it at its highest value as 

long as possible. Alternatively, it can be reused in a lower value appli
cation. Eventually, in the actual end-of-life phase, when the product 
cannot be reused anymore, it is disassembled and its base-components 
are recycled either in the same or in another process. This last step 
brings us right back to the initial phase, which closes the cycle. Impor
tant to note here is that major technological advances will be necessary 
in order to make this feasible. 

The cycle of bio-based products is similar, but there are some 
important differences, because the resources for bio-based products are 

Fig. 1. Representation of the material-flow in the linear economy. The arrow sizes represent a weighting for the amount of material in the concerning flow.  

Fig. 2. Representation of the material flow in the circular economy. The arrow sizes represent a weighting for the amount of material in the concerning flow as well 
as for the preferred direction of the material flow. 
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renewable. The initial phase consists again of resource mining, either 
from recycled material from the same or another process, or from a 
natural, renewable resource. Subsequently, there is the manufacturing 
process which is followed by the service life of the product. If possible, 
the product should again be repaired and refurbished to extend its 
lifetime, or recycled in a lower value application (cascade system). 
When it comes to the end-of-life treatment, there are different possi
bilities. Sometimes, the generated waste material can be recycled in the 
same or another process. Other materials allow for them to be com
posted and turned into e.g. fertiliser for agricultural use. Alternatively, 
the embedded energy can be recovered through incineration or in a 
biomass power plant. The latter may seem more linear than circular, but 
here the circularity lies in the renewable character of the material source 
and recovering the embedded energy in the end-of-life stage. However, 
energy recovery through incineration or in biomass power plants is a 
very low efficient process. 

2.2.3. Technical solutions 
In order to successfully close material loops, as discussed above, the 

way that a product is designed becomes an important factor in making 
this effectively possible. Hence the design approaches Design for 
Adaptability (DfA) [21–23] and Design for Disassembly (DfD) [24–26] 
have gained increasing importance. The general definition of DfA, also 
retained here, is that an adaptable product can be modified by the users 
to fit their ever-changing needs, demands and conditions [21–23]. This 
can be approached mechanically [22], but also, in part through DfD 
[21], with the latter illustrating a clear overlap between both DfA and 

DfD approaches. The DfD approach is oriented towards lifetime exten
sion, through easy repair/replacement of components due to the dis
assemblability of the product, and towards easy recycling of the 
different product components [24–26]. DfA and DfD are thus enablers 
for the 3 R’s Reuse, Reduce and Recycle (to a lesser extent for DfA). 
Reuse because DfA and DfD make it easier for products to be repaired, 
refurbished and modified in order to keep them in use for as long as 
possible. Reduce because a longer lifetime means less consumption. 
Additionally, the complete product does not need to be discarded when 
dysfunctional, only the broken parts need to be replaced, especially for 
DfD. When the product is entirely in the end-of-life phase, DfD makes 
that the different materials can be easily separated for Recycling. 

2.2.4. User behaviour and ownership 
Apart from the, relatively easily controllable, product design, it is 

important to acknowledge that the circular economy’s success is also 
greatly dependent on the, less easily controllable, user’s behaviour. The 
circular economy’s success requires a shift in mind-set of both con
sumers and producers and how they interact with each other [27,28]. 
However, the users are mostly unaware of the environmental burden of 
their consumption behaviour and do not take responsibility when it 
comes to changing it [27,29,30]. This uncertainty of user behaviour 
emphasises the need to reconsider the concept of ownership in the cir
cular economy [27,31]. Should the user be the owner of the end-product 
or should the manufacturer or a service provider be the owner? The 
latter means that the product is provided to the end user as a service. It 
also means that the product’s life-cycle, and most importantly the 

Fig. 3. Representation of the material-flow in the bio-based circular economy. The arrow sizes represent a weighting for the amount of material in the concerning 
flow as well as for the preferred direction of the material flow. 
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end-of-life phase, can be controlled much better [27]. Additionally, this 
makes for an incentive for the manufacturer for more intelligent 
product-design, i.e. DfA and DfD, and to deliver higher quality products 
[29,30,32]. 

All the above requires a complete change of mind-set, both on the 
side of the consumer and on the side of the manufacturer. Social 
behaviour and culture are the determining factors here, but equally 
politics, as legislation can be a driving motor for cultural change. 

