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Preface

This report represents my master thesis called: Reverse engineering 3D-BIM of existing bridge
infrastructure using parametric tooling to accelerate digitization in asset management. This thesis has
been written as part of the Master of Science Construction Management & Engineering with a
specialisation in Engineering & Systems. In the past 7-8 months | have dedicated my time to both
research a common problem in three large challenges in the construction industry and developing a
potential solution to part of this problem. Throughout this time, close collaboration with
Witteveen+Bos and TU Delft had taken place to guide me.

When | started this journey, | had three concepts in mind that | wanted to integrate in my research:
Circular Economy (CE), Building Information Modelling (BIM), and Parametric Engineering & Modelling
(PEM). The CE has increasingly caught my attention throughout my academic career as it is a large and
complex puzzle that has a significant impact on the industry. Secondly, BIM has been my interest since
my Bachelor as it embodies new potential for the industry, and | have always been passionate about
innovation. Lastly, PEM was something that | explored in my free elective space, where | learned of its
potential in the future. In each of these subjects | have learned an incredible amount. While | hope the
output of this research is a contribution in itself to both the academic and business worlds, it is merely
a step in the right direction which requires increasingly more effort in the coming years and decades.
It was my desire to not ‘just’ research but also develop something (potentially) valuable for the
industry, in which | hope succeeded as Witteveen+Bos has already signalled they want to proceed with
the development of the RE-design tool.

One of the key challenges | faced during this thesis was the containment of scope given the complexity
and size of the included themes: Circular Economy transition, Bridge Replacement & Renovation task,
and the digitization transition in asset management. | want to give special thanks to Maarten Visser,
who guided me on a weekly basis throughout this research and helped me get in contact with the right
people. Secondly, | want to thank my Witteveen+Bos colleagues for being available to share
knowledge, feedback, and documents with me to improve the quality of my research. Lastly, | want to
thank my TU Delft committee members Daan Schraven, Maria Nogal, and Yuguang Yang for their
specialised knowledge and providing me with valuable and constructive feedback, especially on the
report structure. | hope you enjoy reading this report!
Colin Reit
Delft, April 2023

Bos i

. 3
Witteveen TU Delft



Abstract

Amid global climate change challenges, the construction industry faces an urgent transition from a
linear production model towards a Circular Economy (CE) model. Current initiatives in Dutch transition
roadmaps and recommendations in literature predominantly focus on ensuring a future circular built
environment, while lacking concrete actions addressing one of the primary barriers to short-term
reuse: high-quality centralized data of existing assets. Dutch CE roadmap timelines and interventions
are developed based on Material Flow Analysis (MFA) studies with highly uncertain data input for
infrastructure objects, calling for more accurate bottom-up material quantification methods. This
uncertainty causes either over- or underestimation of future material stock flows (secondary material
potential), consequently negatively impacting the environment or economy due to inaccurate
implementation of policies to achieve the set CE-goals.

The Replacement & Renovation (R&R) task of civil structures poses a threat for Asset Management
(AM) due to the limitations in capital, contractor capacity, and material resources required to facilitate
this peak. Currently available data quality at public organisations is generally insufficient for conducting
structural assessments required for effectively managing this expected decommissioning peak using
the maintain/extend/renovate/ replace strategies and reusability scans for reuse realisation. This
disincentivizes reuse realisation in practice as there is too much risk involved for demand parties.

AM is transitioning towards a 3D-centralised strategy in line with Building Information Modelling (BIM)
and digital twins, while existing assets are still in 2D with often incomplete and fragmented data
documentation. This lack of data is caused by the absence of technology & client demand at time of
construction, and loss of (tacit) knowledge resulting from staff replacements over time. Consequently,
a large data quality gap is forming between newly constructed and existing assets. This led to the
following research question: How can centrally stored, quantified, and visualised asset data of
existing infrastructure impact the CE-transition, bridge R&R-task efficiency, and AM practices?

Through interviews, the above findings were validated, the current information standards at various
industry stakeholders were gauged, alongside their ambitions and barriers for upgrading towards 3D
centralised AM. It was concluded that an upgrade towards 3D-BIM is necessary to bridge this data gap
for the industry’s long-term needs, though the costs are currently too large to justify this. Upgrading
to 3D-BIM facilitates higher quality- and more accessible asset specific information that can be used in
reusability scanning and structural assessments, material quantification for increased MFA input
accuracy, and numerous AM benefits (e.g., improved condition monitoring, maintenance &
decommissioning preparation, and data traceability). An opportunity was identified for modelling 3D-
BIM of existing bridge infrastructures from 2D drawings and project specifications using a modular
approach to Parametric Engineering & Modelling (PEM), aiming to reduce modelling efforts and the
investment threshold for accelerating the digitization transition at public organisations.

Using Information Systems (IS) theory, this opportunity was further explored. Fixed beam and plate
bridges were selected for the development of a prototype tool due to their standardized nature
originating from strict design standards, its functional purpose, minimal architectural influence, and
reusability potential. A Cost-Benefit-Analysis (CBA) showed potential long-term profits for making the
upgrade using conventional modelling practices, though it involved large uncertainties. From the
analysis of the tool’s output end-use, a Level-of-Detail (LOD) of 500 was set for geometry, and 700 for
the information registration potential (customizable for user’s needs). The largest risk for of the tool’s
effectiveness concerns the short-term availability and quality of data due to recovery costs/capacity.
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The developed tool (RE-design) was tested with 4 beam bridge projects (20-30m spans) using 2D
drawings from Witteveen+Bos to develop the model and an existing 3D model of the project for
validation, with a limited design variant database. To limit the scope of the prototype, retaining/sheet
pile walls, expansion joints and edge elements were excluded. The results were measured using two
guantitative metrics (volume accuracy & required modelling time) and three qualitative metrics
(robustness, adoptability & adaptability). The volume accuracy represents the resemblance in material
volume of the generated model compared to the actual 3D model, measured per element. The
required modelling time concerns the time to study the drawings, extracting parameter values and
running the model to obtain the 3D model (excluding assigning attribute data).

Across the 4 projects, an average of 97.41% on volume accuracy was obtained which required 1.75-
2.5h per project. These results were obtained by the author and need more validation and user-testing
by designers to increase reliability, as the modelling time and accuracy are highly dependent on the
user’s ability to extract information from drawings efficiently and the element database depth.
However, it indicates significant time reductions compared to manual modelling practices from 2D
drawings (12-20h) and calls for further development, also for other types of infrastructure. The
robustness of the prototype is defined by the element database but has the potential to model most
beam/plate bridge once saturated. To accompany the tool, a user’s guide was developed to increase
user adoptability alongside a whitepaper for policymakers to accelerate the upgrade to 3D centralised
AM at public organisations. It was concluded that with this user’s guide the tool has a relatively low
entry barrier, but it requires more skill to add new variants to the database or alter the model’s
functionalities. Lastly, the tool showed potential for other applications such as parametric 3D structural
& reusability assessments, reinforcement approximation, and optioneering & circularity scoring for the
design phase. To put the tool’s use in perspective, a roadmap towards 3D centralized AM and a reuse
economy was developed for asset managers to navigate the CE-, R&R-, and digitization transitions
more efficiently, see Figure 1. The sooner the transition towards 3D centralised AM is initiated with
data gathering on existing assets, the longer the benefits can work to recoup the initial investment.
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Figure 1: AM roadmap overview
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1.1. Introduction

This report comprises the research and development of a tool that aims to help the construction
industry move towards a more Circular Economy (CE). The study was conducted in cooperation with
TU Delft and Witteveen + Bos, a leading engineering consultancy headquartered in the Netherlands
but active all around the world. The topics that will be addressed in this research include the data
quality issues of infrastructure assets and the impact this has on the industry in relation to the CE,
digitization transition, and bridge Replacement & Renovation (R&R) task. This study will provide an
analysis of all the previously mentioned challenges and a roadmap to tackle them more effectively and
efficiently. Moreover, a tool will be introduced that aims to significantly reduce design efforts for
upgrading existing bridge infrastructure asset data to 3D BIM.

1.2. Research context

1.2.1. The CE transition in the construction industry

The construction industry has long been deemed as one of the major contributors of environmental
emissions. The involved processes (resource mining, transportation, manufacturing, construction &
operation) and final disposal cause serious environmental harm, specifically air, soil, and water
pollution (Shen, Lu, Yao, & Wu, 2005). When also taking into account the predicted population growth
from 8 to 9.7 billion people by 2050 (UN, 2022), a middle class population increase from 2 billion to
over 4 billion people by 2030 (Kharas, 2017), and the global urbanisation trend, the need for
construction will only increase. Furthermore, the materials become more scarce with time due to the
limited stock of natural resources (Hossain, Ng, Antwi-Afari, & Amor, 2020). On top of that, geopolitical
developments such as the war in Ukraine and worldwide health issues like COVID-19 have displayed
our vulnerability and dependence on resources from all over the globe. Already, the European
construction industry emits approximately 40% of total emissions in Europe, consumes 50% of raw
materials and is responsible for 23-30% of the total solid waste (Sauter, Lemmens, & Pauwels, 2020)
(DesignBuildings, 2022). This reality forces the Netherlands to become proactive in transitioning from
a linear economy towards a Circular Economy (CE), which implies investing in pioneering solutions and
embodying the frontrunner role for adopting new technologies, business models, and construction
methods in order to meet the international agreements (50% circular by 2030 and 100% circular by
2050 (Rijksoverheid, 2016)) and limit climate change implications. The linear and circular economy
models are simplified in Figure 2.

Linear Economy Model Circular Economy Model
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Figure 2: Linear & Circular economy models
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The construction industry is very much known for its conservativeness towards innovations, small
profit margins, tight standards, strict regulations, a complex supply chain, and product development
for high lifetimes, each contributing to a more difficult CE-transition process (Akadari & Fadiya, 2013)
(Hwang, Ngo, & Teo, 2022) (Papadopoulos, Gayialis, & Zamer, 2016) (BSI, 2021). Roadmaps are being
developed and updated continuously to navigate the industry towards implementing realistic
initiatives and achieving milestones in line with the climate agreements (Circulaire Bouweconomie,
2018). These initiatives are either focussed on laying the foundation that allows for a circular
construction industry in the future or aim to leverage the existing built environment for short-term
circularity. Current projections show a 13% theoretical material deficit by 2050 to accommodate a fully
circular economy (EIB & Metabolic, 2022). This highlights the problems in the construction industry
and calls for urgent action to reduce construction activities, improve recycling technologies and
increase reused materials in projects. Only in doing so, can the primary material extraction be reduced,
and a circular economy be achieved.

1.2.2. The bridge R&R-task

Besides the CE-transition, another challenge arises for asset managers: the Replacement & Renovation
(R&R) task for bridge infrastructure. After the second World War, a large construction exercise was set
in motion, a large part of this concerned (re-)building the infrastructure network. In the Netherlands,
there are many bridges and viaducts that were constructed in the period of 1960-1980. Considering
the 80-year design lifetime for bridges in that time and the higher-than-anticipated degradation due
to increase in traffic intensity and loading, a peak in decommissionings can be expected between 2030
and 2060, as displayed in Figure 3. This peak will cause shortages in funds and capacity when this is
not managed properly and timely by spreading out the peak (green line). Bridges represent a significant
part of the material mass in the civil sector and therefore have a large impact on Asset Management
(AM) and the CE-transition, as it will require vast amounts of (primary) resources and investments (>41
billion Euros for fixed bridges alone, see Figure 4).

Gewenste situatie VenR opgave bruggen en viaducten
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Figure 3: R&R-task decommissioning projection (Schaafsma, 2022) Figure 4: Overview R&R-task (Bleijenberg, 2021)

While this challenge poses a threat to AM and the CE-transition, there is also a large opportunity to be
captured: reuse of construction elements. Reuse is preferred over recycling due to the ‘downcycling’
of concrete into road foundation, which is not a sustainable process for the CE. However, the
foundation of reuse realisation concerns quality asset data that can be used for communicating the
available elements to other parties via intermediary reuse databases such as DUSPOT (Duspot, 2023)
or Bruggenbank (Bruggen bank, 2023). This data availability is currently very limited, and reuse is only
sporadically achieved through intra-organisational systems or one-off innovation projects.
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1.2.3. Digitization transition for AM & CE

One of the key drivers for improving the recycling and reuse rates concerns the data documentation
of existing structures. More accurate, and high-quality data allows for better opportunities at the end
of life of structures. Due to the lack of information registration at time of construction and negligence
throughout the asset lifetime, existing assets lack high quality asset data. New infrastructure projects
increasingly adopt Building Information Modelling (BIM) and other digital technologies to increase the
information quality at handover for better opportunities during the operational phase of the asset and
its End of Life (EoL) (Ullah, Lill, & Witt, 2019). This creates a disparity between data documentation of
old and new infrastructure, as they require different AM strategies. The transformation of asset data
documentation over time is represented (simplified) in Figure 5, clearly showing the differences over
time. It can be concluded that a lot of the challenges in the industry (CE, R&R, and digitization) lead
back to AM. A large task awaits the asset managers to efficiently navigate through these challenges.

<1980 1980-now 2000-now

Figure 5: Overview of construction asset documentation over time

1.3. Problem description
CE-transition roadmaps tend to focus its initiatives on laying the foundation to realize a circular
construction economy in the future. In doing so, the largest short-term circularity potential is partially
overlooked: the existing built environment. Below, three problems surrounding this issue are
introduced. Collectively, they comprise the overarching problem statement of this research.

1. Due to changing asset documentation standards over time a large data quality gap is forming
between existing and newly constructed assets, upgrading this data quality for improved and
centralised AM can currently not be justified because of the large upfront costs and limited budget.

Over the years, construction technologies have advanced significantly by transitioning from 2D hand
drawings to Computer Aided Design (CAD) to 3D BIM. During the construction ‘boom’ in 1960-1980,
the asset data documentation standards (design specifications and drawings by hand) were different
to that which is currently required for newly constructed assets (3D-BIM). Moreover, AM demands
were limited as infrastructure assets were perceived as low maintenance and would be disposed of
when deemed unsafe (Lunenborg, 2022). Current asset data storage standards at public organisations
are generally incomplete, fragmented across platforms, and very diverse between organisations, with
drawings and specifications often (temporarily) lost (Halfawy, 2008) (Janssen, 2022). Consequently, an
increasing gap between asset data quality standards between existing and newly constructed assets is
forming, requiring different management strategies.
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This leaves asset managers with three options: integrating new 3D-BIM assets in the current 2D AM-
systems, adopting separate strategies for new and existing assets, or upgrading the existing assets’
data quality to semi-accurate 3D-BIM. The first option risks losing valuable information and AM-
potential of the BIM-models (current approach), while both the first and second options leave the
existing acreage to be managed with the incomplete asset data until they are replaced, which could
take at least another 40-50 years. Considering the importance of higher quality asset data on existing
structures for the CE-transition and R&R-task (see following sub-statements), the last option is the
most logical. However, this requires large upfront investments for data gathering and modelling
practices and/or 3D scanning technologies to centralise and upgrade the asset data (Wolbrink, 2023).
Practice shows that asset managers prioritize short-term needs (maintenance, renovation &
replacements) with the already tight budgets (Halfawy, 2008), and are less inclined to adopt innovation
yielding long-term benefits as the required change (new skills & training) hinders the implementation
(Attencia & Aperacida de Mattos, 2022) (Lunenborg, 2022). Additionally, the decisionmakers
responsible for budget distribution tend to be reluctant towards innovation and digitization for long-
term benefits (Mathijssen, Pedersen, Besseling, Rahman, & Don, 2008). Despite the bottom-up
awareness on needing to upgrade asset data quality & documentation standards, the traditionally
conservative nature of public organisations and limited funding possibilities outside of ‘innovation
funds’ stagnate the digitization transition.

2. Infrastructure asset data input uncertainty for material flow models negatively impacts the
reliability and effectiveness of CE-transition roadmap timelines and interventions/initiatives.

The absence of accurate material specifications, remaining lifetime, and material quantities of most
existing structures have accumulating consequences on the reliability of material flow models on both
local and global scales (EIB & Metabolic, 2022). Especially for infrastructure, the input data is highly
uncertain due to poorly maintained centralised data storage caused by the diverging AM-strategies
adopted by the individual public organisations and oversimplification and extrapolation of model input
(EIB & Metabolic, 2022). The model output is used for developing CE-transition roadmaps, based on
which transition timelines are developed, regulations implemented, and investments allocated with
respect to the CE-transition (Transitieteam Circulaire Bouweconomie, 2022). Conservative goalsetting
(overestimating material stocks) leads to environmental repercussions as it will require less radical
changes for the industry and missing the CE-goals as a consequence. While overly ambitious
goalsetting (underestimating material stocks) leads to an ineffectively operating construction industry
due to the consequent strict goals for reuse/recycling and limitation in material usage which impacts
the industry, thereby creating undesired negative economical, safety, and accessibility consequences.
Obtaining more accurate bottom-up material quantities and EoL estimates is invaluable for the CE-
transition as top-down regulations and investments are generally implemented more promptly with
lower uncertainties (Mathijssen, Pedersen, Besseling, Rahman, & Don, 2008) (Rijksoverheid, 2023)
(Bleijenberg, 2021).

3. Current asset documentation standards do not allow for efficient (high-quality) information
storage on the element level, which is the foundation for conducting and documenting structural &
reuse assessments, improving reuse realisation (CE), and managing the R&R-task timeline.

Asset data is the foundation of realising circularity in projects (Drager, Letmathe, Reinhart, & Robineck,
2022). In addition to the absence of material specifications and quantities of existing infrastructure,
there is generally also no 3D model with attribute data linked to the individual elements (e.g.,
geometry, material, reinforcement, condition, etc.) (Janssen, 2022). Firstly, this information serves as
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the starting point for (re-)approximating the remaining lifetime of structures and its individual
elements through structural/reuse assessments. This data then influences the EoL decision-making
(replace, renovate, or maintain) for managing the expected decommissioning peak by aligning with
(local) contractor availability (both demolition and construction) while aiming to optimize the
remaining value of the asset through realising reuse (Bleijenberg, 2021) (De bouwcampus, 2022)
(Klatter, 2022). Secondly, without such information and physical representation readily available,
linking supply and demand for reuse of (bridge) elements becomes significantly more difficult and the
uncertainty profile for the demand side remains high (Copper8, 2022) (Delgado & Oyedele, 2020).
Consequently, there is little incentive for exploring reuse in new projects due to the low supply of
quality elements in reuse databases, causing large upfront investments for extensive studies on the
elements without guaranteed benefits (Kanters, 2022). In doing so, a large circularity potential is
wasted, and asset value lost. Lastly, because little is known about the physical structure of the asset,
maintenance and demolition/deconstruction activities could require additional site visits for
preparation, this could partly be avoided and optimized with 3D BIM data (Van den Berg, 2019)
(Delgado & Oyedele, 2020).

Due to the incomplete, fragmented, and diverging data quality and documentation standards on
existing infrastructure and limited funding availability at public organisations, AM-practices, the
R&R-task and short-term circularity realisation are extremely complicated, there is not yet a cost-
efficient method available to upgrade this data quality and accelerate the digitization transition.

1.4. Research questions

Main research question:

How can centrally stored, quantified, and visualised asset data of existing infrastructure impact the
CE-transition, bridge R&R-task efficiency, and AM practices?

*Quantified by means of registered asset data as well as physical material quantification.

Sub research questions:

1. Whatis the impact of the lack of available high-quality asset data on existing infrastructure on
the CE-transition and the R&R-task?

2. What are the current standards for data availability and documentation, what led to this
present lack of asset data, and what future developments can be expected in AM?

3. What is the potential performance and impact of a modular parametric design tool for fixed
bridge infrastructure on the digitization transition at public organisations?

4. What are the practical implications of the research findings on the construction industry and
asset management in the context of the digitization-, CE-, and R&R-challenges?

1.5. Research & development objectives
The aim of this research & development project can be divided into the following objectives:

1. Obtain industry perspective on asset data availability & documentation practices at Dutch
public organisations, the barriers they face and ambitions they have for the CE-transition, R&R-
task, and digitization challenges.

2. Describe the urgent need and potential of upgrading the existing assets’ data quality and
developing a roadmap for asset managers on transitioning to 3D centralised AM and better
manage the R&R-challenge and CE-transition goals ahead.
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3. Develop cost-efficient design tooling for obtaining semi-accurate 3D-BIM of fixed bridge
infrastructure to decrease the investment threshold for public organisations and accelerate
the transition to 3D centralised AM.

In doing so, the following indirect objectives are targeted:

1. Enhance MFA data input certainty for bridge infrastructure to increase output reliability and
improve CE-transition roadmap goalsetting and policymaking (guidelines, regulations, &
investments).

2. Provide a better data foundation and storage potential for conducting reusability- and
structural assessments in the context of the CE-transition and R&R-task management.

3. Increase reuse realisation of bridge infrastructure objects in practice by enabling low-effort
saturation of reuse databases with 3D-BIM elements to decrease risk and incentivizing more
research into the applicability of reused bridge elements.

1.6. Scope
To limit the scope of this research and development study, the scope was confined by the limitations
stated below, a distinction is made between the research aspect (literature study & interviews) and
the development aspect (design tool and roadmap for AM).

1.6.1. Research scope

The qualitative literature study was first and foremost confined to the CE-transition within the context
of the Dutch construction industry. Considering the scope of this topic on its own, this part was
constrained to providing an overview of some of the most important aspects to set the stage for the
rest of the research. As the study progresses, the scope was further limited to the role of existing
infrastructure assets in the CE-transition. Consequently, fixed bridges (predominantly built between
1960-1980) were singled out for their role in the R&R-task and potential for reuse realisation. Then,
the study was limited to AM-digitization transition in the construction industry with the focus on asset
data documentation from 1950-2040. Lastly, a look into the state of the art was presented to reflect
on the findings and provide perspective. In conducting this research, the main target group concerns
public organisations that own and manage infrastructural objects and designers at engineering firms.
Through semi-structured interviews, the perspectives of a variety of asset managers from public
organisations and experts from an engineering firm (W+B) were included in the research to validate
the literature findings and provide boundary conditions for the tool development. The public
organisations included two municipalities and a province.