2.3. Sustainability vs. circular economy 

One can conclude that the CE focusses on technological advances in 
order to solve the economic and environmental problem of finite re
sources by closing the product and production cycle [15]. Therefore, the 
CE is often associated and assimilated to the weaker sustainability 
approach [33,34]. However, the CE also acknowledges the fact that user 
behaviour, culture, will need to change as well in order to truly be able 
to close the cycle, reduce consumption and thus reduce and even elim
inate non-renewable resource mining. The new business models of 
product service systems will help in that. This need for a cultural change 
is typical for the stronger sustainability approach. 

As both aspects, technological advances and behaviour change, are 
combined, not in a fundamental but in a pragmatic way, it becomes clear 
that the CE paradigm should in fact be classified under ‘moderate 
sustainability’. 

For the circular economy, the four pillars of sustainability are 
important as well. Profit is obvious as it is an economic system and 
Planet exists in countering resource depletion. People becomes apparent 
in the user behaviour that needs to be altered in order to effectively 
reach a CE and Politics is the driving motor for change. Schroeder et al. 
made an in depth investigation to what extent the CE paradigm helps in 
achieving the 17 Sustainable Development Goals (SDGs), which are 
dealing with 169 targets, defined by the United Nations. They found that 
CE practices directly and indirectly help in achieving 49 targets and that 
there is no link with 35 targets. For the remaining targets there is a 
potential to create synergies [35]. 

Where sustainability is the goal, the CE is a means to this end. It is a 
road map that should lead us to a more sustainable economy. Yet, the CE 
will not be sufficient in itself. 

3. Translating the circular economy to bridge construction 

The special focus in this literature review is bridge construction. As 
discussed in the introduction, now is the time to undertake action to 
establish and implement circular bridge construction principles. How
ever, to the authors’ knowledge, no studies on this more specialised 
consideration of the circular construction principles for bridge building 
were published yet. Therefore, the application of the circular economy 
in the building construction sector is investigated in order to identify 
research opportunities for circular bridge construction. 

Pomponi and Moncaster consider the three levels of the circular 
economy within the built environment. They explain that Cradle-to- 
Cradle represents the micro-scale, the scale of the material/building 
component itself [36]. The Cradle-to-Cradle philosophy reflects the idea 
of endless recyclability of resources [37]. The meso-scale is represented 
by the entire building or construction in general, an assembly of com
ponents. The highest level, the macro-scale, considers eco-cities -fully 
self-sustaining, carbon neutral cities [36]. Note that the macro-scale is in 
fact again the general circular economy, rather than its application to 
the building sector. 

The following sections maintain a similar structure to the previous 
part of this paper. First the technical solutions are discussed in terms of 
circular construction, followed by user behaviour and ownership. Also 
some insights on biobased construction are shared. Additionally, the 
question how to actually measure circularity rose. Therefore, eventually 
circularity assessment tools are discussed and compared to their 

sustainability counterparts. 
In each section, the relevance for bridge construction of all the ac

quired insights is assessed and future research opportunities to pave the 
road towards circular bridge construction are identified. 

3.1. Technical solutions 

Until now, a lot of the research done in the field of circular con
struction is focussed on recycling [34,38–43]. Hence, the primary focus 
seems to be on Pomponi and Moncaster’s micro-scale, the scale of the 
material and thus the cradle-to-cradle principle [36]. This may be a 
consequence of the fact that the European Commission found that as 
much as 25–30% of all waste generated in the EU is construction and 
demolition waste (CDW). They found that it comprises numerous ma
terials of which many are reusable and recyclable. This high potential 
for reusing and recycling, as well as the high resource value of some of 
the components in CDW have led to the identification of CDW as a 
priority waste stream by the European Union [44]. However, until today 
this high potential for recycling and reuse has still not been addressed. 
Only in the Dutch construction sector over 95% of the CDW is being 
recycled [45]. When looking more closely, however, the majority of the 
Dutch CDW is recycled as foundation in road construction and thus 
downcycled [17]. This is not the value retention as propagated in the CE 
paradigm. Certainly not if one considers that with the current mining 
practices and consumption rate, earth’s resources of e.g. zinc and lead 
will have depleted by 2025 and will be entirely unavailable by 2030 
[46]. 

When considering concrete on the micro-scale, as concrete is also 
very often used in bridge construction, one will find that concrete 
recycling is currently being investigated, but also that this is in general 
not a problem with a straight-forward solution and it may not even lead 
to an improved sustainability at all [47]. Reuse of concrete construction 
elements could be considered as well. However, nowadays concrete el
ements are often connected through plastic joints, making disassembly 
for reuse elsewhere practically impossible. Right from the conceptual 
design stage this should be taken into account through the design of 
mechanical joints, also for concrete construction elements [48]. This is 
where the approaches of DfD and DfA come into play, acting as an 
important symbiosis between the micro- and meso-scale. When applied 
to construction, the DfD approach is also referred to as Design for 
Deconstruction (also DfD) [49–52]. In DfD, none of the building com
ponents are permanently fixed. Instead, the use of reversible connec
tions is advocated. When done correctly, this eases the disassembly and 
replacement of a particular element in the end-of-life stage. Addition
ally, it facilitates the dismantlement of the complete building in the 
end-of-life phase so the recovered building components can be directly 
reused in new buildings elsewhere, in order to increase their lifetime at 
their highest value. If this is deemed impossible, because of e.g. damage, 
they can be reused in a lower value application or recycled as raw ma
terial [49–53]. Often, screws are brought forward as the preferred me
chanical connection, but they are far from ideal as they might get 
concealed when painted over [50]. As such, this should be thought 
through more carefully. When considering concrete structural elements, 
screws are in any case not applicable. Additionally, concrete structural 
elements are usually designed for a specific application and it is 
impossible to see from the outside how they are reinforced, which makes 
reuse of these components not that straight-forward [49]. In general, a 
complete knowledge on the building over its complete life span, 
including all the changes that it has undergone, which may have affected 
the building components, is necessary to facilitate this intelligent 
resource reuse [53]. A promising tool for effectuating the knowledge 
transfer of building components and materials in general is the materials 
passport. Of primary importance here is that the materials passport 
contains all relevant information that defines the value for recovery, and 
that these data are shared in a centralised platform, accessible by all 
stakeholders [54]. In an interesting addition, certain studies focus on 
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documenting current building material stocks and predicting material 
flows [55–57], both on city-scale, the macro-scale. It is argued that the 
potential of directly reusing building components always needs to be 
considered prior to recycling [56]. Note that DfD, DfA and materials 
passports will play a facilitating and effectuating role in this. 

The social benefits of DfD are high, as the increased labour-intensity 
of deconstruction brings opportunities for creating jobs for unskilled 
workers [52]. On the other hand, the culturally embedded negative 
perception of reused materials being of inferior quality poses a major 
challenge [52], not only for DfD, but for the CE in general. The latter 
problem will not be as apparent in DfA. In the DfA approach, a building 
is designed to be adaptable in order to prolong the building’s lifetime. 
The idea is that a building, serving its present purpose, can easily be 
adapted to the changing requirements, conditions and demands of future 
generations, whereas otherwise it would be completely or partially 
demolished [58–62]. In this way, a lot of energy and materials can be 
saved [58]. In DfA, it is thus important that architects learn and un
derstand how buildings tend to change and evolve over time in order to 
improve their designs to meet the DfA principles [60]. The Reuse aspect 
in DfA is practically entirely focussed on the building in its entirety, on 
prolonging its lifetime through making it adaptable and consequently 
increasing its multifunctionality. The end-of-life phase of the building, 
or the building components that allow it to be adaptable, is not exactly 
considered. Often in this context, the shearing layers defined by Stewart 
Brand, are referred to. Brand defined the shearing layers so as to 
establish a reference base for distinguishing building components that 
age at different rates and which are replaced more or less frequently due 
to changing boundary conditions [63]. The adaptation of the building 
over time and replacement of certain components is embedded in this 
system, it discusses a certain volatility that is inherent to the building. 
However, this system does not propose any post-use treatment for ele
ments that need to be removed due to this volatility, it does not discuss 
the end-of-life-phase. 

Any partial combination of DfD and DfA is possible, coupling dis
assemblability to partial adaptability [50,51] and vice versa [61]. In 
these, one can point out the special variety which fully combines both 
DfD and DfA. In this variety, the building components can easily be 
disassembled to be replaced whenever necessary, and the layout of such 
a building can easily be adjusted/adapted whenever new requirements 
rise. Also extensions to the concerning building will be possible through 
(partial) deconstruction and adaptations without any material loss. 
Thus, this combined design approach synthesises all advantages of both 
DfD and DfA. The current scientific discourse on design methodologies 
does not deal with this variety very extensively, nor has a specific name 
been given to it yet. Until now, in literature this design methodology is 
referred to simply as Design for Adaptability and Deconstruction (DfAD) 
[64,65]. 