1.6.2. Development scope
The design tool was developed for public organisations, used by designers, and utilises Revit, Dynamo
and Excel software. This software was selected for adoptability and comprehensibility reasons. The
development time was restricted to 1.5 month. The tool is limited to concrete beam- and plate bridge
structures as these have the largest reusability potential (derived from literature study) and are most
common in practice. It is furthermore limited to the most essential structural elements and elements
with reuse potential. The level of detail of the tool-output geometry was set to LOD400 as a baseline
and LOD500 for elements with higher reuse potential as gathered from the literature study,
reinforcement approximation is therefore excluded. Moreover, the output is limited to providing the
possibility to store higher quality asset data (LOD700) of what can be gathered from the project
drawings and specifications, this data extraction potential is not further researched. Considering the
limited time allocated to the development, the final script was a proof-of-concept (prototype) with
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limited design variants. To validate the tool output, 4 ‘new’ projects were tested against their 3D model
developed by W+B using only the 2D drawings as input. The tool aims to solve a part of the larger goal
for all infrastructure assets at public organisations. To accompany the tool, a roadmap was developed
for asset managers to guide the transition towards 3D centralised AM and a reuse economy. While this
roadmap was developed with bridges in mind, it applies to all infrastructure types. To limit the scope,
it was constrained to 9 steps including description, information requirements, examples, and advice
for execution. As each step does not have one objectively correct approach, the details remained open
considering the differences between organisations.

1.7. Research relevance
The research relevance is divided in three points linked to the problem statements, described below.

1. Exposing the urgency of improving asset data quality & documentation of existing infrastructure
for the digitization transition at public organisations and providing tooling to accelerate this process.
From a scientific point of view, this research contributes to the general understanding of some of the
major challenges in the construction industry for the coming decades. One of these challenges
concerns the fragmentation and lack of detailed asset information on existing assets to effectively
manage the R&R-task and CE-transition demand for reuse. To address this issue, digitization of AM is
essential as it provides asset managers with numerous opportunities including improved decision-
making quality for AM, facilitating centralised storage for better information communication and
traceability (saving time and omitting the need for constant site visits), optimization potential for the
supply chain and maintenance activities, among many other benefits (Attencia & Aperacida de Mattos,
2022). Besides these benefits, digitization is perceived as an enabler for CE initiatives (Elghaish, et al.,
2022). Knowing the importance of digitization in this context, this research contributes by analysing
the barriers that currently stagnate this transition in practice and aims to discretize the problems that
result from this such that it urges the industry to put effort into finding solutions.

From a practical perspective, this research contributes to providing a novel (partial) solution to one of
the key barriers for digitization at public organisations: the high upfront costs required for upgrading
the asset data to 3D-BIM. In doing so, allowing public organisations to accelerate their digitization
transition and facilitate other challenges in the industry.

2. Addresses the gap of tooling for quantifying infrastructure assets to improve global & local MFA.
This study adds to the current literature field of MFA of the anthropogenic material stock as it
addresses the gap of tools and methods that aim to address the input uncertainty. MFA is an important
tool for the CE-roadmap development as it governs the timeline of milestones, the implementation of
regulations, and allocation of budget. Considering the urgency and impact of the construction industry
on the CE-transition, the consequences for inaccurate decision-making and goal setting can be
detrimental to either the environment (overly conservative goals) or economy (overly ambitious
goals). Current studies that aim to reduce this input uncertainty predominantly focus on the building
sector and employ top-down methods due to the lack of individual asset data. While obtaining bottom-
up material quantity data currently yields little benefits for AM.

This study contributes to solving part of a larger problem by providing tooling to approximate material
guantities of existing fixed bridge infrastructure more accurately to reduce data uncertainty for MFA.
When adopted on a large scale, MFA reliability on both local and global scales can be improved through
more accurate data input, thereby also impacting CE-transition roadmap effectiveness.
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3. Addressing the CE-transition and R&R-task challenges by developing tooling to obtain better data
foundations for conducting and documenting reusability and structural assessments as well as a
roadmap for transitioning to 3D centralised AM and a reuse ecosystem.

The CE-transition is widely regarded as the most impactful change to the construction industry in
recent decades and requires significant changes in the deeply rooted methods that shape the current
practices. Whereas most current efforts and initiatives from CE-transition roadmaps and literature
recommendations focus on laying the foundation for a future CE, this study aims to lay the foundation
for leveraging the enormous reuse potential of existing infrastructure and the bridge R&R-task. Short-
term reuse realisation is essential for meeting the CE-transition goals set by the Dutch government.
The bridge R&R-task provides a great opportunity to leverage these ageing assets for reuse but is
currently scarcely explored due to the lack of asset information. Consequently, many resource are
going to waste as recycling of the most important construction material: concrete, is far from being a
sustainable process for a CE due to downcycling. This research focuses on the role of this lack of asset
information of existing infrastructure on short term circularity realisation and efficient management
of the bridge R&R-task. Moreover, the interdependencies between the digitization transition, CE-
transition, and R&R-task are analysed to assess the changes required in the industry.

While the tooling developed in this research does not directly solve the information need to the degree
required for conducting the assessments, it does provide a data foundation where the currently
available data is centrally stored to streamline these processes through the design tool development
for semi-accurate 3D-BIM. The prototype that is developed in this study could also be further
developed for more automated (preliminary) structural/reusability assessments once the level of
information detail is upgraded. On the short-term, the output model elements can be communicated
in reuse databases to improve the currently poor supply quality and increase reuse exploration activity.
Moreover, this study adds to the overarching challenge for asset managers to transition to 3D
centralised AM and standardizing reuse practices in projects by providing a roadmap that provides an
overview of what is required, supported by examples and advice on how to execute.

1.8. Methodology
In this research and development project, two frameworks have been adopted to structure the
methodology, these are the double diamond model and Information Systems (IS) theory for design.
The former primarily being focussed on process, while the latter also adds structure on the products.
Additionally, a development method was adopted to ensure an efficient development process. First
these frameworks will be explained, followed by an overview the research steps.

1.8.1. Double diamond model
The double diamond model, presented in Figure 6, is a simple model used in design processes that
distinguishes four phases in the design process. The first two phases make up the first diamond, that
goes from a broadly defined problem (diverge or discover) to something concrete through research
(converge or define). The method is explained using the definitions from the Design Council
(DesignCouncil, 2019). The discover phase asks the designer to dig into the true origin of the problem
to understand rather than assume everything related to it. Once this knowledge base is developed, the
designer is required to discretize this broad problem into a concrete problem definition that can be
solved. The second diamond concerns the development of a solution for the problem defined at the
end of the first diamond. Again, this starts by diverging (the now concrete) problem into potential
solutions and gathering information, data, and knowledge required to make a substantiated decision
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on the design approach. This solution is then further preprared and executed until a final product is
delivered. In this research, the final delivery will be a prototye of a parametric design tool for bridges.
How this model is integrated in the research is explained in section 2.7.2.

DISCOVER DEFINE DEVELOP DELIVER

Problem SR Ealltion
roblerr Problem Solutior

definition

Figure 6: Double diamond model (University of Copenhagen, n.d.)

1.8.2. Information systems theory

For this research and development study, the IS theory is adopted to provide further structure to the
research setup. The IS concept is closely linked to this research first by the interrelatedness to AM and
BIM and secondly by the design of a new system for generating information as an objective of this
research. The focus of design in information systems is on design of IT artifacts. Markus et al. (2002)
adopt a more practical view of design theories by using these theories to explain the means— ends
relationship as a practical, prescriptively causal mechanism to justify design components. This
definition of IS theory was also embodied in this research through the development of a design tool.
Figure 7 displays the model that is used as a frame of reference throughout this research.

In this framework, the environment defines the problem space in which reside the phenomena of
interest (Simon, 1996). Within this environment, the business needs are assessed and evaluated in the
context of organizational strategies, structure, culture, and existing business processes. They are
positioned relative to existing technology infrastructure, applications, communication architectures,
and development capabilities. Together these define the business need or ‘problem’ as perceived by
the researcher. Given such an articulated business need, IS research is conducted in two
complementary phases. Design science addresses research through the building and evaluation of
artifacts designed to meet the identified business need. Purposeful artifacts are built to address
heretofore unsolved problems. They are evaluated with respect to the utility provided in solving those
problems. In this research, a model artifact is constructed (guideline 1, Figure 8). Models use constructs
to represent a real-world situation — the design problem and its solution space (Simon, 1996). A
differentiation is made between routine design and design research, where routine design refers to
applying existing knowledge to organisational problems using best-practices and design research
addresses important unsolved problems in unique or innovative ways.

In this research, the environment would be described as asset managers of public organisations in the
construction industry that are faced with the digitization transition, CE-transition, and R&R-task. These
challenges form the context for creating the relevance, or business need to improve their asset data
quality and documentation strategy. The knowledge base concerns parametric design & engineering
theory, bridge design and practice, AM practices, and BIM theory. Rigor is achieved by appropriately
applying existing foundations and methodologies on the ‘business needs’ to create the IS. The
development concerns a parametric model for bridge design that is continuously evaluated and refined
using real-world data. Although PEM is not a new method in bridge design, the application that is being
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used in this research has not been done in this scale to the best knowledge of the author. The research
is therefore justified as ‘design research’. Within this framework, the guidelines presented in Figure 8
were continuously kept in mind throughout the research and will be referred to in section 1.8.2.

Guideline Description
Environment |Relevance IS Research Rigor |Knowledge Base | Guideline 1: Design as an Artifact Design-science research must produce a viable artifact in the
: E - form of a construct, a model, a method, or an instantiation.
F;e?ple | = Foundations Guideline 2: Problem Relevance The objective of design-science research is to develop
wfi,;'v:,” o Develop/Build *Theories technology-based solutions to important and relevant
apabilities *Theories ;
*Characteristics Artifacts o business problems.
e «Constructs Guideline 3: Design Evaluation The utility, quality, and efficacy of a design artifact must be
Organizations Business Applicable ‘ rigorously demonstrated via well-executed evaluation
«Strategies Needs Knowledge methads.
> & Culture Assess Refine ns
o8 Guideline 4: Research Contributions | Effective design-science research must provide clear and
Methodologies ven_hab\e contru_butions in the areas of the design artifact,
| design foundations, and/or design methodologies

Technology ‘ Justify/Evaluate | *Data Analysis
SUCHES. K T}:r‘hmqno? Guideline 5: Research Rigor Design-science research relies upon the application of
o rigorous methods in both the construction and evaluation of

eld Study

‘ the design artifact.

‘. *Simulatior | Guideline 6: Design as a Search The search for an effective artifact requires utilizing available
| : Y Process means to reach desired ends while satisfying laws in the
X - problem environment.

Guideline 7: Communication of Design-science research must be presented effectively both

eee— _— Research to technology-oriented as well as management-ariented
Application in the Additions to the audiences.
Appropriate Environment Knowledge Base

Figure 7: IS research framework (Hevner & March, 2004) Figure 8: Guidelines IS framework (Hevner & March, 2004)

1.8.1. Build-measure-learn loop
To build upon the build-and-evaluate loop introduced in the previous section, a framework developed
by Eric Riess (2011) was used: the build-measure-learn loop. This method was used purely for the
development phase of the tool and adopts a perspective of a start-up. The concept is simple, once an
industry problem and a potential solution are identified, the designer forms a set of ‘leap-of-faith-
assumptions’ about the solution space that are required to be

true were the innovation to succeed. After eliminating the

‘low-hanging-fruit’ assumptions through interviews, the /

designer builds a Minimum Viable Product (MVP) to start Learn Build
testing the remaining assumptions. This MVP is to be as basic Build

as possible to validate the assumptions it sets out to test. Mf:::::e )
From this testing/measuring (technical or commercial), the Loop

feedback is used to develop a follow-up MVP to test more
assumptions. By implementing short feedback loops,
ineffective design efforts can be avoided. See Figure 9 for a \ —

visualisation of the method.
Figure 9: Build measure learn loop (Stankevicius, 2018)

1.8.2. Research setup
The research methodology overview is presented in Figure 10. In this graph, the research steps are
indicated in groups (coloured boxes). Additionally, the research sub questions (RSQ) from section 2.3
are linked to the respective sections in which they are (predominantly) addressed, though they will be
answered in the conclusion. In the background, the double diamond model indicates what phase each
research process is located in. Below, each step is discussed individually in more detail.
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1.8.2.1. Literature study (diverge)

The literature study comprises of four sections: ‘The circular construction economy’, ‘The role of
material stock in the CE-transition’, ‘Bridge R&R-task & reuse’ and ‘Asset management in practice —
past, present & future’. Last three mentioned relate to RSQ1 &2. To enforce the findings in this study,
areview of the state-of-the-art on the CE transition was conducted. This study represents the ‘discover’
stage in the double diamond model to obtain more knowledge about the overall problem described in
2.1 and aims to validate its assumptions. A qualitative approach was adopted to obtain the information
for this study, mainly through consultation of literature on the key-concepts and deriving relevant
studies from there, supplemented by (Dutch) national transition pathway documents. The first section
introduces the CE, the recurring theme throughout this research. Then, the research questions are
investigated separately, and related to a second recurring theme: asset management. Finally, the
conclusions were bundled in the summary to present the problem at hand.

1.8.2.2. Interviews (converge)

The next step in this study concerned interviews with asset managers from various public organisations
to validate the literature study findings, assess the data quality and documentation standards, gauge
the ambitions/plans for digitization, reuse realisation, and managing the R&R-task, and performance
demands for a potential artifact. Additionally, W+B experts were interviewed informally regarding
design standards, practices, and industry insights. The interviews were semi-structured to allow for
improvised follow-up questions based on the interviewee’s responses. With permission, the interviews
were recorded for documentation purposes only and have been deleted afterwards. This section marks
the start of the conversion process of ‘defining’ in the double diamond model. Collectively, the
literature study and interviews describe guideline 2 and RSQ2.

1.8.2.3. Desk study tool development (diverge)

Once the problem was defined, a new diverging phase commenced: ‘develop’. Here, a knowledge
platform was constructed within the domain of the development statement by means of a desk study.
This desk study included four sections: structural bridge design courses, bridge data gathering, bridge
decomposition (NEN-2767) standard and BIM theory, and Revit & Dynamo tutorials/workshops.
Courses that were followed included Concrete bridges and Steel Bridges at the TU Delft. This
knowledge platform allowed the author to develop and assess potential solutions on feasibility,
robustness, and impact in the following stages. The intermediate findings of this section are not
directly documented in the report. This research step ensured guideline 5.

1.8.2.4. Opportunity analysis

Next, the opportunity emerging from the problem definition was explored and documented in the
development statement. Then, the ‘market gap’ was analysed by addressing the functionality of PEM
in the context of bridge modelling and a market analysis was performed on existing tools within this
domain to ensure the contribution to the to-be-developed artefact’s domain (guideline 4). Secondly, a
Cost Benefit Analysis (CBA) was conducted using traditional modelling practices for upgrading an
example municipality’s acreage from 2D to 3D and the benefits of 3D centralised AM from the
literature review. These results were later be used as benchmark to quantify the potential artifact’s
performance. Then, ‘leap-of-faith-assumptions’ were drawn up to analyse the business case
dependencies. Consequently, a reusability analysis was conducted on fixed bridge infrastructure and
the elements of the most promising category. Finally, the Level-of-Detail (LOD) requirements for the
tool output (3D BIM models) were drafted by analysing its purpose in practice, that being asset
management, realising circularity and material quantification. In doing these analyses, the artifact’s
utility, quality, and efficacy would be demonstrated (guideline 3), and the solution space was set.
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1.8.2.5. Tool development (converge)

Using the previous steps, the development scope was drafted. This provided the framework for
developing potential solutions and selecting the final design using MCDA. With the selected concept,
multiple development loops were executed as presented in Figure 9, using Revit 2023, Dynamo visual
programming (integrated in Revit), BIM theory and Excel. This software was selected as they are
considered standard practice in the industry. Due to the time constraint for this research, four
development loops were realised as described below. Each development round was concluded with a
customized Verification & Validation (V&V) process based on its respective development goal set. The
end-product of the development process concerns a prototype of the desired tool to demonstrate its
potential in practice before expanding the scope (guideline 6).

1. Basic functionality of a bridge model using (1) pre-modelled family per element, restricted to
the fundamental bridge elements. Technical validation of the concept within modelling
environment and end-goal perspective.

2. Expanding design elements and optioneering possibilities within the tool. Tested against
bridge databases for model robustness.

3. Integrating automated material passports. Tested with BIM-theory and expert knowledge.

4. Increase number of design variants per element to 2 or 3 and optimize runtime efficiency and
usability. Validation on performance metrics with real projects with feedback to users
(designers) and end-user (municipality).

1.8.2.6. Results & recommendations

To conclude, the tool performance was tested against real project data (2D drawings & 3D model)
obtained from design projects at W+B. The quantitative performance metrics included required
modelling time and model accuracy. Moreover, three qualitative metrics were included that assess the
adoptability and adaptability of the tool for additional purposes, and the theoretical robustness of the
design tool using a bridge dataset. Next to testing, a user’s guide was developed to facilitate future
users (designers) to yield consistent results and provide the opportunity to expand the robustness of
the tool by contributing to the family database and script. The user’s guide was developed with the
desired outcome of the tool in mind: large scale adoption in the industry and improving AM and
circularity realisation. In addition to the user’s guide, a white-paper was developed to introduce the
tool to policymakers to push for the use of this tool within organisations to incentivize top-down
implementation. In doing so, adhering to guideline 7. Consequently, the tool’s potential value was
placed in perspective by analysing the future positioning in the market using an implementation
timeline, data availability scenarios, and expert insights from public organisations and W+B. To
conclude this research, a roadmap for asset managers was constructed based on the literature study,
interview findings, and expert knowledge to provide the asset managers in the industry with tangible
steps to execute for efficiently managing the digitization transition, CE-transition, and R&R-task.
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Chapter 2: Literature study

This literature study comprises of five sections. The first section entails a general overview of the
Circular Economy transition within the construction industry, providing context for the industry’s most
radical transition in recent time and lays a foundation for the following chapters. The second section
dives deeper into the role of existing infrastructure in the CE-transition and the impact of material flow
modelling. Next, the bridge Replacement and Renovation (R&R) task is introduced in section three,
which will play a large role in the asset management discipline the upcoming decades. Tied into this
section is the function of reuse in relation to the R&R-task and CE. The fourth section addresses a
recurring theme in the previous sections: the lack of high-quality asset information on existing (bridge)
infrastructure and how this can be explained from a literary perspective. This section also includes an
overview of the ongoing digitization transition and how this affects current- and future asset
management practices. Section five represents a literature review of the state-of-the-art on the CE-
transition to put the findings of sections 1-4 in perspective. A summary of the key findings of the study
is presented in Appendix: A.

2.1. The Circular Economy transition in the construction industry

The construction industry is one of the major contributors of environmental emissions. The involved
processes (resource mining, transportation, manufacturing, construction & operation) and final
disposal cause serious environmental harm, specifically air, soil, and water pollution (Shen, Lu, Yao, &
Wu, 2005). When also taking into account the predicted population growth from 8 to 9.7 billion people
by 2050 (UN, 2022), a middle class population increase from 2 billion to over 4 billion people by 2030
(Kharas, 2017), and the global urbanisation trend, the need for construction will only increase.
Furthermore, the materials become more scarce with time due to the limitation of natural resources
(Hossain, Ng, Antwi-Afari, & Amor, 2020). These findings are counteractive, and a solution needs to be
found as the business-as-usual approach will only enlarge the climate change problems. In the table
below, a variety of sources indicate the magnitude of impact the construction sector has on the
environment and resources. The variation in values can be attributed to the boundary systems adopted
by the researchers. For example, the inclusion of operational phase can increase the emission profile
of buildings significantly, while including developing countries can impact the solid waste output due
to less strict regulations (Probert, Miller, Ip, Beckett, & Schofield, 2010).

Table 1: Construction industry scale impacts on climate

Scale Carbon Resource Solid waste
emissions consumption

Global (Khasreen, Banfill, & Menzies , 2009) 50% 20-50% 50%

Europe (Carvalho, Braganca, & Mateus, 2019) 32-40% 40-50% 25-30%

The table indicates the urgency to mitigate such impacts is urgent and highlights the responsibility the
construction industry carries with respect to the climate change transition. Traditionally, the
construction industry has worked with a linear economy model of the material flows where materials
are ‘taken’ from nature and disposing them after End-of-Life (EoL), as presented in Figure 11. Over the
last decades, a paradigm shift has slowly been taking place in the industry at large, with the adoption
of a CE-model (Benachio & Freitas, 2020). This model aims to keep the materials in a closed loop to
retain their maximum value, therefore with a greater potential of reducing the waste production and
resources extraction for the construction industry (Platform CB'23, 2020). A CE thus contributes to the
comprehensive sustainability task we are facing: combating climate change, loss of biodiversity, and
the overburdening of our planet. Knowing this, the trigger needs to be pulled to fully adopt the CE-
model as soon as possible (Platform CB'23, 2020).
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The new circular construction model is displayed in the right section of Figure 11. The CE-model is
based on 4 principles: reducing raw material usage through rethinking, sharing, or increasing efficiency,
extending lifetimes through reuse and maintenance, increasing recycling technology efficiency to keep
materials in the chain and introducing renewable biobased materials to replace non-renewable and
harmful materials (Transitieteam Circulaire Bouweconomie, 2022). In this model, the taking and
disposing of materials as represented in the linear model are omitted and replaced by biobased
renewable materials, recycling, and reusing materials from the structure at EoL. It is thereby a closed
loop system as materials stay in circulation for the long durations. It is the ambition of the Dutch
national government that the economy should be entirely circular by 2050 and the use of primary raw
materials should be halved by 2030 (Rijksoverheid, 2016).