When projecting these circular design principles back onto bridges, it 
is clear that implementing the pure DfA principle will not be that 
straight-forward. The primary use of a bridge is to be a connection be
tween two points, creating a crossing that would otherwise be difficult 
or even impossible. This use will only very rarely change over time. In 
this sense, DfD is more relevant as a design approach and is in fact 
already partially implemented. As an example, one can think of steel 
truss bridges. The implementation of DfAD in bridge construction will be 
challenging, but definitely relevant, considering the ever-increasing 
traffic intensity. One can in any case agree that these design ap
proaches will be of interest for bridge construction in order to facilitate 
and improve their circularity. Firstly, it will be important to consider 
and redefine Brand’s shearing layers in order to apply them on bridges. 
Subsequently, specific circular design strategies for bridges should be 
developed, which can be based on DfD, DfA and DfAD but adjusted in 
order to meet the specific needs and requirements of bridges. Addi
tionally, a certain degree of standardisation will be necessary to truly 
effectuate these design strategies. Further research will need to focus on 
a standardisation scheme on the meso-scale that sets certain boundaries, 

but which still allows enough architectural freedom. The latter is 
important, because the impact of bridges on the environment is very 
high. Bridges can both cause the revival as well as the destruction of a 
neighbourhood. Through their architecture, the specific environment in 
which the bridge is to be placed, needs to be taken into account and, 
while standardisation is highly needed to effectuate the circular con
struction of bridges, it should not be an architectural obstruction. 

It has also been pointed out that when it comes to CE in construction, 
there is no industrywide CE awareness [66,67]. Interestingly, it seems 
that designers are, along with clients and subcontractors, the most 
important parties lacking this CE awareness, while main contractors and 
manufacturers are aware of the CE principles [66]. It will be important 
to mobilise designers, whom lie at the basis of projects being unfolded, 
to take on their important role and responsibility as drivers for change. 
Up until today, only very few buildings have been designed taking into 
account the end-of-life treatment of the building, e.g. through DfD and 
DfA [52]. In fact, there seems to be little interest in general to adopt the 
CE across the construction industry and adapt the construction supply 
chain accordingly [66,67]. This indicates that the construction sector 
somehow seems to be opposed to the changes that need to be made to 
become really sustainable. This is where the fourth pillar of sustain
ability, Politics, should take the lead through legislation and 
well-oriented incentives. 

3.2. User behaviour and ownership 

As discussed, CDW has been identified by the European Union as a 
top priority. Following this, CDW best management practices are being 
investigated. Jim�enez-Rivero and García-Navarro argue that for end-of- 
life gypsum there are three fundamental best practices: on-site segre
gation, clear waste acceptance criteria and clear recycled gypsum 
quality criteria [40]. These best practices are rather situated on the 
meso-scale as they become important when a building is partly or 
entirely in the end-of-life phase. Additionally, the same best practices 
are important and necessary for any recyclable material. Unfortunately, 
these CDW best management practices have still not been implemented 
in construction companies and the construction industry in general, 
mainly due to legislative and economic barriers [34,38]. Of great 
importance here as well is the role of the users, e.g. the house-owners, 
who may start removing gypsum -or any other recyclable material- 
carelessly from their houses. Sonego et al. explain that the adequate 
end-of life treatment of a product depends greatly on the consumer 
giving the correct destination to the discarded product. If the consumer 
fails to return the discarded product to the right place, some initial 
manufacturing strategies may also fail [68]. Again here, a cultural 
change, a complete change of mind-set towards full segregation of CDW 
will be necessary. The question is whether the user should carry this 
responsibility. This problem does not pose itself in the case where the 
building is offered to the client/user as a service of e.g. habitation space 
or work space. An interesting example of this is the Brummen townhall, 
which was built in 2013 in this philosophy by the CE100 member BAM 
Utiliteitsbouw. The Brummen municipality had ordered a building with 
office space for a duration of 20 years, so as to take into account their 
changing needs and requirements. The agreed upon contract keeps BAM 
Utiliteitsbouw as the owner of the building, thus also in charge of the 
maintenance, and the Brummen municipality rents the building from 
them. As the new building has a historical building as foundation, it 
needs to be disassembled after this 20 year timelapse. Hence, it was 
designed in the DfD principle with high quality materials to make direct 
reuse possible in the end-of-life phase. The complete building is docu
mented with material passports in order to effectuate this [69]. 