Linear Economy Model Circular Economy Model

ji I W il i-
Biobasedirenewable Processing of (hali-) 3| Assembly of structure
materials products
—_—
Exiract raw materials Processing of (half-) Assembly of structure Reuse
from nature 7 products .
—
Jcli - jon/
Recs_cllng. ¢ EoL- deconstruction/ | Operational phase
consfruction waste demolition
—_—
Landfilling/incinerating| Demolition of " Operational phase
waste " structure D -
" ]
Material recovery Maintenance/
Recycling losses losses renovation material ¢
= requirements

Figure 11: Linear & circular economy models

In literature, many definitions have been attributed to the term ‘circular economy’. In this research,
the following integrated definition has been adopted for the circular construction economy: “The use
of practices, in all stages of the life cycle of a building or infrastructure, to keep the materials in a closed
loop as long as possible through repair, reuse, and recycling methods Thereby reducing the use of
natural resources in a construction project, all while considering the restorative, regenerative, and
physical limitations of resources within our planets boundaries.” (Abrelpe, 2018) (EMF, 2015).
Considering the deep-rooted methods and the sheer size of the construction industry, as indicated by
the figures in Table 1, this transition is not an easy process by any metric. However, there is increasing
awareness on the value of resources and the importance of using them sensibly, which brings the CE
concept to the frontline for conserving the value of resources and promoting their efficient usage
(Sfakianaki, 2015). This awareness is reflected in the market by a developing movement to reduce
material and energy consumption during the design, construction, operation, and decommissioning
phases, as well as in the academic world by the increased attention in research in recent years
(Hossain, Ng, Antwi-Afari, & Amor, 2020). Despite the increasing awareness, the CE-transition is still in
its early years in the construction industry. Below, first the barriers for adoption are briefly discussed,
followed by the trends, tools, and techniques (or: initiatives).

2.1.1. Barriers for adoption of the circular economy model
For the analysis of the adoption barriers of the CE-model, the PESTEL model was used: or Political,
Economic, Sociological, Technological, Environmental & Legal. Charef et al. (2021) and Wuni (2022)
have conducted a critical reviews of journal papers where barriers for the circular construction
economy were analysed. The key findings of these papers are synthesized in the PESTEL-format with
additions from other studies referred to separately. The full analysis can be found in Appendix: A, with
a summary of each analysis point provided below.
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Political

The major political obstacles are the lagging regulations for enforcing circularity in projects and
standardization of practices. Without regulations, circularity efforts are often the first that fall in
projects. Without standardized practices, project teams are unsure on how to execute circular
concepts in projects as it involves larger risks and uncertainties compared to traditional methods.
Governmental bodies tend to be risk averse as they represent the taxpayer’s money, also leading to
dropping circularity efforts first in projects. Moreover, policymakers generally tend to allocate funds
to projects with short-term benefits for their personal gain, delaying projects with long-term benefits
that are highly necessary for the CE-transition. Due to the decentralized management system in the
Netherlands, a unified approach is lacking, as organisations tend to develop their own agenda’s.

Economic

There is a general lack of budget at governmental bodies to push for circular concepts to be integrated
in ‘all’ projects. Circular projects demand higher upfront costs (for research and measurements) with
benefits that often materialise far in the future, making them uncertain and difficult to quantify.
Consequently, this requires innovation funds to pay for innovative pilots, while these funds are limited.
Moreover, using raw materials is (still) financially more attractive than integrating circularity. As the
construction industry is known for its tight margins, unnecessary risks caused by circular concepts are
generally not welcomed, especially with the global economic trends.

Sociological

The construction industry is traditionally a highly conservative industry, transitioning away from the
deeply rooted methods and practices will take time. Global trends like population growth and
urbanization calls for higher productivity while resource consumption is to be reduced, these trends
are counteractive. Moreover, the perception of reused elements is generally ‘low-quality’, thereby
disincentivizing reuse as safety is the top priority. Decision-makers are often seniors who have worked
their career one way and tend to be slower in adopting the new methods unless it is forced. Similarly,
companies wait until methods and technologies have diffused before making the transition.

Technological

There is a lack of asset data on existing infrastructure that complicates circularity assessments and
projections of the waste streams and secondary material availability. Without this data, it is almost
impossible to realise reuse of elements due to the large uncertainties regarding strength and
dimensions. Recycling companies are currently unable to upcycle concrete, therefore requiring large
amounts of raw materials for civil structures and buildings in the foreseeable future. Moreover,
biobased material research is still too immature to replace raw materials and is physically limited.

Environmental

Reusing materials is mainly constrained to local scales due to the logistic and environmental impact
constraints of transportation, limiting supply and demand. Deconstruction and material separation is
also limited by site constraints and time-sensitiveness. More importantly, there is a projected
imbalance in construction waste output and material demand in the next decades, even when 100%
of materials are upcycled or reused, requiring more raw materials to meet this demand/productivity.

Legal

Integrating reused elements into new designs increases project risk, the traditional liability schemes
can therefore not be used as it exposes the contractor to (too) much risk. Additionally, safety and
functionality standards need to be revised to allow more reused elements in projects. Tender
specifications and awarding criteria are not always aligned with respect to the ambition for circularity
integration in the project, making it difficult for circular bids to win. When parties do win, they often
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refuse to share their data to keep a competitive edge for following projects, thereby slowing down the
transition. Current standard contracts are generally not the most suitable for enabling circularity.

2.1.2. CE-initiatives

With the previously discussed barriers towards the CE, significant initiatives are required to overcome
these barriers. This goal of this section is to provide an overview of some of the main developments
and trends (concepts/technologies/processes) that are being-, or need to be, realised to achieve a
circular economy. It is by no means a complete list of every initiative and should not be construed as
such. With this overview, the reader is informed on the ongoing changes in the context of the
construction industry and the CE-transition, this should provide a knowledge base to have a better
understanding of the concepts discussed in the following sections. It is not the purpose to provide an
in-depth analysis of how these mechanisms work or should be deployed in practice, as this is beyond
the scope of this research.

The CE-transition is driven by client demand, industry action, increasingly strict regulations, and
technological developments (Abrelpe, 2018). The client demand is a market pull mechanism, where
clients (generally public organisations) demand for more circularity integration within their project
specifications and awarding criteria in tenders. Industry action on the other hand is a market push
mechanism, as companies integrate circularity concepts in designs, develop new methods and tools to
push for circularity without it being specifically demanded by clients. Increasingly strict regulations
ensure that the bar for circularity integration is gradually improved, which pushes the industry to find
new solutions to adhere to these regulations. Central in the CE-transition is the development of
technologies that enable the realisation of these new regulations.

Below, the main initiatives are summarized, for more extensive discussion, see Appendix: A. In this
analysis, the main sources were the (Circulaire Bouweconomie, 2018) & (Platform CB'23, 2020),
complemented with literature where indicated. It is recommended to the reader to familiarise with
these concepts in the Appendix before continuing reading, however this is not mandatory.
1. Development of standards and information exchange platforms to increase awareness and
realising a unified approach and knowledge platform within the industry.
2. Rules & regulations for enforcing circularity measurements and integration in projects.
3. Education & training to prepare the current- and future workforce optimally to realise a CE.
4. BIM-based projects for more accurate asset data during operation and Eol, automized
material passport generation & improved reuse communication.
5. Material passports for improved traceability of asset information, circularity performance and
EolL-value.
6. Material databases to centrally store all asset data for improved transition management and
creating a material market for (reused) construction materials.
7. 10-R’s framework to guide both asset managers and project teams in selecting the most
circular pathway.
8. ‘Design for’ — strategies and prefabrication to ensure that structures can be deconstructed,
adapted, and (partly) replaced more efficiently in the future.
9. New contract types & business models that incentivize circular efforts and better fit the new
environment.
10. Research & Development into upscaling and upgrading recycling technologies and biobased
material construction to phase out raw materials faster.
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Considering the variety of initiatives, coherent strategies are required to put this into practice in a
structured manner. There are diverging strategies and agreements written out by organizations on
different scales (UN, EU, national, regional), the objectives for the Dutch construction sector are set
out in the Transitieagenda Circulaire Bouweconomie (2018) and the associated implementation
programme (De Bouwagenda, 2018). Other notable platforms are the Buildings as Material Banks
pathway for a circular future setup by 7 European countries (BAMB, 2020), and Platform Circulair
Bouwen '23 (Platform CB’23, 2020). Despite the differences in target groups, scale, and time-horizon,
they have the same overarching goal and are all necessary to realise a CE in 2050. However, after
analysing their contents, it was concluded that the initiatives predominantly focus on developing a
built environment where circularity is more accessible in the future, while there are remarkably little
concrete efforts in overcoming the lack of data on existing assets that enables short term circularity.

2.2. Material stock & existing infrastructure
This chapter discusses the role of this existing built environment in the CE-transition and the
importance of material flow modelling in relation to transition roadmaps. Then, a deeper dive into
existing material data acquisition methods is conducted to uncover what is missing in practice.

2.2.1. Material stock interaction

Material stock can be divided in two sections: natural material stock and anthropogenic material stock.
The former being materials that are nested in the earth and yet to be extracted (primary materials)
while the latter concerns extracted materials currently stored in infrastructure and other products
developed by humankind. The balance between natural and anthropogenic stock is key in phasing out
raw materials, as together they make up the material availability for construction activities (among
other industries) (Winterstetter, et al., 2021). This relationship is represented in eq. 1. A final
distinction is made between renewable and non-renewable resources, where metals and aggregates
are considered non-renewable while wood and hemp are renewable, or ‘biobased’. Currently,
biobased materials have a share of ~2.1% in the material input in construction (NIBE, 2019).

Material demand = primary materials (NR*) + secondary materials + biobased materials (1)
*NR = Non-Renewable

The larger the anthropogenic stock becomes; the more materials will become available for reuse and
recycling from the built environment in the future (secondary materials). When the secondary material
potential increases, less raw materials are required to meet a certain material demand for
construction. Extracting raw materials is becoming increasingly more difficult due to the
implementation of EU and national regulations, the environmental impacts involved, and resource
depletion; more ores are required to be mined per additional unit of resource (Vieiera, Pensioen,
Goedkoop, & Huijbrechts, 2017). As biobased materials are constrained to planetary limitations and
secondary materials input dependent on the output of the built environment and recycling & reuse
technologies, the only remaining variable to account material demand fluctuations raw material
extraction. Both secondary and renewable resource stocks need to be enlarged to drive down the
dependency and share of non-renewable primary materials in construction. Another solution is to
drive down future material demand, however this is more complicated as it directly impacts quality of
living (Zou & Ergan, 2019). The paradigm needs to shift from extracting resources from mines towards
viewing the existing built environment as a material bank (Capelle, 2019). To do so, structures need
to be deconstructed, elements reused, and the remaining waste materials recovered and recycled
(with high value).
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2.2.1. Material flow modelling
Now that the impact of the existing built environment has been construed, Material Flow Analysis
(MFA) practices are introduced. First the two applications are introduced in the context of the
construction industry, after which two major issues with the current state of material flow modelling
practices are discussed.

2.2.1.1. Global scale

Material flow modelling on a global scale models a region’s (country, EU, world, etc.) balance of
material consumption and production over time, to develop suitable guidelines and regulations. In
such studies, the local aspect of materials is disregarded for simplicity. Global scale models generally
take a smaller representative sample size of a certain dataset (e.g., satellite data area, asset type, etc.)
that is then extrapolated to the entire boundary system using statistical data on the sample data. In
doing so, making assumptions and simplifications of the real world to limit complexity. With this data,
the total anthropogenic material stock can be approximated, and secondary material flows can be
predicted. Combining this with statistical projections on reuse- and recycling rates over time and
material demand predictions based on market trends and data (e.g., housing need, expected
renovations & replacements, etc.), the raw material requirements can be mapped out over time. This
process is schematized on the left side of Figure 12.

The main variables in a global material flow model that can be influenced by policy interventions
concern the recycling and reuse rates and the material demand for construction. With this model,
scenarios can be generated where these variables are simulated over time to obtain a transition
pathway. Based on this information, more realistic roadmaps can be developed, and regulatory and
financial instruments can be implemented in line with the model output to help ensure that the CE-
goals will be met. Moreover, due to the constant changes of development plans, regulations, and
innovations in the industry, this model needs to be updated continuously such that the output
represents reality as accurate as possible, and strategies can be adjusted accordingly. The downside of
this modelling approach is the uncertainty that is involved with extrapolation of data and simplification
of the real world, as shown by the EIB & Metabolic study (2022). To minimize the uncertainty of these
models, more accurate material quantity data of assets is required from bottom-up to increase the
robustness of the dataset.

Global scale Local scale

Boundary system
Asset
managers

Material passports

Real world data Assumptions Recycling/reuse
sample size about real world predictions

! ! !

Statistical analysis
using assst >
characteristics

Engineering
firms

Extrapolation to IPredict future material
boundary system flows using this data

Figure 12: Global and local material flow modelling approaches

2.2.1.2. Local scale
In addition to the MFA on a global scale, it can also be highly valuable on a local scale, for example in
a city. The concept for the local scale is similar to that of a global scale: predict material over time using
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real-world input. The difference is that at a local scale, no assumptions/simplifications are made, and
all the data input must coincide with the real world within the model’s boundary system. Moreover,
the local aspect of the actual materials or assets are documented and physically tracked/predicted
over time. For example, when it is known that a certain share is to be reused at another location,
recycled at a certain plan, or landfilled. This provides the opportunity to set up local circular economies
where material flows are modelled, and supply chains can be tracked and optimized. In the context of
the construction industry, material passports of assets can be used as foundation of the model input.
The local material flow is schematised on the right side of Figure 12.

Both local and global scale material flow models will play a key role in the CE-transition. However,
considering the data input required for local scale models, they are still far from being used in practice.
Looking at global scale models, their role is already set in current CE-transition practices, as material
stock approximation and future material flow predictions are the foundation for developing transition
roadmaps (Transitieteam Circulaire Bouweconomie, 2022). However, there are two issues arising from
using these models that complicate this transition. These are discussed below.

1. Insufficient outgoing materials to meet demand.

Just like any other industry, the construction industry has periods of low and high productivity, often
correlated to the economy. With MFA studies, the historical fluctuation of construction activity and
productivity can be retraced using the construction years and design lifetimes of existing assets and
future material availability predicted. Material demand on the other hand, is more difficult to predict.
Future market conditions, such as material prices or the economy, and the demand for housing and
infrastructure are highly uncertain. However, the replacement and renovation activities of existing
structures can be predicted to a certain degree using asset data. To achieve a fully functional and self-
sustaining CE, the secondary material + biobased material input should always be equal to- or higher
than the material demand, as per eq. 1. Due to the fluctuation in construction activities over time and
relatively unchanged design lifetimes of infrastructure (80-100y), there will also be a fluctuating supply
of outgoing materials that limit the construction activities of the future. For now, raw materials can be
extracted to account for this imbalance, but this will not be allowed anymore in the future due to
restrictions in line with the CE-transition.

Based on a national material flow study that is used in transition roadmaps, theoretical material
deficiencies of 35%, 27% and 13%, in 2019, 2030 and 2050 respectively are predicted for the Dutch
civil sector; assuming business as usual construction activities and a utopian 100% high value
recycling/reuse rate of construction materials (EIB & Metabolic, 2022). Therefore, the raw material
extraction that is required to compensate for this will generate serious emissions, already potentially
harming the environment to an extent that might not be reversible (Gassnes, Lederer, & Fellner, 2020).
Figure 13 displays a Sankey diagram of the material input (left) and output (right) of the Dutch civil
sectorin 2019, clearly showing the imbalance. It must be noted that the primary to secondary material
input ratio paints a misleading picture, as the majority of the secondary share is actually ‘downcycled’
material which is not a sustainable practice in a CE. Similarly, the recycling output share is 97%
downcycling of aggregates used in road foundations (Zuidema, Saitua, & Smit, 2016). For an enlarged
graph and more relevant data on the construction industry’s current material flows, see the synopsis
of the Metabolic & EIB study in Appendix: B. To make this issue worse, CBS (2012) reported that
approximately 68% of the raw material usage in the Netherlands is important from abroad, while even
more concerning: the EU as a whole depends for 90% of its critical material usage on imports from
outside of Europe (European Comission, 2014). This dependency requires the Netherlands (and EU) to
be on the forefront of the CE-transition to limit future impacts on the industries and economy.
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®,

Figure 13: Material input and output flows of the Dutch construction sector in 2019 (EIB & Metabolic, 2022)

2. Lack of material local quantity data

A second issue arises from the lack of material quantity data on existing infrastructure and buildings
(Platform CB'23, 2020). This lack of data makes it difficult to accurately estimate how large the
anthropogenic stock in the built environment is, where these materials exactly are, and when they
become available. In case of the Dutch civil sector, there were specifically large uncertainties involved
due to this lack of data (EIB & Metabolic, 2022), as will be further discussed in section 2.2.2.2. CE-
transition roadmaps use these studies as a guideline for setting circularity goals for phasing out raw
materials, meaning that these roadmaps are based on highly uncertain data which could have
implications on their reliability (Transitieteam Circulaire Bouweconomie, 2022). It is therefore likely
that the goals set in these roadmaps are either overly conservative or ambitious. By using
overestimated data of the existing material stock and future availability resulting from this, it is implied
that there will be a larger secondary material potential through reuse and recycling to meet the future
material demand. Thereby requiring less severe interventions and regulations than what is actually
necessary, causing negative impacts on the environment and CE-transition. The opposite happens
when the material stock is underestimated; the interventions will be too extreme, which could hurt
the industry and economy, considering that the construction sector is responsible for 10% of the GDP
in the Netherlands (Bouwend Nederland, 2022). Moreover, it impacts the recycling industry as there
are large uncertainties on the projected local supply of materials.

To solve these problems, a large database of material passports is required that includes material
guantity & specification, expected EolL-date, EoL-destination (e.g., recycling plant, landfill, or second-
life location), and location (Brunner, 2011). The material passports must be continuously updated to
optimize the exchange of information between the different actors along the value chain and to
coordinate the supply and demand for materials (Heinrich & Lang, 2019). By developing such a
database, the material flow studies can be improved in accuracy and level of detail, which can have
countless of benefits for the CE-transition as well as AM. Additionally, four measures can be considered
to tackle the material shortages:
1. Applying the Refuse, Reduce & Rethink methods more frequently from the 10-R framework.
2. Prioritize reuse to extend the element’s lifetime while recycling technologies are innovated to
upcycle construction materials, so once EolL is reached; materials can be kept in the cycle.
3. Manipulating decommissioning dates of structures through renovations or premature
decommissioning to balance supply.
4. Setting up partnership models with neighbouring countries for material exchange to help
balance the fluctuating supply cycles.
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2.2.2. Data gathering methods for material quantities

There are two potential routes one can take to obtain material quantity data to fill the knowledge gap
on assets, the so-called bottom-up and top-down approaches in material stock estimations. Yang
(2015) defined these approaches as follows: “The bottom-up approach combines inventories of
materials including all service units that contain the certain substance with the material use intensity
in each service unit to quantify the overall material usage. On the other hand, the top-down approach
determines regional material use by multiplying per capita material use and regional population using
national or worldwide data.”. In other words, bottom-up methods look at individual material quantities
of assets and sums them up, while top-down combines statistical information on the built
environment, GIS data and algorithms to obtain estimates. Bottom-up is considered more accurate but
also more time consuming and dependent on information availability from field inspection and/or
construction plans, while top-down methods are prone to oversimplifying the complex built
environment (Oezdemir, Krause, & Hafner, 2017). Which method should be adopted depends on the
need for information and the availability of information on the structure. Below the two are assessed
on their applicability, limitations, and presence in literature in relation to Material Flow Analysis (MFA)
and the CE-transition. Figure 14 contains a general introduction to the methods.
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Figure 14: Top-down vs Bottom-up MFA (Schiller, Muller, & Ortlepp, 2017)

2.2.2.1. Top-down approach

Briefly analysing the top-down method first. Top-down MFA methods generally focus on larger scope
and scales. The top-down approach is often consulted when characterizing the material stock for larger
regions or a country, represented in Sankey diagrams like figures. Top-down MFA studies tend to be
limited by the lack of regional data statistics on material quantities, low data quality (e.g., of satellite
imagery) and overall data uncertainty that could result in very large inaccuracies on a large scale
(Imran, 2020). In addition to the lack of data, there is also a limitation in applicability of data on other
locations due to the variation in cities, regions, and countries with respect to characteristics of the built
environment, causing studies to yield very different results (Heinrich & Lang, 2019). Moreover, due to
the statistical nature of the method, it is often a black box model, limiting its validity (Oezdemir, Krause,
& Hafner, 2017) (Ajayabi, et al., 2019). Benacchio & Freitas (2020) have analysed multiple top-down
MFA-studies and conclude that the usage of top-down MFA methods can be highly valuable for the
CE-transition for estimating material quantities in large regions but require more accurate bottom-up
asset- and material property data to improve the statistical datasets and better estimate the secondary
material potential of the built environment. similar conclusions were obtained by a study by (Haas,
Krausmann, M. Weidenhoger, & Heinz, 2015) (Krausmann, Lauk, Haas, & Weidenhofer, 2018) (Stephan
& Athanassiadis, 2018). This type of information is valuable for developing high-level transition
roadmaps. However, these models cannot predict the time-of-availability of the specific materials in
structures, which is an essential piece of information in realising circular efforts, therefore limiting its
use. Moreover, it was observed that most of the top-down studies are focussed on buildings.
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2.2.2.2. Bottom-up approach
As for bottom-up methods, not many studies have been conducted yet that can be applied on a larger
scale due to the size and complexity of the built environment. The main reason for this being the lack
of data availability on individual assets at public organisations, making the effort an impossible task
without using oversimplifications or assumptions. An example of such a method is the study conducted
by Metabolic & EIB, mentioned in the previous section. The data gathering process can be described
by the following steps:

1. Obtaining production numbers (counts) and construction years of assets from the centralised
platform called the Basisregistratie Grootschalige Topografie (BGT), where all buildings and
assets can be documented with some basic information. This platform is generally incomplete
and not actively maintained by asset managers making the data very unreliable.

2. Using a sample set of assets with high-quality data to characterise the asset type on material
guantities and average lifetime. Extrapolating this data using the data from step 1.

The fallacy with this method is that when the sample set is misrepresentative for the average of that
asset type within the boundary system, the model output is immediately inaccurate due to the
extrapolation. Considering that infrastructure assets are relatively standard in design elements, there
is an opportunity there for AM to improve this method by obtaining more detailed asset data and feed
this into a statistical model that approximates material quantities and average lifetimes. However, this
will require significant efforts from which they do not directly benefit.

In recent times, the digitization transition has blown new life into realizing large scale bottom-up
studies with higher accuracies for obtaining material quantities directly from 3D models. Where
traditionally buildings and had to be modelled manually from 2D drawings, now Artificial Intelligence
(Al) technologies such as image recognition, reality capture cameras, 2D CAD to 3D model generators,
terrestrial laser scanning (Figure 15), digital photogrammetry, and ground penetration radars, often in
harmony with BIM software (Edirisinghe, London, Kalutara, & Aranda-mena, 2017) (Gu, Ergan, &
Akinci, 2014) (Cetin, Gruis, & Straub, 2022) (Hossain & Yeoh, 2018). Figure 16 shows some pros and
cons of these technologies. An issue with most of these methods remains the costs and data-heaviness
of the output. With the large-scale requirements, these methods would require huge investments and
require serious time and computing power to be completed. This is unrealistic for asset owners to
spend their money on currently. For very large, complex/architectural/historic, and one-off structures,
this method might prove to be a more viable option.

Digital Terrestrial Laser Ground Penetration
Photogrammetry Scanning Radar
Relative Accuracy Low (lcmto Im) High (lem to NA
lmm)
Use in Low-light conditions No Yes Yes
Relative Weight Low High Medium
Relative Cost Low High High
Relative Degree of Expertise Low Medium High
Figure 15: Terrestrial 3D scanning Figure 16: Pros & cons 3D scanning (Hossain & Yeoh, 2018)

(Jickling, 2020)

Evidently, the bottom-up method will require new innovations or cost reductions before it will be
superior in terms of efficiency to top-down methods. However, literature shows that while the top-
down method allows macro-scale projections with regard to highlighting the scale of secondary
material potential, it lacks in providing a sound basis for practitioners and policymakers which may
require detailed information for sector specific applications of secondary resources (Arora, Raspall,
Cheah, & Silva, 2020). This last point highlights the need for bottom-up methods.
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2.3. Replacement, Renovation & Reuse of bridge infrastructure

This part of the literature study concerns a deeper dive in the bridge R&R-task and how reuse is
entangled in this enormous challenge the upcoming decades. The R&R-task comes as both a threat
and an opportunity for the CE-transition, which of the two will be dominant relies on how this
transition is managed. First, the background and core characteristics of the task are introduced,
followed by a high-level discussion on the practices and strategies involved to manage the R&R-task.
Next, the obstacles for achieving reuse in practice are discussed. Finally, literature is consulted on the
implementation of reuse in practice and what changes are required compared to current practices.

2.3.1. Introduction to the R&R-task

The civil sector is composed of many asset-types such as locks, bridges, viaducts, tunnels etc., see
Figure 17 (excluding roads). To avoid confusion, it is here emphasized that the term ‘bridge
infrastructure’ will be used as term for both fixed bridges and viaducts alike, moveable bridges will not
be part of this study. The same study also shows the ownership distribution among the public entities
in the Netherlands, with municipalities owning the majority share of (73%), followed by water boards
(17%), Rijkswaterstaat (5.3%, and provinces (3.4%) (Bleijenberg, 2021). The exact number of bridges in
the Netherlands is relatively uncertain as centralised data platforms Basisregistratie Grootschalige
Topografie (BGT) are not actively maintained by all organisations (Bleijenberg, 2021) (EIB & Metabolic,
2022). This problem is mainly caused by the distributed management strategy that is adopted in the
Netherlands, where Rijkswaterstaat, provinces, water authorities, and municipalities all have their own
acreages, assets, and AM strategies. Moreover, it is not uncommon that there is confusion about
ownership of certain assets (Boer, 2022).

Nieuwbouw bruggen, viaducten, tunnels,

Beweegbare brug 8.457 14.226 onderdoorgangen en duikers
Vaste Brug Beton 34.389 19.283 40.000
Vaste Brug Staal 10.034 13.538

Vaste Brug Hout 31.693 8.885 =
Tunnels en 3.042 9.119 =1
onderdoorgangen T
Duikers 82.642 2.108 k3
Damwanden 779 km 2.961 E
Sluizen 2,011 239
Gemalen 7.792 448

Kades en steigers 2.423 km 1.939

Stuwen 33.154 249

Overkluizing 182 55

Totaal 73.049

Figure 17: R&R civil structures overview (Bleijenberg, 2021)  Figure 18: Bridge constructions over time (Bleijenberg, 2021)

Out of all the civil structures, bridge infrastructure is specifically interesting due to their large count,
value, average weight, and the fact that many of them will be at their EoL in the near future (2040-
2060) (Schaafsma, 2022). This task requires large renovation or replacement investments, displayed in
the right column of figure, showing that fixed bridges make up over 57% of the 73 billion Euro
renovation costs of civil works (Klatter, 2022). To compare, the Bruggencampus (2022) estimates a
total of 80 billion Euros (excl. 16 billion Euros of failure costs). From the 75.300 fixed bridges included
in the material flow study by EIB & Metabolic (2022), a total weight of over 125.000 ktonnes was
estimated, or 62% of all the civil artworks, while Bruggencampus (2022) estimates 200.000 ktonnes of
materials will be required as well as produced in waste materials. Lastly, the material flow study by EIB
& Metabolic (2022) presented a distribution of materials for fixed bridges (excl. viaducts) of 83.3%,
9.3%, and 7.4% for concrete, steel, and timber bridges respectively, compared to 45.2%, 41.6%, and
13.2% as reported by (Bleijenberg, 2021). Despite the uncertainty involved in these estimates, these
figures still indicate the relatively large economic and environmental impact that bridges have within
the infrastructure sector. Especially considering that surrounding countries face similar issues, for
example Germany (Bridgeweb, 2021).
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After World War Il there was a surge in construction activities, much infrastructure (including bridges)
had to be (re-)built in a short period of time. This surge continued due to the growth of automobile
adoption and demand for accessibility (Klatter, 2022), as can be discerned from Figure 18. With the
average design lifetime of approximately 80-100 years (Offenbeek, 2022) (Nicolai, 2019), it is expected
that many bridges need to be decommissioned due to technical safety concerns between 2035 and
2060. That is, when the bridges are constructed- and maintained properly with load cases true to what
was predicted in the design. In practice, traffic bridges often do not fulfil their design lifetime for
functional reasons. Functional changes include an increase in traffic intensity, maximum truck loading,
and changes in axles compared to what it was designed for (Florida department of transportation,
2000), thereby causing accelerated deterioration of the bridge and uncertainty on the structural
integrity, which is dangerous. Functional changes could also mean expansion plans for the bridge or
spatial design changes of the surrounding area. Conversely, practice has shown that as concrete
hardens with time, the recalculations often show that this hardening extends the lifetime of the bridge
(Janssen, 2022). This gives asset managers two choices, either invest in structural recalculations
(expensive), or take the conservative route and decommission the bridge prematurely (lost value).
Either way, a decommissioning peak can be expected in the upcoming decades (Figure 19, blue line).
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Figure 19: Decommissioning projections bridges (Schaafsma, 2022) Figure 20: Distribution in civil works

(Bleijenberg, 2021)

It is expected that the required contractors capacity to execute so many construction,
demolition/deconstruction, and renovation jobs in such a short time window, is simply not there (De
bouwcampus, 2022) (Klatter, 2022). Therefore, action is required now to spread out this peak by
delaying or retracting decommissioning dates through interventions such as renovating, maintenance,
enhancements, or premature decommissioning to ensure that accessibility and safety are impacted
minimally (green line, Figure 19) (Schaafsma, 2022). In addition to the physical and economic
challenges, construction projects must adhere to increasingly strict sustainability & circularity criteria
as discussed in Chapter 2.1, complicating the execution even more. Looking at the plot in Figure 20,
the distribution of civil artworks in the Netherlands is displayed. This shows the correlation between
population density & surface water exposure with the need for civil artworks (Bleijenberg, 2021). This
is highly problematic as considering that the construction exemption for temporarily exceeding
nitrogen emissions is retracted by the Council of State (BouwTotaal, 2022). Finally, there is the
ambition within the EU to become less dependent on importing resources, making reuse an
increasingly urgent topic in this task (Rijksoverheid, 2022). To manage all these challenges in the
upcoming decades will require innovative solutions, new AM strategies, and collaboration to solve this
problem.
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2.3.2. Asset End-of-Life practices

For asset managers, this challenge will be the most impactful, considering the little effort these civil
infrastructures required over their lifetime, as maintenance increases with asset life (Frangopol & Liu,
2007). As concluded by (Klatter, 2022), AM strategies need to shift from reactive to proactive. Asset
managers should always use the 10R-ladder (see Figure 21) when assessing what to do with an asset,
as discussed Chapter 2.1. However, this is not yet standardized practice across the industry (Kishna,
Rood, & Prins, 2019). One of the major issues with putting this framework into practice is that the
actual condition of the asset is relatively uncertain due to lack of asset data quality and monitoring
(Bleijenberg, 2021). Without such information the remaining lifetime of the asset, or its individual
components, is difficult to assess, which in turn complicates the application of high ‘R-strategies’.

Circular Strategies
SCOROmY Make praduct redundant by abandoning its function or by
Smarter offering the same function with a radically different product 0STS
(e
product \(\P‘\‘ Ky
use and Make product use more intensive (e.g. by sharing product) g @QL
manu- %
facture Increase efficiency in product manufacture or use by consu- Q
ming fewer natural resourcas and materials OO
Reuse by another consumer of discarded product which is A
still in good condition and fulfils its original function » i
Repair and maintenance of defective product so it can be 'l7r
Extend used with Its original function 9
lifespan of et} 2
product Restore an old product and bring it up to date % |_ l F E C YC L E
and its 0o 3
rts of discarded product duct with th (o183
parts g;;g?m;scﬁmﬁcar led product in a new product with the Q\f,\ C O S T | N G &5
° N
Use discarded product or its parts in a new product with a "’Ae
different function ’_)e
Useful Process materials to obtain the same (high grade) or lower 2
application (low grade) quality ODEQ
of mate- ATING cosTS
rials Incineration of material with energy recovery
Linear
economy
Figure 21: 10-R strategies Figure 22: Life Cycle Costing Analysis (OneClickLCA, n.

In the context of AM, the Refuse, Reduce, and Rethink set of measures imply that when bridges are
selected for potential decommissioning based on functional grounds, it must first be assessed if the
functional change is necessary (refuse), if restricting heavy vehicles can solve the problem (reduce) or
if the traffic around the bridge can be redirected to a stronger bridge (rethink). These are examples
that could dismiss the case of decommissioning or delay the decision, thereby extending the structures
functional lifetime. These measures are not always possible but should be considered first. Secondly,
contradictory to the framework, Repair or Renovation/Refurbish (enhancement) should be considered
to extend the asset’s lifetime by modifying the asset such that it can serve under the new functional
purpose with sufficient lifetime to make it a profitable investment. In doing so, postponing the
replacement task and (generally) using less resources in the process but increasing the maintenance
activities for the remainder of the asset’s lifetime.

Replacement is often the last option, this involves demolition or deconstruction of the asset and
rebuilding a new bridge on the same location to maintain the accessibility of the network. In this
process, Reuse has the largest priority, followed by Recycle and Recover. Despite the high recycling
percentage in the construction industry, this method is actually not sustainable for a CE, as noted in
section 2.2. Which route is the best to take depends on the Life Cycle Costing Analysis (LCCA) outcome,
see Figure 22. LCCA has been defined by ISO15686-1:2011 as “a technique which enables comparative
cost assessments to be made over a specified period of time, taking into account all relevant economic
factors both in terms of initial costs and future operational costs” (International Organization for
Standardization, 2011). LCCA is an objective method for measuring and managing the lifetime costs of
any project or asset. In construction, it enables more robust design options to be compared from a
lifetime perspective to reduce overall lifecycle costs compared to Return on Investment based
calculations (OneClickLCA, n.d.). The three options for asset managers are displayed in Figure 23.
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Figure 23: Eol options for asset managers

Based on conversations with practitioners, the current strategy for assessing the acreage can be
generalised by the following steps:

1. Periodicinspections of assets (often not frequent enough considering structure’s age).

2. Annual assessments of the entire acreage using inspection reports.

3. Note down the assets with alarming characteristics (functional reasons, poor condition,

low remaining lifetime, etc.) within the next 3-years.
4. Make plan for the most urgent replacements or renovations.
5. Repeat.

Even when applying the 10-R framework properly, it is easy to see why this strategy will cause
problems if maintained: the problem is only delayed and once the decommissioning peak comes it is
too late to get the funding or capacity to tackle the task, causing unavailability of infrastructure or
unsafe situations. In many cases of replacement, the technical design lifetime (i.e., ~80 years, until the
asset becomes unsafe to use as deterioration is too severe to maintain as per design) is not completed
due to changes in functional requirements. It is estimated that approximately 70-80% of the bridges
currently nominated for decommissioning within Rijkswaterstaat’s acreage, have not yet reached their
design lifetime, meaning that there is still plenty performance left in the structure (Offenbeek, 2022)
(Nicolai, 2019). Figure 24 shows an average remaining lifetime of 30-40 years when assuming an 80-
year design lifetime (standard before 2005, now 100y (Wouter Truffino, 2013)), proper maintenance,
and limited additional degradation due to functional changes. This remaining lifetime even increases
when the bridge (element) is reused on a location with a lower loading profile.
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Figure 24: Lifetime bridges (Nicolai, 2019)

The important question remains how many years of the design lifetime are reduced because of this
increased loading over time. The answer requires structural recalculations for vehicle bridges, while
for foot- and cycling bridges degradation models based on inspection data will suffice as the loading
profile has not changed much (Janssen, 2022). These recalculations can be conducted on different
levels of detail, each level requiring more accurate asset data (Janssen, 2022), once again highlighting
the importance of good asset data quality and documentation on the structures’ condition, geometry
(drawings), material, construction details, and actual load cases compared to what it was designed for.
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With this information, the remaining lifetime of the individual elements can be estimated more
accurately, which is essential information for the LCCA of the different EoL alternatives previously
discussed. In doing so, a better overview of the activity timeline for renovations and replacements can
be obtained which could lead to valuable insights for allocating capital and decision making on when
to execute apply the restrict, renovate, or replace strategies to flatten the peak.

To conclude, with the knowledge on the remaining technical performance of the structures and their
expected decommissioning dates, a door is opened for the exploration of reusing elements in case of
functional replacement and the technical performance is sufficient to make a business case. However,
technical replacement does not always imply that the entire structure’s elements are at their technical
EoL, as the changed loading profile mainly affects the main load bearing system (deck + girders)
(Janssen, 2022), leaving an opportunity for substructure reuse, more on this later. Without accurate
technical information on the asset, a business case cannot be made due to the uncertainty involved
and potentially costly consequences of structural failure (Copper8, 2022) (Delgado & Oyedele, 2020).
Reuse of bridge elements will play a key role in the R&R-task, as most of the replacements will occur
between 2040-2060 and the construction industry should already have realised at least a 50%
reduction in primary material usage by then according to the CE-goals (Rijksoverheid, 2016). Even more
so, as upcycling of construction materials on a large scale are far from reality currently (Buthak, Karp-
Kreglicka, Krysiak, & Boruc, 2022). Because of this importance of reuse, quality asset data should
become a top priority for asset managers.

2.3.3. Reuse barriers CE

The Netherlands is widely regarded as the ‘champion’ when it comes to realising the CE. This status
originates from their dependency on raw materials which makes them vulnerable (68% import) (CBS,
2012), but also because of a government push and a willing market (Rijkswaterstaat, 2022). As already
determined in Chapter 2.1, the problem with realising this is often that the companies don’t know how
to put innovative circular theories into practice or are constrained by the client’s requirements and
their own profit margins (Copper8, 2022) (Delgado & Oyedele, 2020). As of now, not many reuse
activities are executed as it involves a lot of risk, research and costs compared to traditional practices
(Kanters, 2022). However, some flagship reuse projects lead the way such as the bridge in Vianen
(Teeuw & Dijcker, 2017) or the Van Brienenoord bridge (Delrue, 2022) while other smaller projects
have implemented reused elements already too. Furthermore, Rijkswaterstaat initiates Small Business
Innovation Research (SBIR) competitions for improving reuse in bridges and the ministry of
infrastructure has developed a multi-year programme for infrastructure spatial development and
transport with respect to the CE-transition (Transitieteam Circulaire Bouweconomie, 2022). Despite
these initiatives, it can be concluded that reuse is far from standardized as an option when
decommissioning is announced, this is caused by the obstacles discussed in this section (in addition to
those mentioned in Chapter 2.1).

In the context of this study, the adoption barriers for realising reuse in practice are important for
understanding the underlying problem as well as contributing to defining the solution space for the
development phase. The obstacles for reuse can be summarized into four main categories: lack of
knowledge & incentives in practice, lack of data, unbalanced supply and demand, and limited
application methods of elements (Brouwer, 2022). Figure 25 provides a synthesis of the full analysis
with sources in Appendix: C, where each category is subdivided into items contributing to the
overarching obstacles. This analysis aimed to capture the problem as accurately and completely as
possible within the scope of this research and the Dutch construction industry. However, it is noted
that this is not a complete in-depth analysis of all the contributors to this problem.
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Lack of knowledge & incentives in practice Lack of data

- Not standardized part of design methodology to | - Insufficient details/data on elements in reuse
integrate 'imperfect’ elements. databazes.

- Reuse is perceived as more risky, costly, and - Absence of exact geometry and modelied
time consuming for contractors. elements in design software.

- Transportation and storage constraints. - Lack of accurate data on condition & structural

- Financial attractiveness of demolition as existing state due to functional changes over time.
structures are not designed for deconstruction. - Missing maintenance records over time.

- Reused elements often incompatible with - Uncertainty on time-of-availability of elements.

existing design standards.
- Lack of incentives for reuse through tender
criteria & contracts.

Unbalanced supply & demand Lack of applications

- Unpredictable supply due to lack of data and
costs involved to obtain this data.

- Low demand due to unfamiliarity with designing
around reusable elements.

- Lack of standardization in projects limits demand

- Organisations tend to limit to intra-organizational
reuse.

- Over-supply makes it not financially attractive
for AM to obtain quality data.

- Over-demand results in skyrocketing prices for
reused elements, making exploration
financially unattractive.

- New field of research, currently limited to girders.

- Most bridge elements are limited to reuse with
the same functional purpose (high-value reuse).

- Lack of low-value applications for elements.

- Over-dimensioning of structural elements is a
waste of material.

- Low demand limits the applicability of elements.

Figure 25: Overview adoption barriers for reuse

One barrier that is discussed further here concerns the state of reuse/material databases, as this can
be highly dependent on country. At the time of this research, the author has identified three existing
platforms for (bridge) reuse in the Netherlands, while more are currently under development (e.g.,
Revelop by SWECO (2022)). The largest database is MADASTER (2023) this platform is a central
database for material passports and can in the future function as an exchange platform/market for
materials. However, this is currently not a reality and does not offer intuitive reuse opportunities for
project designers. The other two databases are purposely designed to realise reuse and are therefore
of interest to this study, these are (Bruggen bank, 2023) and (Duspot, 2023). Duspot is a matching tool
for supply and demand for any reusable element, while Bruggenbank is an open database explicitly
aimed at bridge infrastructure elements. Therefore, Bruggenbank provides the most representative
perspective on the current state of information supply for such databases. At time of research — March
2023 —a total of 22 entries were in the database, ranging from smaller sets of girders to smaller bridges
and varying availability timeslots, see Figure 26. After analysing this database, it was observed that
information supply lacked for the majority of these bridges. Material input included: length, width,
material, fixed/moveable, time of availability, and photos. For two entries, a picture of a 3D model was
included which would hint at more detailed information upon request. This brief analysis confirms the
study’s findings and highlights a need for more detailed asset data for reuse realisation.

Beschikbare bruggen en onderdelen (22)

Circulaire composieten trogligger brug Circulaire composieten trogligger brug Stalen brug - gebruikt In havens
(212) (1/2) 9 viis
9 Rotterdam ® Rotter

terdam

Voormalige noodbrug ® n Composiet fietsbrug Composiet fietsbruggen - 2x

beschikbaar

9 Noord-Holland

Figure 26: Bruggenbank reuse offers snapshot March 2023
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2.3.4. Reuse methodology for AM
The previous section has displayed the many obstacles that need to be overcome to realise an efficient
reuse economy. One of the key barriers being the lack of high-quality asset data originating from AM.
This section aims to translate these barriers into concrete actions that need to happen from the AM
perspective from a theoretical point of view to enable more reuse in practice. To do this, the ‘Close
the Loop’ concept developed by NEBEST and Van den Berg (2019) was adopted as primary inspiration,
see Figure 27. This concept was expanded on to address the needs for the R&R-task.

Areaal kennis
herbruikbaarheid
van materiaal?

Herbruik-
baarheids-
scan

van viaduct

CLOSING
THE LOOP

Circulair
ontwerpconcept

Bouw viaduct

Figure 27: Closing the loop framework (NEBEST, 2021)

This concept was selected because of its focus on bridge infrastructure, and it addresses what is mostly
missing in current roadmaps and literature (see Section 2.5): the front-end AM inventorying of asset
data. Moreover, it aligns with the needs for the previously described R&R-task, which also requires
inventorying of assets and structural assessments of ageing assets. This section will present a brief
overview of the steps for realising a reuse economy within an asset-owning organisation. Appendix: D
provides notes on each step with more explanation on the processes and outputs, as well as some
nuance to the steps with respect to practice. This concept is also used for the roadmap in Chapter 6.

1. Inventorying the circularity potential of the acreage
The first step (on top in the chart) is about gaining knowledge on circularity potential of materials and
elements within the acreage.

i A framework is to be constructed on how certain elements can be reused, recovered, and
recycled in theory, to execute step two consistently. A similar effort has already been initiated
in this study for concrete bridges in section 2.3.2. this framework concerns deconstruction
practices, as well as logistics and applicability of construction elements.

ii. Next, the acreage needs to be inventoried in greater detail with respect to the actual
decompositions of assets and characteristics, preferably with geometry data (3D models).
Based on this data, step 2 can be executed.

iii.  Centrally documenting the asset data (preferably in 3D) obtained in the previous point to
improve data accessibility and traceability for step 2 and communicative purposes.