In an interesting addition, especially applicable to buildings, Heeren 
and Hellweg found that closing loops alone will not lead to meaningful 
reductions of environmental impacts, at least not compared to the re
ductions that can be achieved by reducing a building’s energy con
sumption during its use phase [55]. Certainly, as the circular economy 
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also strives towards service life extension of a building, the latter re
mains very important. Additionally, they state that end-of-life material 
recycling, e.g. urban mining, and wood construction are promising, but 
it will take a considerable amount of time before the effects will finally 
show [55]. 

Considering this discourse for bridges, it is important to note that 
usually the government is the owner of the bridge and thus it is in fact 
always offered to the public as a service. The bridge fulfills the public 
service of connecting places to each other and the user pays for this 
service through taxes. Hence, the role of the government to set the 
example becomes very clear. A government ordering a new bridge, will 
thus need to take on its responsibility in taking into account the DfD/ 
DfAD principle as well as CDW best management practices right from 
the start. In this, it is worthwhile mentioning the concept of Green Public 
Procurement (GPP) which was first introduced by the EU already in 
2005 [70], but only recently has gained increasing attention and 
importance. The idea of GPP is that Europe’s public authorities as major 
consumers are encouraged to “procure goods, services and works with a 
reduced environmental impact throughout their life cycle when 
compared to goods, services and works with the same primary function 
that would otherwise be procured” [71]. Hence, GPP is the EU’s 
encouragement for governments to indeed take on their responsibility in 
society to set the example. 

Additionally, it might be interesting to elaborate the service that a 
bridge fulfills more, i.e. add services, as the bridge has got space on top 
and underneath. One can in this sense think of medieval bridges which 
were e.g. designed to be a complete shopping street. Thus, reconsidering 
the bridge as a service may create an additional value for society and the 
environment, as space will be used more efficiently. Note that the latter 
is a responsibility of both the government as owner and the architect as 
designer. 

3.3. Bio-based construction 

Since the development of wood construction types like Cross- 
Laminated Timber (CLT) and Laminated Veneered Lumber (LVL), the 
interest in multi-storey wood-frame construction has increased [72]. 
The more general wood industry with its cascading system, and the 
broader bio-based economy, are often cited as an example for the cir
cular economy. Firstly, however, it is important to note that the 
bio-economy can only be environmentally beneficial if their bio-based 
resources are managed sustainably [15]. Additionally, the wood prod
ucts should have “a design life span that at least matches timber rotation 
periods”, i.e. over 30 years or even over 100 years [73]. Otherwise, a 
sustainable wood industry is impossible due to a mismatch between 
demand (too high) and supply (too low). Hence, the cascading system 
was established to prolong the life span of wood products through 
reusing or recycling them at their highest possible value [73,74]. Energy 
recovery through incineration is only preferential in the cascade if 
recycling is not possible. After all, the efficiency of the energy recovery 
in a combined heat and power biomass plant is typically only 29% -22% 
power and 7% heat [73,75,76]. 

Often wood is treated to alter its properties, mainly to improve 
moisture and fire resistance in order to prolong its life span, or to 
improve its mechanical performance, e.g. CLT and LVL. It is not that 
straight-forward for these treated wood types to follow the cascade 
system. Companies are often reluctant to use these wood types, or even 
waste wood in general, due to the possible presence of chemical com
ponents, which could damage their reputation [77]. Additionally, 
incineration of this “contaminated” wood for energy recovery can only 
take place in “special stations with appropriate combustion facilities” 
[73]. On a critical note, energy recovery from wood waste only requires 
the wood waste to be collected and transported to the biomass heat and 
power plant, which is much easier than reusing and recycling it, as this 
requires additional sorting, cleaning, chemical and mechanical treat
ments in order to stay in the consumption cycle [77]. This again points 

out the necessity of a major change in socio-cultural mind-set and 
behaviour of both the industry and the consumer. 

Considering the above, it becomes clear that this will require special 
attention in the case of bridges. A bridge is an outdoor structure with 
very specific mechanical requirements. If wood is used without any 
treatment to improve its performance, it will either deteriorate very 
quickly or it will require continuous maintenance, mainly painting it for 
protection against the elements. On the other hand, if the wood is 
treated, the critical notes mentioned above, apply. 

3.4. Sustainability and circularity assessment 

The sustainability of bridges is extensively researched from different 
angles. Some authors claim that arch bridges are the preferred most 
sustainable bridge typology both for their historical and aesthetical 
value [78], and for their historically proven durability [79]. In general, 
it was found that the durability of bridges, and thus the extension of 
their useful lifetime, is brought up as an important aspect for relatively 
reducing CO2 emissions -considering their complete life time- and thus 
increasing the bridges’ sustainability [79–84]. 

The most common tools applied to evaluate the sustainability of a 
product, also in the construction industry, are Life Cycle Assessment 
(LCA) [76,85–94] and Life cycle Costing Analysis (LCCA) [84,95,96]. A 
LCA evaluates the environmental hazard that a certain product causes, 
while a LCCA will evaluate the economic/financial burden that it gen
erates, often focussing on the durability of the product. Both consider 
the complete life cycle of the concerning product. Sometimes both are 
applied within the same study [83,97,98], so as to perform a more ho
listic investigation. Note that the People pillar, the social aspects of 
sustainability, are not investigated with LCA and LCCA. 

There is a plethora on studies applying LCA for environmental 
evaluation. However, even though LCA is widely recognised as a 
comprehensive method for measuring a subject’s environmental profile, 
it must be acknowledged that the methodology needs to be simplified in 
order for it to be truly practically applicable during the design/devel
opment stage [99–102]. This could be done e.g. through embedding it in 
BIM-software [103]. Some studies also incorporate LCA and LCCA 
principles for the development of new optimisation and decision-making 
methodologies for the design of different structural members [80, 
104–109]. These optimisation and decision-making tools will then find 
the most optimal parameters -resulting in the lowest CO2 emissions and 
economic costs- for a certain type of structural member (e.g. for the 
concrete I-beam in ref. [104]), but it does not mean this type of struc
tural member will thus be a sustainable solution. Indeed, a LCA or an 
optimisation tool with embedded LCA principles only indicates whether 
one subject is more sustainable relative to another subject fulfilling the 
exact same goal and scope [91]. This does not directly prove the sub
ject’s sustainability. Therefore, it is necessary that for a given subject, e. 
g. housing, certain benchmarks, reference values, are defined, indicating 
from which point onwards the subject is sustainable [110]. 

Additionally, even though in a LCA and LCCA the complete life cycle 
of a product is considered in principle, it was found that in many studies 
the end-of-life phase is not or inconsistently taken into account [111, 
112]. Often a certain recycling rate for steel is considered without taking 
into account the consequent loss of the embedded energy1 in the steel 
structural member when it is merely used as raw material for new steel 
structural members, nor taking into account the energy requirements to 
melt and remanufacture them (e.g. Ref. [113]). Note that the energy loss 
in this case is double, but it is still a better option than increasing the 
demand from nature to manufacture new steel structural members. Also, 
the environmental impact of concrete rubble being used as landfill is not 

1 Embedded energy: in this context, this refers to the energy that was needed 
to manufacture the product, which is also an important part of the value of the 
product. 
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considered (e.g. refs. [88,89]), nor is the high loss of embedded energy 
when concrete rubble is ‘reused’ as road foundation (e.g. refs. [90,94]). 
Especially in the latter case this gives a false impression of concrete 
being sustainable, while the concrete industry is in fact responsible for 
between 5 and 8% of all man-made CO2 emissions globally (depending 
on the source [114–118]). It must also be noted that the application of 
end-of-life concrete as landfill will have an environmental impact on the 
longer term as well. Concrete does not contain any nutrients, so the 
fertility of the soil will be affected by it [119]. 

When considering the CE, it must be acknowledged that a circular 
product or building is not necessarily a sustainable product or building 
[55,120]. Circularity in the construction industry may solve the material 
side of the sustainability problem, but it does not in itself solve the 
environmental impact of a building’s lifetime. Certainly, as the CE also 
strives towards lifetime extension of a building, the latter remains very 
important. To investigate the sustainability of materials and building 
elements which are designed for circularity, a LCA can be performed 
[47,120]. In this way, Buyle et al. conclude for a set of inner wall par
titioning systems that, when a refurbishment cycle is considered every 
15 years over a certain, assumed life time of the materials/components, 
the circular building elements do outperform the current, conventional 
alternatives in terms of environmental footprint [120]. This is an 
interesting conclusion, but it is not a measurement of the inner wall 
partitioning systems’ circularity. 