2. Reusability scanning
The second step concerns the execution of reusability scans on the assets using the asset information
obtained in step 1. Tools are currently in development to efficiently assess the circularity potential of
individual elements (Sykes, 2023). The better the data quality of the asset, the more certainty can be
attributed to this scan. Potential elements can be identified by using the framework developed in step
1. For reusability, it could be that additional tests are required to gauge the remaining strength by
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means of structural recalculations (potentially including site tests, depending on data quality) or
degradation models. The steps for this stage are summarized in the three items:

i Reusability scans based on design characteristics, inspection data, maintenance history, and
degradation models.

ii.  Structural recalculations/degradation modelling for bridges with altered function
requirements to obtain more accurate insights on remaining strength/lifetime valuations of
the assets for reusability purposes.

iii. Reusable elements’ data should be uploaded to reuse databases to improve the link between
supply and demand, such as Bruggenbank, Duspot & Madaster.

3. Circular design concepts in projects
The third step is making sure that reuse is part of the design methodology of all construction projects.
For clients (and contractors/designers/engineers as an extension of that) the following initiatives
should be standardized:

i Incentivizing reuse in tender specifications/criteria and contracts. Shifting from cost-
dominated awarding criteria towards environmental/sustainability-dominated awarding
criteria. Using ECl-values to quantify environmental benefits by subtracting a fictional amount
from the bid, specifying a set amount of reused material share (Transitieteam Circulaire
Bouweconomie, 2022).

ii. Revising the risk allocation standards proportional to the party’s ability to carry the increased
risk involved in projects with reused elements (Bao, Lu, Chi, Yuan, & Hao, 2019).

iii. Implementing Early Contractor Involvement models to improve the feasibility of circular
design solutions (Kreike, 2022).

iv.  Standardizing reuse exploration in the design phase as an iterative process where elements
from reuse databases are (attempted to be) integrated in- and adjusted for the design.
(Kanters, 2022).

v.  Conducting Life-Cycle-Costing Analyses (LCCA) to assess whether reuse is the best option for
the functional purpose of the asset (Heralova, 2017).

vi.  Centralise Industrial, Flexible and Deconstructable (IFD) methodology in the design, to
optimize construction, replacements, and deconstruction at EoL (NEN, 2022).

4. Construction & reuse
The construction of one project is closely intertwined with the decommissioning of another where the
elements are harvested. The dismantlement date of the existing structure generally occurs 1-3 years
after the decommissioning announcement, this is because a replacement must be tendered out and
be ready for construction to maximize availability of the asset. As for the new (other) project, the
construction can start the earliest when the elements become available (and have been maintained &
adjusted if necessary), this is represented by the red arrow in Figure 28. Below four processes are listed
that require change. Storage

i.  Scheduling decommissioning dates sufficiently
ahead of time to ensure availability for users.

ii.  Active communication lines and trust between
asset owner and project manager should be
maintained to minimize unexpected delays.

iii.  Setting up local material depots for harvested
elements to ensure longer availability for
projects.

iv. Transport  (permitting), maintenance/repair,
potential adjustments, and storage to connect the
element from its harvested location to its new
purpose.

structure
lifecycle

Figure 28: Overlap of storage for reuse realisation
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2.4, Asset management in practice — past, present & future
The previous two sections have uncovered an urgent information need on existing infrastructure to
better manage the CE-transition and R&R-task. This study has shown that AM is intertwined in both
challenges. Here, the cause for this lack of asset data is discussed, followed by a discussion on what
the future holds for asset management practices and how this transition might impact current-day
decision-making. The findings in this chapter are based on literature and expert knowledge, the
subsequent chapter will aim to validate this with practice through interviews.

2.4.1. Asset management tasks

Infrastructure Asset Management (AM) is defined by Christiansen (2020) as “the process of organizing
the step-by-step method of developing or obtaining, operation and maintenance, renewal or
upgrading, and disposal of an organisation’s assets” (Christiansen, 2020). AM can be summarised in
two main tasks: asset procurement/disposal and asset tracking & maintenance. Asset procurement
involves the initiation for new assets, replacements (including disposal), or renovations. Once the
projects are completed, the handover of construction data is to be documented in the AM system of
the organisation. That is when the operational phase of the asset commences, where the goal is to
maintain peak performance throughout the asset life cycle, with minimal downtime (Tyrrell, 2022).
Activities include ensuring that all assets are inspected periodically according to what is prescribed by
standards, monitoring its condition (including remaining lifetime), overseeing maintenance activities
based on these inspection reports, and documenting & updating the data in the AM system. In addition
to these tasks on an individual level, AM also includes managing the asset portfolio. For example, the
previously discussed R&R-timeline for bridges to decrease the expected decommissioning peak or
planning and executing the long-term vision for the acreage. The quality of AM entirely depends on
the asset data availability and how this data is documented and maintained over time, as this
influences the decision-making. Next, an analysis is provided on the cause for this absence of asset
data when its use is evident.

2.4.2. Digitization transition for AM

Starting by looking back in time, design and construction methods have changed quite a bit throughout
the last centuries. 200 years ago, construction drawings were made by hand in 2D, the construction
time was often years, and the materials were procured as was required on site. 100 years ago, not
much had changed besides increasing experience in construction resulted in lower construction times
and materials were estimated using the 2D drawings, still very inaccurate but it decreased the lead
time (Quirk, 2012). Since the 1980’s, 2D Computer Aided Design (CAD) software was adopted by the
market, replacing hand drawings (Digital school, n.d.). Starting in the 1990’s 3D modelling was
introduced, but to date it has not fully replaced 2D drawings due to various reasons (Creative
Mechisms, 2015). In the 2000’s, BIM slowly started making its introduction to improve both the design
phase and asset documentation quality for the operational phase (Wierzbicki, de Silva, & Krug, 2011).
Based on this brief overview, the digitization trend is clearly visible, however the technology adoption
generally takes a long time compared to other industries due to its conservativeness (Easen, 2017).
Both the design- and documentation changes over time are visualised in Figure 29.

Nowadays, it is evident that more data (digitization) allows for better informed decision making and
management, automation possibilities, condition monitoring, and the list of potential benefits goes on
as studied by (Ghaffarianhoseini, et al., 2017). The extra effort that is required to measure and digitally
document data during the design and execution phases are paid back by the benefits obtained over
the operational lifetime and Eol of the asset (a positive return on investment) (Giel & Issa, 2013).
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Guzzetti et al. (2021) state that BIM is an extremely advanced and necessary method for the
digitization process in the construction sector and its considerable diffusion is evident. This transition
was perpetuated by the COVID pandemic, where remote management was asked, requiring
digitization of project information and data (Orzet & Wolniak, 2022). Besides the digitization pull due
to COVID, another factor that plays a role is the context of sustainability. As found in the previous
chapters, this transition requires a lot of asset data that tracks all the materials over time. This demand
for data also pulls the market towards recording, measuring and documenting data with benefits for
management, operation, maintenance and EoL. However, the products of the digitization transition
are predominantly applied on ‘new’ projects, not on existing asset data (Guzzetti, Anyabolu, Biolo, &
D’Ambrosio, 2021). This causes an ever-growing gap between AM quality of existing structures and
new ones.

i ,

S R e

<1980 1980-now 2000-now
Figure 29: Overview of asset documentation standards over time

2.4.3. Lack of data documentation

Before the Brundtland report in 2000, sustainability and circularity had little priority in projects as
reflected by the principles, standardizations, and applications in place (Krigsvoll , Fumo, & Morbiducci
, 2010). Because of this, it did not matter how much, or what type of material was used, as there was
no sight on resource scarcity or repercussions for the environment, as long as the requirements were
fulfilled with the lowest possible costs. Similarly, asset documentation for improved monitoring, asset
durability, and EoL-value was of limited importance, as structures were designed and constructed with
the perception that most materials would end up in landfills once they were deemed unsafe and
unfixable within reasonable costs (Yang, 2022). Moreover, tools to efficiently measure and document
all this data were simply not available at the time, making it a lot of effort for something that would be
used minimally. Until the recent CE-transition, this detailed data was also not requested by the client
as AM is mainly focused on the short-term by adopting a reactive maintenance strategy based on
periodic inspections (Lunenborg, 2022). Moreover, the construction sector is generally known for its
small margins and high competitiveness, this also did not allow for extra costs without certain (short-
term) benefits.

As the previous paragraph indicates, there was no incentive or possibility to document the information
demand required today. This leaves the asset owners of structures built before 2000 generally only
with 2D drawings, either by hand or computer, project specifications, and sometimes asset databases
with historical maintenance data (Abdirad & Sturts Dossick, 2020). This documentation ended up in an
archive (perhaps more recently in a digitised form in an online database), with little intention to be
used. With time and many asset manager changes, a lot of (tacit) information was lost compared to
what was known or could have been measured during construction (Lunenborg, 2022). It could be that
additional information was collected through maintenance activities, however due to the often already
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poor documentation strategy this information was often also lost. Despite its clear need, very little is
published in research and practice that addresses the methods for collecting and updating reliable and
verifiable data for assets in existing facilities and infrastructure (Abdirad & Sturts Dossick, 2020). The
author furthermore suggests that the existing infrastructure needs to be upgraded to BIM, with data
collection practices to fill the information gaps. In the future, Artificial Intelligence (Al) can play a role
in generating and using this data, however this is still in the future (Rampini & Re Cecconi, 2022).

The graph in Figure 30, emphasizes this lack of data availability. The figure represents
Rijkswaterstaat’s Data Informatie Systeem Kunstwerken (DISK) for the types of main load bearing
systems within their acreage, it can be derived that for 50% of its bridge structures this information is
lacking. Considering that it is widely accepted that Rijkswaterstaat has one of the best documentation
standards among the administrative layers in the Netherlands, there is cause for concern (Visser,
2022). Brouwer (2022) has also conducted interviews with Dutch industry experts and asset owners,
this showed that that there currently is a lack of overview on both currently stored elements/materials
in infrastructure assets as well as when these become available. Due to the highly distributed
management system in the Netherlands, it is very likely that there are large variations in management
strategies and systems among them, making large scale data _

studies even more complicated. There is still a large task ahead ..., -
for the industry to upgrade its existing asset data. Especially for
bridges in the lower road networks, often designed for the
lower load classes and maintained by municipalities, the
documentation is missing (Harrewijn, 2019). This brief
assessment has shown the cause for the lack of information
documentation, that being an absence of information need at
time of construction and lack of technology to cost-efficiently
document this data, with the former being most dominant. The
minimalistic approach of asset owners now causes problems for
current CE- and R&R-task challenges.

Y, DR | P

Figure 30: RWS MLBS types (Brouwer, 2022)

2.4.4. Digitization transition for asset management practices
As was proven in the previous section, the digitization transition has heavily impacted the construction
industry and AM practices. Digital technologies are considered enablers of CE implementation in the
built environment (Cetin, Gruis, & Straub, 2022). While literature mainly focuses on conceptual or
review studies examining the role of digital tools (e.g., material passport and BIM) to close the material
loops, there is a lack of understanding of how digital technologies are implemented in real-life and
whether they offer value to the industry actors (Cetin, Gruis, & Straub, 2022). This section aims to look
at the current digital developments in relation to AM and the CE-transition in the construction industry
and how they might play a role in the future, putting the findings of the previous section in perspective.

2.4.4.1. 2D centralised asset management

Digital tools are constantly being developed and enhanced to improve AM efficiencies and decreasing
the traditional issues in the construction industry surrounding data documentation and
communication (Roberts, Parn, Edwards, & Aigbavboa, 2018). The current standard for AM tools is
described in this research as ‘2D-centralised AM’, as will be elaborated below. This description
concerns the current potential and objective of most asset managers using the tools currently
available, it is by no means a representation of the average AM practice in the Dutch industry. Most
organisations in the Netherlands use the example tool or something similar but cannot use it to its
potential due to data incompleteness and fragmentation (Halfawy, 2008).
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2D centralised AM requires all asset data to be stored in a single cloud-based system, (e.g.: IAsset) see
Figure 31. Assets are characterised by dots on the map which can be accessed via the register on the
left or from the 2D map. Each asset has a material passport tab that displays the basic data conform
to the user’s needs (for example: general information, coordinates, classification, photo’s, comments,
inspections, maintenance, and archive). Besides that, there are tabs for maintenance history and
scheduling of the entire acreage, decomposition of the assets and acreage, and a directory for technical
drawings (2D or 3D) and specifications. However, these tabs are often found empty. Additionally, an
analysis tool needs to be implemented to conduct data analyses across the entire asset portfolio (e.g.,
for maintenance operations optimization). This functionality is often still missing in the existing
platforms but can be executed using third-party tools (e.g., Excel). With this approach, the essential
AM tasks discussed previously can be executed.
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Figure 31: 2D centralised asset management — IAsset (IAsset, 2022)

2.4.4.2. BIM & digital twins

The main development in the construction industry regarding the digitization transition concerns BIM
(already introduced in Chapter 2.1 and Appendix: A). BIM is increasingly standardized within the
industry and is now mainly applied to the design- and construction phases. AM is now progressively
gaining considerable academic and practitioner interest particularly in terms of exploiting the
beneficial implications of BIM implementation (Roberts, Parn, Edwards, & Aigbavboa, 2018). Parn et
al. (2017) suggest that BIM is displacing traditional construction industry practices and replacing them
with virtual communities of practice. This is particularly relevant for AM organisations that see
technological development as a vehicle for delivering increased efficiency and value (Love, Jingyang,
Matthews, & Harbin, 2016). Mohandes et al. (2014) contend that the data management potential of
BIM affords a panacea to AM issues inherent within the ever-increasing quantity and complexity of
information gathered throughout a structure’s lifecycle.

The main difference for AM concerns the data quality at handover, which is a 3D model filled with
object data instead of large folders with (often unorganised) 2D drawings and project specifications
(Visser, 2022). When the 3D BIM is updated with as-built information after construction finalisation,
the model can be considered a digital twin, or: a digital representation of the physical structure. Figure
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32 displays an overview of the benefits digital twins bring to the table. The concept of a digital twin
can be enhanced by integrating sensors in the structure that help monitor the condition and allow
simulations based on real-time data, e.g., for preventive maintenance (IBM, 2022). Currently, the
development of digital twins within the construction industry is still in its infancy compared to
manufacturing or automotive industries (De-Graft , Perera, Osei-Kyei , & Rashidi, 2021). This can be
explained by the facts that BIM is generally only applied in new projects where all information is
available (Mohandes, Hamid, & Sadeghi, 2014), it requires upfront capital that is not always available,
and there are only a limited number of new projects per year as structures are designed for very long
lifetimes. Consequently, there is low supply of digital twins for asset managers. Asset managers have
two options: to use separate AM strategies for new structures with BIM and existing structures, or
‘dumb down’ the BIM to traditional 2D AM practices and thereby disregarding a lot of valuable
information stored in the BIM.
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Figure 32: Digital twin benefits (Boje, Guerriero , Kubicki, & Rezgui, 2020)

2.4.4.3. 3D centralised asset management
With time, the supply of digital twins will increase to a point where a new management system will
need to be adopted to leverage the benefits of these digital twins. For simplicity, this new management
system is called 3D centralised AM, as the strategy revolves around the 3D — digital twins — of assets
integrated in a single centralised environment, instead of in dots in a 2D space. Before such a transition
can be made, the majority of the assets need to be in 3D. Considering the 80—-100-year lifetime of
structures, this tipping point can take a very long time while the information need is already there for
existing structures. To bypass this issue, the existing built environment should be upgraded to semi-
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accurate digital twins based on the existing data (2D drawings + specifications) or scanning technology.
Naturally, these 3D models will not yield the same benefits as a digital twin, but the need for geometry
and more detailed asset data has already been highlighted in the previous chapters. The purpose
would be to saturate the 3D AM system with existing infrastructure and accelerate the digitization
adoption process within public entities and acquire benefits earlier. A 3D environment allows physical
assets to be selected for material passports, and attribute data (including condition data, maintenance
history, etc.) to be linked to the individual physical elements, as opposed to in a list-like decomposition
format in 2D systems. Below, more benefits of the 3D centralised asset management system are
described. Figure 33 displays a how such an environment might look in the future. As there is currently
not a big enough market for these systems, to the authors knowledge there is not yet a diffused

software system that is optimized for this purpose.
== AR e i T 3 2§ar
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Figure 33: Example digital twin city (Hollings, 2019)

The ambition for such a 3D centralised AM system is not only confirmed by literature through the
extensive coverage of the benefits of digital twins, but also in practice. In the Netherlands, the three
biggest cities (Amsterdam, Rotterdam & The Hague) have started an initiative ‘Totaal
Driedimensionaal’ (T3D) that aims to capture, register, and use 3D object data within their acreages in
their AM strategies (T3D, 2022). With this, they aim to expand the municipal perspective on the
development of geospatial registration systems and utilize this development in aspects like the energy
transition, climate adaptation, environmental & planning acts, and improve the mobility of the city.
Similarly, Rijkswaterstaat has realised that the acreage needs digital twins for effective renovations,
most recently in tunnel infrastructure (Cobouw, 2022). Figure 34 shows a snapshot of the result as of
2022 year-end in the The Hague’s system, where a bridge is integrated within the CityGML model. In
the figure, the material passport for the bridge deck highlighted in blue is shown upon selection with
some basic attributes. After completion, the organisation will openly publish a toolkit including tools,
guidelines, and research reports.

S —

cityObjectMember

Figure 34: Snapshot of CityGML with bridge - municipality The Hague (Kampinga, 2022)
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The first step in developing such a system is to create rough geometry with laser scanning technology
(T3D, 2022). Subsequently, the individual structures can be integrated to create an increasingly data-
rich model that can be used for a variety of purposes. For this step, more detailed laser scanning
technologies can be used as well. However, to do this for each structure individually will quickly drive
up the costs, which is unlikely to be justified by the benefits it generates. So, what is the added benefit
of developing 3D models for existing structures? Considering the scope of this research (fixed bridges),
this question becomes even more relevant with the upcoming R&R-task where many structures are
nearing their EoL. Below the benefits are briefly described in 7 points, due to the novelty of such a
strategy, literature cannot be provided for each point. This is replaced with the author’s personal
industry experience and expert knowledge from W+B.

1. Alldata surrounding the assets is documented and visualised in a single environment, thereby
increasing data accessibility, improved understanding of the acreage, and allowing more
efficient communication of data within the organisation and to external parties (Royal
Haskoning DHV, 2022). Moreover, it enhances spatial planning and overall decision-making.

2. By creating a (semi-accurate) ‘digital twin’ of the asset, attributes (including condition and
maintenance data) can be directly linked to physical elements, thereby significantly
improving monitoring of the asset through better accessibility and traceability of data
compared to 2D (cluttered) data storage for elements/components using Excel.

3. Improved workflow for executing reusability scans, driving down consultancy costs.
Reusability scans require attribute, condition, and maintenance data for the individual objects
of interest, geometry data with element connection insights omit the need to go on site for
data gathering (Sykes, 2023).

4. Element geometry and its metadata from the 3D models and reusability scan output can be
used as improved communication medium in intermediary reuse databases to improve the
linkage of supply and demand. More accurate data increases the likelihood of reuse
realisation by decreasing risk for the demand party. The 3D element can directly be integrated
in the design software for a more streamlined design process. As a result of increased reuse,
the asset value increases through compensation or indirectly in reduced project costs and
emissions.

5. Improved maintenance operations, as the exact location of the asset can be traced digitally
and the maintenance task can be prepared accordingly (equipment selection, workflow, etc.),
thereby saving time and costs.

6. Asset & environment visualisation can improve the preparation process of demolition/
deconstruction practices, reducing the need for site visits. Potential improvements can be
achieved in risk identification & management, site safety, work-breakdown-structure
development, locating (hazardous or important) materials/elements on site, equipment
requirements & placement, material storage and waste stream optimization on site, and
deconstruction strategies. For certain structures, a 4D deconstruction simulation can be
improve workflow efficiency, but not all (Van den Berg, 2019) (Goorhuis, 2020) (Rivero &
Garcia-Navarro, 2020) (Designbuildings, 2021).

7. Higher efficiency in setting up structural models by directly extracting the correct dimensions
and available material properties from the BIM-model using IFC-exports into the structural
software (e.g., SCIA), thereby increasing the reliability and decreasing the costs of traditional
workflows on recalculations (Lai, 2023). It also provides future potential for directly using the
3D models in software packages like Autodesk Robot Structural or Tekla Structures for
automatic recalculation (when models are of sufficient Level of Detail).
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Despite the short remaining lifetime of many bridge structures (~10-15 years), the upgrade can prove
beneficial. AM efforts and maintenance operations generally increase in the last phase of the asset
lifetime, meaning that there is still a large opportunity when acting fast. Based on this analysis, the
view is adopted that 3D is a necessary development once 2D centralised AM is (fully) realised. The
timeline for this upgrade is projected to be 2023-2030, in line with the current goal to have the entire
built environment inventoried (Dutch: inzichtelijk) (Transitieteam Circulaire Bouweconomie, 2022).
Until now the realisation of this 3D environment, more specifically that of upgrading the existing built
environment, is infeasible due to the large costs of scanning technologies and manual modelling.
Because the upfront investment for this upgrade is significantly large for public organisations, new
technologies need to be developed that help reduce this threshold. The sooner the transition is made,
the longer the benefits can earn back the investment and become profitable.

2.5. Theoretical framing of CE-transition
To conclude this literature study, a brief review of the state-of-the-art is revisited to put the findings
in perspective. The main findings of this study include:

1. From the overview of the main barriers & initiatives of the CE-transition in leading Dutch
roadmaps, it was found that most initiatives are focussed on realising a future circular built
environment, without many concrete solutions on the lack of data on existing assets to enable
short-term circularity.

2. Input uncertainties in Material Flow Analysis (MFA) studies, especially for civil infrastructures,
impact the reliability and accuracy of CE-transition roadmap timelines and interventions,
negatively impacting either the environment or the economy.

3. There is a lack of centrally stored high-quality physical asset data available at public
organisations to conduct reusability scans and structural assessments on existing structures,
this disincentivizes reuse realisation in practice as there is generally too much risk involved for
demand parties and complicates the management of the activity timeline (maintaining/
renovating/replacing) to flatten the expected decommissioning peak in the R&R-task.

4. Asset Management (AM) is transitioning towards a 3D-centralised strategy in line with Building
Information Modelling (BIM) technologies, while existing assets are still (and will be until
decommissioned) in 2D with incomplete and fragmented data documentation.

To review these findings, a literature review was conducted with key terms ‘Circular Economy
transition’, Closing the loop’, ‘Initiatives/enablers’, ‘Infrastructure’, ‘(Existing) Built Environment’,
‘Construction industry’, Digitization’, ‘Digitalisation’, ‘Industry 4.0°, ‘BIM’, ‘MFA’, ‘Material stock’, and
‘Asset Management’ that were combined while limiting the search to articles published after 2017.
This resulted in approximately 20 articles that most related to the above statements. Below, the
findings of these studies are used to reflect on the findings of this study. This theoretical framing will
exclude the CE-transition barriers, as these were previously synthesized in Chapter 2.1 based on the
literature findings in Appendix: A and Chapter 2.3.4 based on Appendix: C. This section will instead
focus on the initiatives and enablers of a CE in the context of the construction industry.

2.5.1. General remarks
The CE-concepts/initiatives recommended by the state-of-the-art literature are summed up below:
Encourage stakeholders to develop knowledge & skills, incentivize organisations to explore circular
concepts, develop supporting policies, implement regulations, providing more evidence-based
circularity, standardize CE-processes, measuring circularity methods, integrate 10-R ladder, Design-
for-X concepts, circular business models (e.g., Product Service Systems), long-term partnership
models & intense collaboration along the value chain, centralising management of asset and
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material information, and leveraging digital technologies (BIM, Al, Blockchain, Internet of Things,
Digital Twin, digital exchange platforms & big data analytics, and Material Passports).

(Hart et al. (2019); Shooshtarian et al. (2022); Ghufran et al. (2022); De Mattos et al. (2018); Debacker
et al. (2017); Zandee et al. (2022); Charef et al. (2022); Elghaish et al. (2022)).

Comparing the previously stated initiatives with the findings in section 2.1, it can be concluded that
there are large similarities between these studies and the developed roadmaps in the Netherlands.
From the analysis of these articles, it was concluded that there is a general lack of applicable practices
as the articles remain on a rather conceptual level. A similar conclusion was drawn by Elghaish et al
(2022), stating “Most of the existing bodies of research provide conceptual solutions rather than
developing workable applications for the future of smart cities.”. Whilst the theoretical knowledge on
what needs to change systematically is important to create awareness and direction for the transition,
more evidence-based research on potential solutions to overcome these barriers is required.
Additionally, it was observed that the majority of the articles ‘ignore’ one of the most prominent
barriers that limits reuse currently in their recommendations: the lack of data on existing structures
and tools for visualising, identifying, and classifying potentially salvageable materials (Akinade, et al.,
2020). Asset data governs the potential for reuse realisation for the coming 30 years as the existing
structures are the material banks, not those that will be built with all the abovementioned circular
concepts integrated in the project. This observation highlights an issue with the state-of-the-art
literature on CE-initiatives: AM is hardly targeted in the initiatives compared to the attention that the
CE-concept receives in academics. For this reason, the Closing the Loop concept was elaborated in
greater detail in section 2.3.5 as this aims to tackle this problem (Van den Berg, 2019). Below, attention
is paid to some state-of-the-art studies that aim to solve this problem.

2.5.2. Material flow modelling studies
Focussing on the scope of this research, multiple studies have been conducted on the significance of
material flow modelling of the existing built environment. This domain adds to the predictability of
material flows over time used in transition roadmap development as discussed in Chapter 2.2. Lanau
& Liu (2020) and Honic et. Al (2023) reiterate the lack of detailed knowledge on material quantities,
type, and distribution of secondary materials, and call for the development of a ‘global’ resource
CADASTER, see Figure 35. Lanau & Liu (2020) conducted a case study of the city Odense in Denmark
using geo-localised bottom-up material stock analysis based on building material intensity coefficients.
The developed resource CADASTER at high resolution URBAN RESOURCE CADASTER
can inform stakeholders along the value chain to better | WHAT? N
plan for materials and component recovery and r‘_fg‘p = S aldp PL;J“«,
improve waste management. While the uncertainty | wHere? s _HOW MUCH? Ceybrids
remains high by adopting coefficients, a valuable model m,“:T W= |5, ,
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Figure 35: Resource CADASTER model (Lanau & Liu, 2020)

A second state-of-the-art approach by Honic et al. (2023) concerns the use of BIM and Geographic
Information System (GIS) to assess material quantities. This approach combines two tracks to obtain
the material quantities: (existing) planning documents, laser scanning and site visits to create a BIM,
as well as using both 2D and 3D GIS models to approximate gross material volumes of the asset.
However, this study is limited as it adopts archetypes (e.g., construction period of a type of housing)
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and extrapolates these findings to structures that fit this archetype. This results in uncertainty as well
as limitation by design as it requires a complete set of archetypes that cover the entire built
environment. Once such a database expands and is validated, this proves to be a promising method.

Both studies show the need for bottom-up material modelling of the existing built environment, while
providing potential solutions by extrapolating real-data using geospatial information, primarily
applicable for the building sector. Similar findings were concluded in section 2.2. However, putting
such studies into perspective, Shojaei et al. (2021) have investigated the potential advantages of CE-
based blockchain technology for the construction industry. This study found that blockchain allows for
a fast, secure, and accessible information network by providing a decentralized ledger where
construction materials and products can be traced from source to EolL. In doing so, providing
opportunities for early planning of reuse/recycling, and optimizing the waste supply chain. However,
construction CE solution-based blockchain requires further studies on a larger scale to be validated,
moreover, it will require the data from studies above to function properly.

2.5.3. Digital technologies & CE

From the analysis of a wide range of recent bodies of research on the CE-transition, a common theme
was derived: the linkage between digital technologies and the CE. Okorie et al (2018) observed an
increase in research attention that combines these topics. Cetin et al. (2022) stated that digital
technologies are the enablers of the CE by providing an analysis on 10 enabling technologies, while
Antikainen et al. (2018) concluded that digitalization could help close material loops through more
accurate information representation on availability, location, and condition to increase resource
efficiencies. However, there are still large challenges to be overcome before these desired benefits can
be realised. Taking this a step further, Elghaish et al. (2022) have conducted a larger body of work that
reviews the existing research on digital technologies and the industry 4.0 concept in relation to the CE
and identifying the gap to what is currently possible. Common technologies named in previously
mentioned studies included: BIM, Al, Internet of Things, Blockchain, 3D scanning technology, Digital
Twin, digital exchange platforms/marketplaces combined with big data & analytics, cloud technology,
and Material Passports. While many of these innovations depend on a situation where there is
sufficient asset data available, some (Al, BIM, 3D scanning technology & Material Passports) aim to
address the current problem of existing information availability.

Dang et al. (2018) propose a new approach to bridge asset maintenance that leverages 3D scanning
technology and alignment-based parametric modelling to create a 3D model of the asset with
automatic detection of cracks and other defects. These generated 3D models can then be armed with
attribute data (condition, environmental data, etc.) of specific elements to create BIM models or digital
twins, which in turn provides the basis for material passport generation (Charef & Emmitt, 2021). Using
Al and big data analytics, future performance of a structure can be predicted by damage records of
similar structures under different environmental conditions (Dang, Kang, Lon, & Shim, 2018). This
example shows a potential solution for the lack of asset data that could result in more short-term
circularity. However, Rashidi et al. (2020) state that the higher costs remain a barrier for adoption,
while costs are projected to decrease over the coming years. These upfront costs can be offset against
traditional (more frequent) manual inspections by its higher level of detail and longer-term benefits.
Ramadoss et al. (2018) introduce another method that aims to optimize monitoring of reusable
elements through low-cost sensors combined with Al for analysis, providing a lower threshold option.
Akanbi et al. (2020) proposed a deep learning model to estimate the salvage value of building materials
before demolition, which supports decision-makers to determine the monetary value of materials to
be recovered. To integrate all these technologies properly for optimized impact, a digital ecosystem

Bos 41

. 3
Witteveen TU Delft



Chapter 2: Literature study

should be developed where information is interlinked through loT and blockchain for asset tracking
(Damianou et al., 2019; Rahimian et al., 2021).

With the insights from the state-of-the-art, this study’s literature findings can be put into perspective.
It can be concluded that the 3D centralised AM proposed in section 2.4 is inevitable with the digital
technologies in the pipeline and its linkage to realising a CE. While there is a large potential in these
developments, more R&D is required on a large-scale adoption before they can become practicable
and affordable to solve or accelerate the problems found in this literature study. At the heart of all the
initiatives from literature, is a data-rich environment of the (existing) assets that will then allow reuse
realisation empowered by political, contractual, collaborative and technological changes. Obtaining
this data should be a more prominent research topic if we want to reach the CE-goals of 2030 and 2050
(Rijksoverheid, 2016).

2.6. Concluding remarks literature study

This literature study is summarized in Appendix: E. Figure 36 shows a simplified overview of the
findings. Each of the industry challenges covered in this study can (in part) be traced back to AM and
the lack of quality data registration on existing assets and lack of funding to upgrade this data to the
required BIM level of information need that is provided in newly constructed assets. Considering the
number of assets (materials & value) and the short-term need for solutions to manage the challenges
(increased reuse realisation, accurate CE-roadmapping, effective R&R-timeline management & AM
practices), neglecting existing assets until they are replaced (with BIM at handover) has large
environmental impacts that can be mitigated with smart engineering solutions to obtain semi-accurate
BIM against reduced costs compared to existing methods to better navigate the industry challenges.
[Asset management |

Industry challengesl
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Figure 36: Overview of literature study findings
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Chapter 3: Interviews data availability at industry parties

The literature study has provided a theoretical perspective on the changes happening in the
construction industry, the problems and opportunities that come with them, and what information is
to be required to tackle these transitions effectively. Considering the novelty of the CE- and 3D asset
management transitions and the traditionally conservative tendency towards innovations in the
construction industry, the proposed changes were introduced to various industry players to gauge
their readiness and willingness for adoption. In doing so, various concepts discussed in the literature
study were attempted to be validated to further establish the need for urgent changes.

The method used for acquiring these insights comprised of conducting semi-structured interviews with
asset owning organisations across administrative layers and informal interviews with a variety of
experts from an engineering consultancy. Parties included in this analysis were municipalities of
Deventer and Almere, the province of Overijssel, and Witteveen+Bos (W+B). Rijkswaterstaat was
excluded from the interviews, as much information regarding their ambitions and data documentation
standards was already found in online publications and from W+B experts deployed there. The
qguestions of the interviews were divided into the following topics, in which W+B experts answered
these from the perspective of the consultant:

e Current level of data quality & documentation for (bridge) infrastructure at public entities.

e |nspection & maintenance documentation.

e Current efforts to improve data quality & documentation.

e Representativeness of organisation’s answers for comparable entities.

e Cause for lack of complete data centralization.

e (Circular economy efforts within the organisation.

e Ambitions for upgrading to 3D centralized asset management.

e Hypothetical implementation of the developed design tool in organisation.

The interview findings are summarized in matrix format, to be found in Appendix: F. The findings are
based on the takeaways generated from the interview transcripts. Below, the main conclusions of the
interviews are briefly discussed. From the interviews, it can be concluded that the literature study
findings are in line with practice and are therefore validated.

1. Incomplete asset data in a centralised environment.

Most organisations do not have complete material passports for their assets compared to what
was discussed in Chapter 2.1, only the basic information such as construction year, design lifetime,
surface area, and asset type are consistently documented and linked to their location in a GIS
platform. For some assets, a photo and traffic class are attached. 2D drawings and project
specifications were documented but are currently lost at many organisations, it will require large
efforts to retrieve this data and link them to the specific assets. It is likely that not all data will be
retrieved, and site measurements will be necessary to obtain physical information on the asset.
Furthermore, there is no data on material quantities of the assets.

The main reasons for this data unavailability are the lack of need for the information over the first
part of the asset’s lifespan, change in personnel causing knowledge loss, and changing asset
management systems over time. These findings confirm the lack of asset data quality,
completeness, and centralization, as discussed in the literature study. The lack of data resulted in
limited overview of the assets and material flows, information traceability and communication to
external parties.
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2. Inefficient condition monitoring & maintenance operations.

Inspection findings are generally stored in standardized reports where there is a lot of noise that
limits the traceability efficiency of information for the purpose of monitoring or maintenance
activity management. Often, a maintenance register is lacking for overviewing all activities to allow
for operations optimization. Monitoring conditions of specific elements over the entire acreage is
either inefficient or (more often) completely lacking.

3. Larger organisations tend to have higher quality data & documentation standards.

Asset data quality and organisation standards are generally better organised at larger
organisations due to larger capacity and budget. The impact of poor management strategies is
significantly larger compared small organisations, where civil artworks received less attention due
to lower asset counts and maintenance requirements at the first part of the asset lifetime.
Especially smaller organisations are waking up now and trying to achieve a complete centralised
asset management environment by gathering data to be able to manage the upcoming R&R-task.

4. Reuse realisation lacks standardized methodology & asset data to become a business case.
Reuse is often an ambition that is currently very difficult to realise with the limited data that is
available. At public organisations, reuse is by no means a standard part of the EoL methodology
due to a lack of knowledge and practices. The current reuse initiatives predominantly regard low-
value reuse of beams and planks from timber (foot/cycle) bridges. There are ambitions of setting
up local reuse-databases and material depots, however this currently lacks the required data
inventory of assets and elements. From the project perspective, a lack of quality supply for
reusable elements is observed, constraining the integration of reuse in designs. The interviews
confirmed the findings in literature where there is lacking knowledge for integrating reuse, data,
reuse applications, and supply of reusable elements. Most barriers can be traced back to a lack of
data on existing infrastructure.

5. Widely shared ambition for 3D asset management in the future, constrained by budget.

All parties agree that 3D asset management & digital twins bring many benefits on asset
management and circularity grounds and will become the standard in the asset management
realm, however this is perceived as a future too far away to worry about now. Upgrading the
existing acreage from 2D to 3D will first require a complete 2D asset management system, which
is the priority now. The focus for most (smaller) organisations is still short-term asset management,
thereby disregarding or postponing the long-term problems and costs like the R&R-task
(recalculations, renovations & replacements). In doing so, costs will only pile up, making the
budgeting problem even larger. Despite this mindset and awareness of the R&R-task, the budget
constraint remains a limiting factor in realisation, even when the users are convinced of the
business case. (Innovation-) budget allocation needs to be reviewed higher up, where short-term
profits and ROI-certainty play a large role. By providing more certainty on the business case of
upgrading the acreage to 3D and reducing the investment threshold, parties are more likely to
reassess their shorter-term perspective on this transition. The ambition is particularly interesting
for concrete vehicle bridges as these have the largest reuse value, timber is often constrained to
low-value reuse, and steel has promising sustainable (high-value) recycling potential. Foot/cycle
bridges are often constrained to low value reuse as technical replacement is more likely.
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This chapter comprises the analysis of an opportunity concerning the call for more cost-efficient
modelling methods for existing (bridge) infrastructure in the context of the CE-transition, R&R-task and
digitization transition within AM, arising from the literature study and interviews with industry experts.
First, the development statement is presented, followed by a gap-analysis that includes an
introduction to Parametric Engineering & Modelling (PEM) as well as a market analysis on the current
state of the field in the context of the development. Then, a Cost Benefit Analysis is performed on the
upgrade from 2D to 3D centralised AM system based on conventional manual modelling practices, to
display the business case and lay a foundation for assessing the value of the tool later. Subsequently,
a risk assessment is conducted on the business case by means of analysing the to-be-developed tool’s
leap of faith assumptions to ensure the robustness of the business case. Next, fixed bridge
infrastructures are assessed on reusability, first to identify the most promising category followed by
individual elements of that bridge category. These findings are used for determining the desired Level
of Detail (LOD) of tool development, in combination with an analysis of the end-use of the tool-output.
Through these analyses, the tool can be justified, and the chance of wasted effort is minimized.

4.1. Development statement
In the context of the CE-transition, R&R-task and digitization transition, there is an urgent need for 3D
BIM models of existing structures. Although bridges are only part of the larger problem (i.e., all
infrastructure assets), fixed bridges have a large impact on each of the three previously mentioned
challenges and provide the opportunity for parametric tooling to reduce the investment threshold for
public organisations in obtaining this data. The development statement therefore becomes:

Developing a design tool for fixed beam- & slab bridge infrastructure using modular Parametric
Engineering & Modelling methods to significantly decrease the design efforts and costs for
obtaining 3D BIM models from 2D data at public organisations.

In doing so, accelerate the digitization transition at public organisations, increase circularity realisation
for bridge infrastructure, provide more accurate bottom-up material quantity data for CE-transition
roadmap development, and improve data quality for the upcoming R&R-task. To achieve this outcome,
some steps were be followed:
- System analysis. Understanding the solution space and why this development needs to take
place. This will be tackled in this chapter.
- System requirements. Describing what functionalities this tool at least should provide, using
which tools, and in what timeframe. This will be done in the next section.
- System synthesis. Here, the tool will be developed until the set requirements are fulfilled, using
a specified approach. First, the approach will be justified, then the tool will be described.
- System validation & evaluation. Lastly, the tool’s requirements are verified, and its
performance is both quantitatively and qualitatively analysed.

4.2. Gap analysis
The literature study described the need for a cost-efficient method for upgrading the existing asset
data to higher quality 3D-BIM data. The existing methods include hiring an engineering firm to
manually model the structure based on the 2D drawings or leveraging 3D scanning technologies to
compute a 3D model from points clouds. Bridges represent the most impactful infrastructure type
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(excl. roads) using count, total material volume, and R&R-task challenges as metrics. The traditional
modelling methods are perceived as too expensive for public organisations to employ on a large scale,
while cost reductions for 3D scanning technologies are uncertain. Considering the characteristics of
Parametric Engineering and Modelling (PEM), the author identified a large opportunity in fixed bridge
infrastructures to significantly reduce the modelling time and costs.

4.2.1. Parametric bridge modelling

Parametric modelling is a modelling process with the ability to change the shape of the model
geometry by modifying a predefined parameter value (Fu, 2018). In other words, the modelling effort
changes from physically drawing lines and shapes to defining them with adjustable parameters based
on mathematical functions and relationships. This omits the need to completely model a structure
from scratch or re-do design aspects influenced by a certain rework, as the design is predefined and
parameterised. When the parametric model is used for multiple projects, the upfront effort of
parametrizing the design can be recouped by this decreased design effort. Similarly, in highly dynamic
or complex projects with many reworks/design changes over the course of the project, significant
design efforts can be saved. Parametric modelling is made accessible for designers through visual
programming, which is shown in Figure 37. Each node represents a function, or tool, requiring
predefined input and producing a set output. Behind this node is Python code that allows the
functioning of the node without requiring the programming knowledge for the designer. By connecting
nodes, a link is created of the output of one node to the input of another. This way, it is possible to
create interrelatedness between parameters and elements.

Figure 37: Dynamo interface for parametric modelling

Bridges are often very similar in nature, which makes them interesting for parametric modelling, this
has multiple grounds. Firstly, bridge design is highly influenced by design codes and standards (Yang,
2022). Because of this, and their functional purpose which requires them to be structurally robust and
maintain high serviceability, bridges generally leave little space for architectural influences which are
more expensive. Secondly, there are a limited number of bridge types, as shown in Figure 23 in section
2.3. Each of these types can be decomposed into a limited set of elements and components. These
elements and components can then vary from one another in design, dimensioning, and material.
Moreover, due to the large number of bridge structures in the Netherlands (but also in general), many
similarities can be expected between the structures as there are limited designs practicable with costs
as the restricting factor. These characteristics of bridges make them suitable for PEM.

4.2.2. Market analysis
With this potential opportunity of using PEM to improve conventional modelling practices, it is
mandatory to be aware of existing models or tools to avoid developing an existing tool. To do so, a
market analysis was conducted that aimed to uncover the current availability of such tools, their
purpose, scope, limitations, and relation to the problem at hand. Three search engines were consulted
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in this study: Youtube, Google, and Google Scholar. Additionally, W+B was internally consulted on the
existence of similar tools already developed or in development. The findings are discussed using a
distinction between software and stand-alone models. Recurring search terms in this analysis included:
iv. Parametric modelling bridge
V. Parametric design tool bridge
Vi. Bridge design dynamo/grasshopper
vii. 3D model from 2D drawings

Discussion on findings

Software

Multiple software packages were discovered that allow more accessible and efficient parametric
modelling for bridge infrastructure compared to visual programming like Dynamo/Grasshopper, such
as Allplan bridge (Allplan, n.d.) or Sofistik (Sofistik, n.d.). These tools still require considerable manual
labour and input when it is to be used for existing structures as they cannot easily interchange
predefined design elements to account for minor (or major) changes between structures, which is
desired for modelling large quantities of existing structures.

Models/scripts

The analysis has also shown that there are little freely available parametric models of bridges as it is
often intellectual property. Those that are freely available or replicable generally require highly
detailed input, which is not easily extractable/available in drawings, or desired given the context of the
development. Moreover, most tools concern highly complex, architectural structures with organic
shapes, as these are complicated to model manually (mostly for arch-type bridges). A limitation of such
models generated by either Grasshopper or Dynamo is that the design itself is defined and cannot
easily be changed outside of its parameters (e.g., length, height, etc.). When one element is different
in design, the model is already unusable or requires manual interference. This characteristic makes
parametric modelling currently unattractive for 3D modelling existing structures, even more so
considering the low frequency of such tasks (one bridge at a time instead of in bulk, making parametric
tooling interesting). W+B designers confirmed this, showing that little to no attention is currently paid
to developing tools for generating 3D models for large quantities of existing bridges.

A potential solution to this would be to develop a database of parametric models to account for
different designs/structures, thereby decreasing the manual effort to account for minor changes.
However, this requires a lot of development effort and requires a lot of designers to familiarise
themselves with the scripts to be able to model the entire bridge infrastructure acreage in the
Netherlands. This is an inefficient workflow and above all not realistic as there are too many design
details to account for, especially when implementing higher levels of detail in designs. As established
in the literature study, not all elements require similar level of detail due to their reusability potential.
For this reason, a modular approach where a database of parametric elements (sorted by element
type) is developed to account for the variations in elements could be promising.