Van der Voet et al. investigated the environmental impact of the 
future demand for several metals and found that closing cycles seems to 
be effective for reducing greenhouse gas emissions, but reducing the 
demand will be necessary as well [121]. The latter can for example be 
achieved through direct reuse instead of recycling, keeping the product 
at its highest possible value. Thus, when one actually wants to measure a 
product’s circularity, LCA and LCCA are not the best evaluation tools, as 
they do not assess the product’s reuse performance in the same or a 
lower value application, neither do they evaluate the product’s recycling 
performance. Instead of a Life Cycle Assessment and a Life Cycle Costing 
Analysis, it might be better to perform a “Multi-Cycle Assessment” and a 
“Multi-Cycle Costing Analysis” [45]. Some studies focus on the appli
cation of the CE principles by certain construction material manufac
turers. Typically, these studies discuss the recycling practices for 
resource waste reduction during the manufacturing process [41]. Yet, 
they do not really measure circularity. Some actual circularity indicators 
have already been developed, but none of them is without controversies, 
as some of them are applicable to the micro-scale but not to the 
macro-scale and vice versa [122]. The Material Circularity Indicator of 
the EMF can be applied both on product level and on company level 
[123]. Both applications are situated in the micro-scale. In China, 
several indicators for urban circularity evaluation have been developed, 
but none of them seems to be comprehensive enough to be used uni
versally throughout China [124]. These are all situated in the 
macro-scale of the eco-city. Often the three 3’s Reduce, Reuse and 
Recycle are evaluated [122]. The fourth R of Recover, defined by the EU, 
is not considered. Also, the material value is rarely considered and the 
main focus is on quantity, rather than on efficient (re)use [122]. Looking 
at the construction sector, we find that certification schemes for the 
environmental performance of buildings, such as BREEAM and LEED, 
apply some LCA principles and can thus lead to more sustainable solu
tions, but also they do not rate the circularity of buildings yet [49,125]. 
They do appoint extra credits for “material salvation and waste diver
sion” [52], but this does not cover the full scope of the CE. It is possible 
to find circularity indicators for construction companies (e.g. ref. [126]), 
but these are very similar to the Material Circularity Indicator of the 
EMF and focus thus on the micro-scale. The authors did not find any 
circularity indicators that evaluate the meso-scale, the construction, the 
building. Yet, there seems to be a demand for assessment tools, as 
Akanbi et al. have made a first attempt to integrate CE principles for 
primary building structures in BIM through their Whole Life Perfor
mance Estimator. Interestingly, they also take into account a 

time-function for the deterioration of materials, even though only steel, 
wood and concrete were modelled. Additionally, they only focus on 
Reuse and Recycle [42]. 

Alas, the construction industry is critical for the CE and thus circular 
construction indicators on the meso-scale are not just desirable, they are 
necessary. Possibly, meso-scale circularity indicators have not been 
developed yet, because they require to be as detailed as micro-scale 
indicators, yet need to take into account the previously discussed 
design principles and associated standardisation schemes as well. The 
general philosophy of a meso-scale circularity indicator for buildings 
will be equal, or at least very similar, to the one for bridges. Yet, bridges 
are very different kinds of constructions as opposed to buildings, and 
thus they will probably require their own dedicated set of parameters 
and benchmarks. In any case, the 4 R’s of the CE -Reduce, Reuse, 
Recycle, Recover- will be a good starting point to evaluate these meso- 
scale circularity indicators when they are being developed. 

4. Conclusion 

This paper presents a study that is bifold. It was found that sustain
ability and CE somehow remain vague and undetermined concepts, 
seemingly free to use randomly. Also, how they relate to each other 
remained unclear or not addressed at all. Therefore, in a first section, the 
general philosophies of the sustainability and CE paradigms were dis
cussed and defined. The general and bio-based material cycles were 
discussed and additionally, the CE was elaborated further in terms of 
technical solutions and user behaviour. It was concluded that sustain
ability is the goal and that the CE is a means to an end, in this case a 
sustainable economy. Yet, stand-alone CE will not be sufficient in 
achieving this. 

In the second section, an in-depth literature review was performed to 
find out to what extent the CE principles have already been investigated 
for the specific case of the construction industry, and more specific in 
bridge construction. Circularity in the construction sector is being dis
cussed extensively in the current scientific discourse, though nothing 
relating to bridge construction was found. Therefore, this review dis
cusses what has been and is being done in terms of circular construction, 
and the relevance for bridge construction of all the acquired insights is 
assessed in order to identify future research opportunities to reach cir
cular bridge construction. The findings are summarised in Table 1 as a 
set of action points necessary to truly reach a circular bridge construc
tion sector. 

Firstly, the technical solutions, i.e. design principles, are considered. 

Table 1 
Summary of the action plan to achieve circular bridge construction.  