4.3. Cost-Benefit-Analysis 3D upgrade
Now that the opportunity is exposed, the business case needs further analysis before moving on to the
development phase. In this research was opted for a Cost-Benefit-Analysis (CBA) considering the role
costs play in the problem at hand. This CBA uses the current situation of traditional modelling practices
(hiring an engineering firm) for upgrading the 2D AM system to 3D, to draw a baseline for costs that
can be used as a benchmark for the to-be-develop tool’s performance. For simplification reasons, it is
assumed that the 2D centralised AM system as described in section 2.4 is the standard practice. This
simplification is logical as most organisations aim to, or already working towards, realise this strategy
at the time of research. With this simplification, the costs for data gathering on 2D drawings is not
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included considering the differences in documentation standards between organisations. For this
reason, the benefits that are generated by centralizing the asset data in a 2D environment compared
to current (fragmented, decentralised & inconsistent) work-practices are not included either. An
exception is made for the case where drawings cannot be retraced, in which case costs are made for
making measurements on site specifically for this upgrade to 3D. The CBA is limited to the
guantification of costs and some benefits, as not all can be quantified at this stage due to the novelty
of the transition. For the benefits that are included, assumptions were combined with real data. To
account for uncertainty, bandwidths for both costs and benefits were included. First, the costs and
benefits are (re)introduced.

4.3.1. Costs (for bridge infrastructure):
1. Conducting site measurements for the geometry in case there are no drawings to be found.
2. Costs for manually modelling a 3D model from (organised) 2D drawings or site measurements.
3. Transitioning to the 3D supporting AM environment, including setting up the initial
environment, integrating the models (with attributes).

The general assumption for upgrading to higher quality asset data is that this directly implies more
registration and documentation work for the asset managers (Lunenborg, 2022), which are indirect
costs. While this is true to an extent, the author adopts the view that this effort is already required to
a large degree for 2D centralised AM. Moreover, the time savings generated by the upgrade (e.g.,
improved data traceability and communication quality) could counterweigh the effort, especially when
an efficient methodology for data management is implemented within the organisation.

4.3.2. Benefits (summarized from Chapter 2.4):

1. A centralised file for all asset information that improves decision-making and communication.

2. Direct linkage of attribute data on all levels of the decomposition for improved information
accessibility and monitoring of assets.

3. Maintenance operation optimization based on more accurate and visualised task descriptions.

4. Reduced efforts for reusability scans.

5. Better linking of supply and demand for reusable elements. 3D object geometry with its
metadata can be used as communication medium in intermediary databases for increased
reuse realisation in projects, increasing the asset value and reducing emissions.

6. Improved preparation processes for demolition/deconstruction practices.

7. More efficient information gathering and potential automation for recalculation tasks.

4.3.3. Analysis

To be able to conduct the analysis, a case is constructed based on real data from the municipality of
Deventer, supplemented with fictive (yet realistic) assumptions. The municipality of Deventer is an
average sized municipality, making it representative for most municipalities in the Netherlands. The
municipality has 163 fixed bridges/viaducts in its acreage (Lunenborg, 2022). For simplicity reasons and
lack of concrete numbers (as most municipalities do not know yet), it is assumed that an average of
approximately 10% of bridges in the acreage lack the technical drawings and specifications. Moreover,
it is assumed that 100% of bridges within the acreage will be manually modelled (excluding the
possibility for 3D scanning technologies). For reuse, 10% of bridges are assumed to provide a
potentially reusable element with 30 remaining that is reused within the organisation so that the cost
savings for the new project are for the owner. Finally, it is assumed that by the time there are enough
3D models to fully make the transition to a 3D centralised environment, a software package has arisen
that has sufficient out-of-the-box that requires minimal customization efforts.
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4.3.3.1. Costs
Measuring dimensions on site:
- 500 EUR/asset for an average municipal bridge when it is combined with a routine inspection,
or 25% on top of inspection cost (2000EUR average) (Sykes, 2023).
3D (manual) modelling:
- Average (municipal) bridge: 1500-2500EUR/bridge (Wolbrink, 2023).
Setting up data environment and integrating data:
- 50-100h to familiarise and customize with software package (assumption).
- 1h/asset to integrate in environment and set up passports (Visser, 2022).
- Assumed rate of 70EUR/h for asset manager.
Total costs:
- To obtain measures (combined with inspection): 500EUR x 163 x 10% assets = 8k EUR.
- To upgrade to 3D (manual modelling): 163 x 1.5-2.5k = 244.5-407.5k EUR.
- Toset up 3D environment: 50-100 x 70 EUR + 163h x 70 EUR = 14.91-18.41k EUR.
- Total costs: 8k + 244.5-407.5k + 14.91-18.41k = 270.4-444.1k EUR.

4.3.3.2. Benefits
The benefits that are included in this study are those that can be linked to actual costs, most benefits
relate to time savings or improved quality of work which is not possible to accurately quantify nor
monetize. The following assumptions were made for reuse scanning and reuse:
Reuse scanning:
- Average costs reusability scan: 1000EUR/asset (Sykes, 2023).
- Time savings with a 3D model including element specific attribute data: 25-50%.
Cost saving for using reused elements in projects (reference element used: bridge deck):
- Average municipal bridge: 12x6m=72m2 (Wolbrink, 2023).
- New value of in-situ slab or composite girder bridge deck with 100y design lifetime: 1000-
1500EUR/m2 (Bakker, 2023).
- Value = price new element * (remaining technical lifetime reuse element in new function /
design lifetime new element)
Savings:
- Reusability scan savings: 163 x 250-500EUR =40.75-81.5k EUR
- Reuse savings: 163 x 10% assets x 300EUR*72m2- 450EUR*72m2=387.3-580.1k EUR
- Total savings: 40.75-81.5k + 387.3-580.1k = 428.05-661.1k EUR

4.3.3.3. Discussion
1. Optimistic outlook on reuse realisation.
Looking at the final bandwidths for costs (270.4-444.1k EUR) and benefits (428.05-661.1k EUR), the
Return on Investment (ROI) looks profitable. However, there is a large uncertainty involved in the
guantification of the benefits while this uncertainty is limited for costs. For this analysis, an assumption
was made for bridge deck reuse in 1/10 bridges. This assumption might seem very optimistic
considering that it is still unknown what ratio of technical/functional replacements will be. However,

while the current perception on bridge reuse is often limited to the main load bearing system
(girders/deck), this research has shown that other elements can also be suitable for reuse (both low-
& high value) when they are armed with quality data. Although these elements might be worth less,
value is still to be captured. The bridge deck reference shows that construction elements are highly
valuable even with decreased lifetime and can certainly win back part of the investment, if not make
profits. Considering the growing number of functional replacements (70-80% in RWS’s acreage
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(Offenbeek, 2022)), it is very plausible that in more than 10% of bridges some elements are reused.
Although 3D is not a prerequisite to harvest elements, it is essential in improving the connection
between supply and demand as this research has shown the lack of demand is (partly) caused by low
quality of data supply causing undesired uncertainty in the design process.

2. Qualitative benefits of the upgrade are not included in study.

More importantly, most benefits of the upgrade to 3D are not included in this analysis, for example
improved maintenance/decommissioning operations, information traceability & exchange, condition
monitoring, and indirect benefits (see Appendix: G). These activities can save time or improve the
quality of project outcomes through decision-making, as was explained in section 2.4. Although their
magnitude cannot be quantified, it can reasonably be assumed that decisions can have large financial,
social, and environmental consequences, especially considering the scale of the construction sector.
Additionally, considering the ambitions stated in the Transitie Agenda (2022), ‘requiring’ the entire
built environment to be transparent (Dutch: inzichtelijk) before 2030, the investments are inevitable.
By making the upgrade earlier, the benefits can recoup the investment for a longer duration.

3. High upfront investment remains the largest barrier.

The downside of the business case remains the high upfront investment costs. As determined in the
interviews, this funding is generally not available unless an innovation fund is used. However, putting
the costs into perspective, a structural recalculation for an average concrete bridge can already
amount to 10-50k (depending on the data availability and level of detail required and excluding
additional site experiments), and a new bridge can easily cost over 1 million EUR (Janssen, 2022). Large
amounts of capital need to be allocated to the bridge R&R-task in every organisation, considering the
scale of costs that will be required here, the costs for the 3D upgrade can be justified more easily. The
cost analysis was conducted with the assumption that traditional modelling practices were used, which
accounts for the majority of the costs. If the average modelling time required per asset were reduced,
significant costs can be saved, making the transition more attractive for asset managers.

4.4, Leap of faith assumptions
The last element in analysing the business case of developing a tool for optimizing the design 3D
process concerns a method by Eric Riess’ book the Lean Start-up (2011): the leap of faith assumptions.
This aspect is an important step in any innovation as it exposes the risk and dependencies of the
development. Leap of faith assumptions concern statements that ‘must’ be(come) true in order for
your innovation to make sense and succeed. Not all assumptions can/are be checked before starting
the development phase or investment and therefore expose the risk. Below, a list of assumptions is
shown for the to-be-developed tool.

1. Asset managers face problems with the fragmented documentation on assets and would

benefit from a single file with all/most asset information documented. (Already validated)

2. Asset owners want to have 3D models for reuse/maintenance purposes and there is ambition
for a 3D centralised asset management. (Already validated)
3D scanning technologies will not become cheaper in the near future (<10 years).
Organisations can obtain 2D drawings and project specifications of the majority of their assets.
Once 2D centralised AM is completed, the only obstacle that remains is the costs for upgrading.
Smaller organisations can get the funding to upgrade their existing bridges to 3D.
Asset owners want to invest in upgrading bridge data that will be decommissioned in 10-20y.
A 3D centralised AM software will have been developed by the time organisations have
sufficient data to make the transition.
9. Similar efforts (3D upgrades) are being executed for other asset types (and buildings).
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10. Demolition contractors will use the 3D models to optimize preparation and harvesting.

11. Asset managers will actively share and maintain the newly obtained basic asset data in
centralised registration systems like BGT to help achieve a more efficient CE transition.

12. In the future, organisations will explore interorganisational reuse by using third party
databases and expanding the applicability of their products to increase asset value.

After analysing these statements, it was concluded that the largest risks for the business case were the
data gathering timeline and completeness for the transition to 2D as this determines the potential
adoption rate for the tool, and whether funding can be made available within organisations to explore
the upgrade to 3D (even with cost reduction through the tool). From the interviews it was made clear
that the 2D data was not lost permanently (yet), but the effort to for the data-gathering and
organisation process is simply too large for the time being. Moreover, considering the broadly shared
ambitions of the asset managers to transition to 3D centralised AM, the funding is perceived as a
matter of time. This assessment excludes the technical risks & limitations in the development process.

4.5, Bridge reusability analysis

To narrow the scope of the to-be-developed tool, the most promising bridge types and elements were
determined by means of ‘high-level’ analyses. This means that some simplifications have been made
throughout the process to be able to arrive at conclusions faster, thus carrying some uncertainties.
First, the types of structures, materials, loading profile, volatility of the acreages, and reuse value are
analysed to identify the most promising bridge category for reuse exploration. This scope reduction
then allows a deeper dive into analysing the individual bridge elements on their reusability to be able
to conclude if bridge reuse is worth pursuing and if so, where the focus should be. Due to the newness
of the field of reuse in the construction industry, there is limited validation of the findings in the five
discussion points in literature, this should be considered when reading this section. Expert knowledge
from W+B was consulted to reduce uncertainty.

4.5.1. High-level reusability analyses bridges
From the extensive analysis in Appendix: H, the following conclusions were drawn on bridge reuse:

1. Beam bridges have the largest potential for reuse followed by ‘dry-connected’ slab or plate
bridges, and lastly, arch bridges (depending on material and size). See Figure 38 & Figure 39.

2. Concrete, steel, and composite structures the most promising material for high value reuse,
with concrete having the largest impact considering the material distribution in bridges,
emission-free upcycling potential of steel, and low probability of high-value timber reuse.

3. Rijkswaterstaat (RWS) and provincial bridges are more heavily impacted by increased loading
over time as freight transport predominantly uses these networks, resulting in higher
degradation. Therefore, municipal bridges have a higher relative durability.

4. Volatility of the acreage causing functional changes is most common in municipalities, though
recently many RWS bridge had to be replaced/renovated due to increased traffic intensity.

5. RWS bridges have the largest potential for high value reuse, followed by provincial and
municipal vehicle bridges. However, RWS bridges are most easily over-dimensioned as the
provincial bridge count is relatively low. Provincial bridges have a large pool of municipal
bridges where they can be applied. Though municipal vehicle bridges have the highest
potential as they can be applied on lower loaded municipal bridges or foot- & cycling bridges.
Last mentioned have the smallest probability of high value reuse considering their limited
applicability and low probability of functional replacement.

Bos 51

. 3
Witteveen TU Delft



Chapter 4: Opportunity analysis

arch bridge truss bridge

TYPESOF ‘e
BRIDGES

Slab bridge

Arch bridge (small)

suspension

@
2
B
o
=
=
=
=
]
=
=
=
=L

Suspension bridge Tied arch bridge
Cable stayed bridge

5 Cantilever bridge Arch bridge (large)
Brickwork arch bridge

_—

B Reusability

Figure 38: Bridge structure types (Yashavsi, 2022) Figure 39: Overview reusability bridge structures based on analysis.

Figure 40 summarizes the previous statements by means of a flowchart for bridge reuse, above the
flowchart are the influences on the bridge reuse process. Based on this high-level analysis of bridge
reuse, it can be concluded (municipal) beam & slab vehicle bridges made of concrete (or composite)
have the largest impact on the R&R-task and CE-transition and should therefore be evaluated further.
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Figure 40: Flow of bridge materials at EoL

Smadi, 2013)

4.5.2. Reusability of bridge elements of vehicle beam/slab-bridges

Using the conclusion from the previous section, an analysis was conducted on the reusability of the
most common/important bridge elements of beam- and slab bridges. In this report, only the conclusion
of the more in-depth study in Appendix: | is presented. There, more detailed explanations can be found
as to how the pros and cons were generated. An inspiration for this study was the framework
developed by (Brouwer, 2022). Figure 41 displays the common bridge lexicon for concrete bridges was
used in this study. It should be noted that asphalt is not considered as part of the bridge structure as
it belongs to the road and is managed differently to civil works. Considering the newness of this field,
and the limited studies on individual elements, it is likely that the possibilities (and therefore findings)
will be expanded due to the increase in research and awareness in recent years (Wind, 2022). This
section should therefore only be used as knowledge base and not as limitation of reuse in bridges. An
important definition that was used in this study concerns the reuse value score of an element. This
score is affected by three indicators: Structural, Economic and Environmental. The structural value
depends on the extent of over dimensioning of the element in the context of its new function, the
economic value depends on cost differences with other alternatives, and the environmental value
depends on the environmental emissions compared to other alternatives (Brouwer, 2022). Low-value
reuse concerns reuse of an element that is in a different function than what it was designed for,
whereas high value reuse is using the element in a similar purpose.
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Table 9 in Appendix: J shows an overview of the findings in Appendix: |. From this, it was concluded
that that girders are most suitable for reuse at another location (high value), followed by railings &
barriers, curbs, tiles, standard columns, supporting beams, and dry connected slab decks (with limited
size). Furthermore, the substructure elements are suitable for extended lifetime at the same location,
supported by structural enhancements if need be. The concept of reusing bridge elements is still very
new and far from optimized, meaning that more elements can be deemed reusable in the future. These
findings will be used in the tool development process to ensure higher accuracy for these elements as
they provide potential for reuse. This is not to say that the other elements can become inaccurate,
only that small details/inaccuracies can be accepted for now to reduce the scope.

4.6. Purpose & LOD analysis

Finally, it is important to establish the Level of Detail (LOD) that the tool output needs to have to
leverage the desired benefits. This will be analysed in this section. A distinction is made between LOD
for geometry/modelling and information detailing (attributes). Bertin et al. (2020) has provided a BIM-
based framework for the LOD of load bearing systems in the context of reuse, which will be adopted
for this research. Figure 42 shows this framework with a high rise building as an example. Another
widely adopted framework was developed by BIMFORUM (2019), which provides similar descriptions
for the levels. Up to LOD500, the geometry accuracy gradually improves in line with the design stage.
LOD600 and LOD700 concern the use phase and decommissioning/reuse, where attribute data
(information) becomes more important. Throughout the literature study and interviews with asset
managers, the need for higher quality asset information has been discussed. Below, the purposes of
the individual 3D models for asset managers are briefly revisited, collectively they determine the
required LOD for the tool. These functions are divided into three groups: asset management, providing
a data foundation for reusability scanning & structural assessments, and material quantification.

1. Asset management

The key activities in AM include spatial planning, communicating asset data to stakeholders, condition
monitoring, maintenance planning, and decision making for EoL. Moreover, inspections, maintenance
and decommissioning activities need to be executed. These activities require a semi-accurate 3D model
of the asset with distinctive elements to the degree in which they are managed/inspected, excluding
minor details that don’t impact the spatial/functional aspect of the asset. Additionally, customizable
element specific attribute data storage is necessary based on user preferences. Lastly, the model will
require information (visualised or attribute) on element connections.

2. Providing a data foundation for reusability scanning & structural assessments

For the realisation of reuse and better management of the bridge R&R-task timeline, reusability scans
need to be conducted on assets and structural assessments on a select group of assets. In addition to
the previously mentioned requirements, this will require a higher accuracy of model elements that
have a high reuse potential (see section 2.3.) such that they can be represented in reusability databases
and provide accurate information for the structural assessments that might be required. Condition
data (cracks, deformations, degradation, etc.), material specification, loading profile, and
reinforcement profile all play a vital role in reusability scanning and structural assessments. It is
important that these attributes can be stored efficiently on element level, as well as the findings.

3. Material quantification
As discussed in section 2.2, material quantities of the individual assets are valuable information for the
material flow models, especially for civil structures as there is large uncertainty in the current models.
These material quantities can be derived directly from the geometry (volume). To ensure that this data
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can be used properly on a local scale, a bandwidth value of 95-105% of the total asset volume is aimed
for, which then results in the material mass when using the material specifications. This allows space
for detail errors that go beyond the scope of the 3D purpose yet remain accurate enough for local
material flow studies. Reinforcement is not specifically required to be modelled but does need to be

represented using attribute data.
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Figure 42: LOD levels (Bertin, Mesnil, Jaeger, Feraille, & Le Roy, 2020)

4.6.1. Level of Detail conclusion

From this requirements analysis based on the use-purposes of the tool output, it can be concluded
that a geometry is to be constructed that has distinctive elements where attributes can be customized
based on user preferences. High-potential reusable elements are required to have more
customizability through parameters to account for more details (incl. connections to neighbouring
elements) and resemble the actual elements as accurately as possible. Insignificant (architectural)
details or components can be excluded when it does not impact the spatial or functional purpose of
the element or the reusability assessment. A volume resemblance rate of 95-105% of the actual
structures should be achieved. Lastly, reinforcement formwork can be excluded from the scope as it is
highly complex to parameterize and is often modelled in separate software when conducting
recalculations. Before concluding the LOD, the information input scenarios need to be considered in
the assessment. These scenarios are 2D drawings or site measurements (both including pictures of the
asset). As it is expected that for the majority of structures the drawings will be recovered, this scenario
is taken as a baseline as more information is available on the elements. Based on the performance
requirements and information input limitations, the desired tool-LOD can be established as follows:

The tool should LOD400 as a baseline, and LOD500 (excl. reinforcement) for reusable elements.
The tool should facilitate the LOD700 level of information documentation.
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Chapter 5: Tool Development: Bridge RE-design tool

This chapter comprises the development of the design tool that has been deemed necessary and
makes sense in the market according to the previous chapters. First, the design scope for the tool is
introduced using the findings of the opportunity analysis. Then, two potential solutions are introduced,
and a final approach was selected using a Multi-Criteria-Decision-Analysis (MCDA), after which the tool
functionality is described. Next, the results will be presented alongside the user’s guide and whitepaper
for policymakers. Finally, the tool’s value and position are analysed to put the tool in perspective.

5.1. Development scope

- Time spent for development: 1-1.5 month.

- Target group: asset owners (mainly public organisations).

- End-user: designers.

- Bridge types: beam & slab bridges.

- Input: 2D (as-built) drawings or site measurements of elements.

- Baseline LOD400, with high-potential reusable elements LOD500 (excl. reinforcement).

- Tools used: Revit & Dynamo 2023, Excel.

- The development process will be restricted to creating a working principle/prototype to show
the potential of the tool. In doing so, limiting the number of design variations of individual
elements that will be included.

- Only the fundamental elements of bridge design and high-potential circular elements will be
included in the prototype to limit the complexity of the tool, see below.

- The prototype will be limited to facilitate the most common/basic design choices to allow
modelling of the majority of the bridges in practice.

Below, the decomposition for beam/slab bridges is depicted, inspired by the NEN-2767 standard. Here,
only elements are included that are managed individually in AM and grouped elements under
substructure, superstructure, and support elements. The lowest level elements are the objects that
are managed in practice. This decomposition was used to develop the script. Each element has been
colour coded representing their role in the tool: green is included in the model (see Figure 45), blue
elements are modelled as one object under the element above due to scope/complexity reasons,
orange is not yet included but can/will be included later, and red will not be included considering the
purpose of the tool. A larger depiction of the decomposition can be found in Appendix: K.

Figure 43: Scope bridge decomposition

The tool prototype must adhere to the following requirements:
1. Must be able to model beam- and slab (plate, dry connected) bridges within the same script.
2. The tool must have distinctive elements considering the level of detail in which they are
managed in practice. The elements displayed in green in Figure 43 must be included.
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3. The tool must facilitate automatic attributes assignment to element categories and be
adjustable by the user based on their needs.

4. High circularity potential elements need to have LOD500 design optionality (girders, railings,
barriers, columns, dry connected slab decks, etc.)

5. The model must be able to interchange design variants instantly without running into errors.

6. Element parameters must be adjustable within the model.

7. Elements must be manually manipulable to account for changes after running the model.

5.2. Potential solution assessment
As part of the double diamond model, the acquired knowledge is used for the development of potential
solutions. Here, the potential solutions for this study will briefly be introduced. Then, a final decision
is made on the solution that will be developed in greater detail, by analysing the characteristics of the
potential solutions considering the research context, development statement and scope.