Aspect Circular bridge construction – action point Responsible 

Technical solutions Redefine Brand’s shearing layers of 
longevity for bridges 

Designers 

Adjust the DfA, DfD and DfAD principles to 
the specific needs and requirements of 
bridges 

Designers 
Manufacturers 

Develop a complimentary standardisation 
scheme without compromising on 
architectural freedom 

Designers 
Manufacturers 
Governments 

User behaviour and 
ownership 

Local governments as bridge owners need 
to be incentivised to implement DfA, DfD 
and DfAD strategies as well as CDW best 
management practices 

Governments 

Elaborate the service that a bridge fulfils, i. 
e. add services on top and underneath 

Designers 
Governments 

Bio-based 
construction 

Treated wood is necessary but is more 
difficult to fit into the cascade system 

Manufacturers 
Governments 

Circularity 
assessment 

Bridges are situated on the meso-scale, so 
meso-scale circularity indicators need to be 
developed 

Designers 
Governments 

Dedicated sets of parameters and 
benchmarks for bridges are required 

Designers 
Governments  
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DfD, DfA and DfAD are already being researched in the building sector. 
These design approaches are of interest to bridge construction as well 
and can be used as a basis for the development of specific, circular 
design strategies for bridges. Additionally, a certain degree of stand
ardisation will be necessary to effectuate these circular design strategies. 
Further research will need to focus on a standardisation scheme on the 
meso-scale of the building, or the construction in general, that sets 
certain boundaries, but which still allows enough architectural freedom. 

Secondly, user behaviour and ownership are discussed. CDW best 
management practices require the user to correctly segregate CDW and 
to give it the correct destination. The responsibility to do this does not 
necessarily have to lie with the user. A building can also be offered to the 
client as a service. This creates the incentive for the service-provider to 
use high quality materials and to implement more intelligent design 
strategies, such as DfD. When considering bridges, one can argue that 
they are in fact already offered to the public as a service. The bridge 
owner is usually the government whom thus carries the responsibility to 
implement circular design principles and CDW best management prac
tices. It was found that the EU’s concept of GPP forms a good basis for 
governments to set the example. Additionally, elaborating more on the 
service that bridges fulfill by letting bridges fulfill additional services 
may create an additional value for society and the environment. It is 
important to note that here the responsibility lies both with the gov
ernment as owner and the architect as designer. 

Also the bio-economy is explored in construction, mostly in terms of 
wood construction. However, wood is often chemically treated to 
improve its durability and mechanical properties, and exactly this seems 
to be a draw-back when it comes to its reusability and recyclability. As 
bridges are, usually, outdoor structures, this problem also here requires 
special attention. 

In general, the micro-scale and macro-scale have gained a lot of 
attention within the CE discourse. Recycling possibilities for materials, 
the micro-scale, have been thoroughly researched and predictions for 
material flows on city scale, the macro-scale, have been mapped. Yet, 
the meso-scale, the scale of the construction in general, seems to be 
discussed and investigated very limitedly. 

To quantify circularity, several circularity indicators have already 
been developed. Most of these are focussed on product and company 
level, and thus again the micro-scale. Other indicators, mostly devel
oped in China, aim to measure circularity on the city-scale, the macro- 
scale. It is important to realise that the micro-scale circularity in
dicators cannot be applied to measure macro-scale circularity, and vice 
versa. Additionally, again, the meso-scale seems to be neglected, even 
though the meso-scale is exactly what defines the construction industry, 
the scale of the building or the construction in general. Alas, the con
struction industry is critical for the CE and thus Circular Construction 
Indicators on the meso-scale are not just desirable, they are necessary. 
Possibly, meso-scale circularity indicators have not been developed yet, 
because they require to be as detailed as micro-scale indicators, yet need 
to take into account the previously discussed design principles and 
associated standardisation schemes as well. Additionally, as bridges are 
very different kinds of constructions as opposed to buildings, they will 
probably require their own dedicated set of parameters and benchmarks. 
In any case, the 4 R’s of the CE -Reduce, Reuse, Recycle, Recover- will be 
a good starting point to evaluate these meso-scale circularity indicators 
when they are being developed. 

In this paper the application of the CE in the construction sector is 
investigated and the relevant aspects for bridge construction are iden
tified. Following this investigation, the authors will continue research
ing the identified research gaps. The solutions that will be found, will 
contribute to changing the construction sector’s mind-set, which is an 
essential part in order to truly move towards circular bridge 
constructions. 
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