52.1.1. Option A: multi-script tool

Design Dynamo scripts for individual bridge elements that can be

ran in series using DynamoPlayer within the Revit interface, for < G ?)
example: abutments-piers-bearings-girders-deck-piles-etc. @é/ acing Beam byisclect bea

Standard preconfigured families can be used as input, St veaingl

faces/elements can be selected to coordinate the placement ‘Ji

points of the elements to build the model like LEGO blocks.
Figure 44 displays an example view of what it would look like for
placing girders using a Revit family type and the bearings (start
and end). Family instance parameters (e.g., height girder) are to
be adjusted manually in the properties window by selecting the

elements after placement. o0 CHiives Sre )t
Figure 44: DynamoPlayer script

5.2.1.2. Option B: single script tool

Developing a complete script that instantly models the entire bridge using the road line as a guiding
element. This approach would be coded in a single dynamo script that can be ran multiple times to
test out different design variants for individual elements, parameters, and design functionalities
without any manual design efforts. The elements are placed using relationships and hardcoded
parameters for the faces to ensure a structurally sound design based on what is seen in practice. This
way, more design functionalities can be included in the model to account for the variation in bridges,
despite their similarities on a high level.

5213 Analysis
A Multi-Criteria-Decision-Analysis was conducted using 5 performance metrics. Table 2 shows the
results based on the analysis of the general characteristics of the options. Below, some general remarks
on the analysis are provided.

Table 2: Multi-Criteria-Decision-Analysis design options

Option A Option B
Robustness output + ++
Model accuracy ++ +++
Modelling time + ++
Adoptability for users ++ +
Adaptability potential = ++

Bos
Witteveen 56

]
TUDelft



Chapter 5: Tool Development: Bridge RE-design tool

Option A would be limited in robustness as the stand-alone scripts do not allow for much customization
and dependencies among elements. This also impacts the potential model accuracy that can be
obtained, however this can in part be solved by a large element database. To compensate for this,
either a lot of inputs are required which decreases usability, or a lot of scripts are required to account
for all the variability of designs in practice. Moreover, option A does not allow for quick changes that
affect the rest of the model, as all elements will need to be redone. This approach is not beneficial
considering the context of the tool as the data gathering is an ongoing process that will gather more
data over time. Option B provides the opportunity to get higher levels of detail by adding more complex
design options that have dependencies with other elements within the model. Most importantly,
option B provides for more opportunities for further optimizations and roles in other contexts. This
assessment leads to the selection of option B to further develop.

5.3. Tool description: RE-design
After starting up the Dynamo script, the following screen should be displayed. Red text was added to
help the user navigate the script. Each group of nodes (displayed in green blocks) represents a
modelling element (from Figure 43) or feature (e.g., bearing distribution).
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Figure 45: Script overview

The tool works as follows. The entire bridge is created using the bridge’s road line (Dutch: ‘weg-as’),
and the relationships between individual bridge elements using their ‘faces’ and ‘edges’. Each bridge
element is a pre-modelled parametric family developed in Revit. These elements are consisting of
‘faces’ that collectively make up the exterior of the element. Each face can be deconstructed into its
perimeter curves (or lines), which can consequently be used to define new lines of points for the
placement of other elements. Using these relations, a bridge can be constructed. Each family ‘instance’
(or: element) can be customized by defining its parameters within the model. Moreover, some
customization features have been built into the model using Boolean operators to account for the
variation in bridge designs (e.g., beam bridge or slab bridge). Every time the model input is changed,
all its dependencies will be updated automatically. All element categories are automatically assigned
a set of (general & specific) attributes that can be filled in to allow element specific information storage
for AM, reusability scanning and structural assessments. The attributes are customizable to the user’s
needs via an Excel file. The preconfigured ‘out-of-the-box’ attributes included in the Excel file are based
on BIM-theory and expert knowledge, see Appendix: L.

5.3.1. Design options
Below, the design options integrated in the tool prototype are listed. For more context on their
functionality, visit the handbook provided in Appendix: M.
1. Road lineinput.
2. Interchangeability of bridge elements with other variants.
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3. Beam bridge or slab bridge design.

4. Abutment footing alignment.

5. Setting the pier locations.

6. Rotation for abutments & piers tangent to road line or set manually.

7. Wing wall customization (rotation, placement, thickness & extrusion direction).
8. Pile configuration per footing.

9. Bearing configuration & edge beam option.

10. Option for different bearing types per pier.

11. Railings at curb or side of curb/edge element & distance between poles.

5.3.2. Limitations
The limitations of the prototype version of the design tool are described below. It is important to note
that these limitations are predominantly influenced by scoping of the research. After deliberation with
designers, no limitations were identified that cannot be realized, however adding functionalities will
impact the runtime of the model. There is ambition to increase the LOD & address the limitations in
further research, which likely results in the discovery of more limitations. Only the most governing
limitations are discussed, some limitations are addressed simultaneously as they are correlated.

5.3.2.1. Limited design elements & variants.

As Figure 43 shows, the orange elements were not included in the prototype, these being the
embankment, cross beam, expansion joint, edge element, retaining walls and sheet piles. For a
complete tool, these elements will be required to model bridges semi-accurately, as will be exposed
in the validation process. Secondly, a limitation in design variants of the included elements was set to
2/3 due to time required for setting these up. However, with the guideline provided in Appendix: M,
this time is now minimized. Moreover, with an expanding database, the likeliness of needing to model
a new variant becomes smaller. Lastly, due to these limitations, there will be some errors in total
material quantities even in the elements that are modelled. For example, the drainage pipes and
reinforcement would normally be subtracted from the concrete volume.

5.3.2.2. Automated material passport filling & material database
One of the reasons this modelling approach was selected concerned the ability to use functions within
the script to manipulate the outcome. One of the current limitations is that while the attributes are
assigned to the elements, the inputs are still empty. Manually putting in this information can be a time-
consuming job considering the number of elements in a model, especially as many inputs will be the
same (for all, or within the category). This could be implemented within the script or using a separate
script to keep a better overview and limit unnecessary runtime during the modelling process.

5.3.2.3. Adaptive component design
A known ‘headache’ among Revit users concerns the use of Adaptive Component families, used for the
bridge deck, railing, barrier, and guiderail. The modelling approach is different to Generic Models, and
often results in design difficulties or unknown errors. Due to a limitation in experience of the author,
the design variants were limited. W+B designers have provided assurances on fixing this limitation.

5.3.2.4. Bridge deck/girder limitations
The bridge deck and girders are one of the most important elements in the bridge, specifically because
of their reusability potential. The bridge deck element is currently composed of the slab/compressive
layer, sidewalk, and curb/parapet in one. In the future, the latter two are required to be separate
elements. Consequently, the sidewalk & curb are now constrained by the road line direction and
cannot derive from this without manual intervention. Secondly, the deck element is still a continuous
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element over the entire bridge, in practice it can also be discontinuous at pier locations when there
are expansion joints to allow more movement. Girders are currently placed using the global z-
coordinate for placement. In practice, when the bearing seat and bearings have a slope (red line) the
girders should have a similar slope while this is not yet possible (blue line for indication), see Figure 46.
Lastly, girder/deck elements cannot yet have a camber in longitudinal direction, nor is it currently
possible to have a varying height over the span (see Figure 47).

r oz
B

Figure 46: Angle setting for girders Figure 47: Varying girder height example

5.3.2.5. Bearing customization
An element with many exceptions and design variations is the bearing component. The prototype
facilitates some standard customization, but not all. For example, it is currently impossible to remove
the bearing for the edge beams while this might be the case in practice. Secondly, different types of
edge beams have different positionings for the bearing which is currently predefined. Bearings are
placed using the girder width parameter for distances, this excludes the small joint width that is
normally there. Lastly, bridges can have variation in bearing types (e.g., roller & pot bearings) within
the same row on a support. For this prototype, only variation per support (abutment/pier) is facilitated.

5.3.2.6. Miscellaneous
To conclude, some (minor) limitations for design detailing have been identified. To start, piles cannot
be set at an angle, see Figure 48. Secondly, wing walls cannot be curved (as displayed in Figure 49) nor
can the wing walls be ‘inverted’ individually, see Figure 92 in the handbook in Appendix: M for
explanation on ‘inverted’. Lastly, approach slabs are currently a solid object while in practice the slab
can be subdivided into multiple elements, see tool results on the next page for visualisation of this.

Figure 48: Pile inclination Figure 49: Curved wing walls

5.4. Tool results
With these limitations in mind, the final prototype of the RE-design tool was validated using real
project data. The validation process was divided into two categories, qualitative and quantitative. For
both categories, multiple W+B designers were consulted for feedback to support these findings. The
results are shown below. For each project, the RE-design generated model is shown on the left, the
actual model excluding elements outside of the scope is presented in the middle, with the entire model
shown on the right. Table 3 shows some basic project characteristics.
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Project A:

Figure 50: RE-design tool Figure 51: Scoped elements validation Figure 52: Entire project

Project B:

Figure 53: RE-design tool Figure 54: Scoped elements validation Figure 55: Entire project

Project C:
Note: approach slabs do not show in supplied 3D models
Note: Barriers before/after bridge not part of scope

™ & W

Figure 56: RE-design tool Figure 57: Scoped elements validation ~ Figure 58: Entire project

Project D:
Note: Barriers before/after bridge not part of scope

Figure 59: RE-design tool Figure 60: Scoped elements validation  Figure 61: Entire project
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Table 3: Project characteristics

Chapter 5: Tool Development: Bridge RE-design tool

Project A Project B Project C Project D
Left out of scope:  L-wall, retaining Station & lift, exit ~ Green wall, sheet Retaining walls,
walls & piles, station between pile wall. cross beams,
sheet piles, edge abutments, sheet additional
elements. pile wall. footing, extra
approach slabs.
Data quality Good Excellent Medium Good
Size 30x28m 20x(18-8-11)m 21x32m 25x10m
Complexity Low-medium Medium-high Low-medium Medium

5.4.1. Quantitative metrics
The tool was tested against the following performance metrics:
- Obtainable model accuracy without requiring manual design adjustments.
- Average time required to model the bridge using 2D drawings.

Method:

To test the tool, real projects have been used to validate these metrics. Due to data gathering
difficulties with municipalities, only projects from W+B could be used in this process. Moreover, due
to time constraints, the author conducted the testing instead of the intended designers, this has impact
on the obtained modelling time which will be a topic in the discussion chapter. For context, 3 out of 4
projects are from the same contract and therefore have some similar design principles integrated in
them. All bridges are beam bridges as shown on the previous page. The projects are all recently
designed, which implies a higher standard of design drawings compared to structures constructed
before 2000. To simulate the tool’s future use, first the 2D drawings were studied to obtain parameter
values and design characteristics of the structure, with this knowledge the bridge RE-design tool was
used to generate the model. The development process of element variants was not included in the
modelling time, to better represent the future average performance of the tool considering that the
design variant database will be saturated by then. The obtained element quantities were individually
compared with the ‘actual’ 3D model (limited to scoped elements) from the drawings using the
individual element volumes to obtain a resemblance percentage as shown in Table 4. The weighted

total was calculated using eq. 2, the average accuracy of an element type was calculated using eq. 3.

Weighted Total = gﬁ x 100% 2)

Al
Where:
- Vg =Volume for all objects of element type | as modelled by the RE-design tool.
- Vai=Volume for all objects of element type | as modelled by the actual design.

Average accuracy = Znﬂ (3)
Where:
- pn =the model accuracy for the element in project n
- n=the number of projects included

From these results, it can be derived that abutments have the largest impact on the overall accuracy
given its size. It must be noted here that the accuracy does not represent the physical resemblance of
the element and its details. For this, more advanced model compare tools will need to be consulted.
Nonetheless, the results look promising despite the limited design variant database.
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Table 4: Model accuracy (volumes) performance

Element!/project Project A Project B Project C Project D Average
Abutments? 99% 89% 95% 96% 94.75%
Wing walls N/A N/A 99% N/A 99%
Piers N/A N/A N/A N/A N/A
Bearings 100% 100% 100% 100% 100%
Girders 100% 100% 100% 100% 100%
Deck/compressive  100% 100% 100% 100% 100%
layer

Sidewalk® 91% 85% 100% 100% 94%
Curbs/parapet® 100% 93% 100% 100% 98.25%
Piles 96% 100% 100% 100% 99%
Approach slabs 100% 100% N/A 100% 100%
Railings® N/A N/A N/A 75% 75%
Guiderails* 83% N/A 83% N/A 83%
Barriers 100% N/A 100% 100% 100%
Weighted total 98.37% 93.61% 98.56% 99.12% 97.41%

1 Note that elements are measured by element volume, this is not equal to geometric accuracy.

2 Abutments were modelled only using 2 design variants, severely limiting the accuracy potential.
3 Sidewalk and curb/parapet are still modelled as one attached to the bridge deck.

4 Railings and guiderails only have 1 standard type included for now, see limitations.

To assess the required time for obtaining a 3D model, the effort was measured for both the desk study
which included studying the drawings, selecting the design variants in the handbook, assessing the
parameter values of the design variants, and determining the design options. The modelling time
represented the time required to translate this information using RE-design into a 3D model. This
excluded the time required for assigning data to the attributes of the elements. The results are shown
in Table 5. These are bandwidth values to account for inaccuracies and distractions during modelling.

Table 5: Required modelling time

Project A Project B Project C Project D Average
Desk study time 120-150min  90-120min 90-120min 60-90min 90-120min
Modelling time = 15-30min 30-45min'? 15-30min 15-30min 18-33min
Total 135-180min  120-165min  105-150min  75-120min  108-153min

1 Project B consisted of 3 bridges next to one another and therefore required more time for modelling.

For comparison: it was estimated by W+B designers that municipality bridges would require between
12-20 hours to model using traditional practices (also from 2D drawings). However, this is at a slightly
higher level of detail and includes the remaining elements that were left out of the scope for this
prototype. Given the uncertainties involved in this process, the results will be nuanced in the
discussion.

5.4.2. Qualitative metrics:
The qualitative metrics included for this tool are as defined as follows:
- Adoptability: measures the user-friendliness and required knowledge threshold for operating
the tool.
- Robustness: measures the share of bridges (within scope) that can be modelled with the tool.
- Adaptability: measures the potential functionalities of the tool beyond its current set of
requirements.
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54.2.1. Adoptability

Adoptability of the tool is very important in reaching the desired outcome of the tool: to be used across
organisations and improve the CE- and R&R-challenges and accelerate digitization. To do so, a user’s
guide was developed that shows a step-by-step process on how to operate, manipulate, and customize
the tool to achieve the desired model. To ensure interoperability, development guidelines have also
been included. No modelling experience is required to use the already existing database of elements
and design options. However, to improve the tool and its robustness, this skill is required. As the tool
is fully embedded in Revit, the standard design tool for infrastructure, it is very likely that designers
also have (basic) understanding of the functionality of Dynamo and can therefore also
manipulate/improve the script. Due to the modular approach, the degree of difficulty for
understanding the logic behind an element is also contained, making troubleshooting significantly
easier. One skill that is required is the ability to derive information (quickly) from 2D drawings, this
might take more time for inexperienced users. Overall, it can be concluded that the entry level for
knowledge/experience is low and, while the level of knowledge for further expanding the robustness
of the tool is moderate. Moreover, to ensure minimal errors for future use, no additional add-ins or
packages were used in the development.

5.4.2.2. Robustness

The robustness metric was tested using a database of bridges of the municipality of Gouda, containing
over 150 bridges. It was concluded that the tool design can become very robust once the previously
identified limitations are solved, the remaining elements (excluding drainage and lighting) are
included, and the element variant database is expanded with elements parametrized elements from
practice. From this assessment, no beam or plate bridges were identified that fall outside of the
potential of this tool, given the previously mentioned developments. However, the status of the
prototype does not offer this robustness as only limited design variants have been included. Due to
the limited reference material for this assessment, certain figures cannot be provided at this time.
However, a safe assumption would be that the tool will be able to model >90% of all beam and plate
bridges (this excludes integral bridges) in the future, judged by the characteristics and potential shown
by the prototype.

5.4.2.3. Adaptability
Lastly, the adaptability of the tool. This metric captures the full potential of the tool and method in
different contexts and requirements compared to this research. Below, some are introduced, however
they will not be further discussed here.

- The tool’s method can be applied to other types of infrastructure like locks, culverts, or road
elements (lighting, barriers, guiderails), for similar purposes.

- Once the tool’s LOD is increased, structural calculations using software like Autodesk’s Robot
Structural (or something similar) can be explored using the tool’s output and potentially using
optimization strategies for the design phase.

- The tool output geometry can be used for reverse engineering reinforcement in elements
(Harrewijn, 2019).

- The tool can be used in optioneering processes at the start of design/exploration phases to
quickly visualise the possibilities.

- Integrating circularity databases/tools with information of what is the most likely EoL purpose
of materials in the structure (which can then be documented in the element MP’s).

- Directly linking the tool’s output (Revit model) to the AM software and reuse databases using
third party tools (e.g., ANT (CollaborAll, n.d.)), to decrease manual labour of updating the same
information.
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5.5. User guide & white paper for implementation strategy

This section comprises of a summary of the user’s guide, or design tool handbook, that can be found
in Appendix: M. This handbook ensures that anyone with moderate design skills in Revit can operate
the script and obtain similar output, expand the family database to increase robustness of the tool,
and manipulate the material passport setup for the end user (generally the asset manager). The
handbook describes the design protocol (also simplified in a schematic in Figure 62), provides
troubleshooting guidelines & tips, explains how to adjust the MP document for customization,
elucidates the design options integrated in the model and how to adjust them, sets the design rules
for creating new design variants for elements, and shows the existing design variants and their
parameters (visualised) sorted by element type. Moreover, the guide provides inspectors with tangible
requirements for making measurements on site in case no drawings could be obtained.

In Appendix: N, a whitepaper is provided for policymakers. This whitepaper neatly shows what the
problems are in the context of their organisation, how the bridge RE-design tool can be the solution,
what their benefits could be and how this would look in practice. This whitepaper can be used by
practitioners to convince their superiors to actively make the transition and free up funds.

Download family

Open new
| database, parameter »{ architecture template
Excel file & dynamo iect
scripts bR
Set unit ‘Length’ to Obtain project
Family meters & load drawings

database

families in project file.

specifications and
photos

Adjust shared
parameter
Excel to AM's
preference

Create new shared
o |paremeter file and run

Paremetersetup.dyn
using Dynamo Player

¥
Assess project data,
=elect design variants
and determine design
option setting

Open dynamo and
load TheScript.dyn’

Use code blocks in
handbook to
preconfigure element

Tool handbook

parameters

Set design options
design varianis &
parameters.
Run model (twice)

Save & close dynamo
script, and adjust
model manually in

Revit. Save project.

Conduct material
quantity take-off per
material & fill in
(element) MP's

Circularity
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Figure 62: Process flowchart simplified for RE-design tool

5.6. Position RE-design in practice

5.6.1. Context
As shown in the literature study, one of the main enablers of the CE are digital technologies. On the
other hand, one of the key barriers is the lack of asset data visualisation, quantification, and
centralisation of existing infrastructure objects. Many of the enablers and initiatives presented in both
CE-transition roadmaps and state-of-the-art literature depend on this data availability, while there are
little efforts or solutions to actively tackle this issue on the short-term. Current practices include
manual 3D modelling using 2D drawings and project specifications (labour intensive and costly) or laser
scanning and post-processing to obtain 3D models (very expensive, decreasing in costs). Taking into
account the limited funding availability at public organisations and asset manager priorities obtained
from interviews, this digitization transition is likely to take place in the distant future despite the
potential benefits found in the literature study. Looking at the data quality of newly constructed assets,
3D-BIM models are supplied with information attached to the individual elements, allowing more
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accurate tracking/monitoring of information of the remainder of the asset lifetime. Currently, assets
are registered using a single ‘material passport’ linked to a dot on a map with generally very basic asset
information attached to it and a photo. Given that many assets are entering the final phase of their
lifecycle, more specific insights are required for monitoring the condition of individual elements,
reusability scans & structural assessments (LOD700). These insights can currently only be stored using
very cumbersome methods (e.g., Excel) as this is not supported by current AM software. Moreover,
current practices for bottom-up material quantification are very uncertain due to assumptions and
extrapolation, or labour intensive to obtain for AM physically using asset characteristics and statistics.

5.6.2. Value

This is where RE-design comes into play, by providing a more cost-efficient method to generate 3D-
BIM to efficiently store element specific asset data compared to manual modelling and 3D scanning
technologies, allowing for a faster transition to digitize the acreage (3D centralized AM) and reap
benefits for a longer duration. For the bridges constructed between 1960-1980, this means another 20
years of AM (on average), making it a worthwhile investment considering the AM benefits it provides
(see section 2.4). While 3D-BIM level of information supply is not a prerequisite for reusability scans
and structural assessments, it does provide a more streamlined process by centralising (the available)
data and providing a better overview of the asset to reduce structural modelling time. Structural
assessments currently also require similar data supply, reducing the threshold for the data gathering
effort. By conducting these assessments earlier (through a collective data gathering effort), earlier
insights into the reusability of assets and actual EoL dates of assets can be obtained for increased reuse
potential and R&R-task timeline management. Moreover, the 3D-BIM can function as a medium for
improving the data supply quality in reusability databases. As a by-product, the tool allows earlier
bottom-up material quantities for MFA to improve the reliability of CE-roadmaps (once reinforcement
approximations are added). Finally, as the tool generates centralised high(er) quality data storage of
assets, Al & big data can be leveraged sooner to use this data for optimization of AM, as shown in
section 2.5. The value of this tool lies in the combination of benefits and its potential for further
development on automated (parametric) structural/reusability assessment and (preliminary) design
applications. However, the degree to these benefits depends on the quality of information supply.

5.6.3. Data availability for tool implementation
This data availability at public organisations can be distinguished in three scenarios.

1. 2D drawings & project specifications readily available and organised.

This is the ideal scenario for the RE-design tool. This level of data availability is currently predominantly
reserved for larger organisations, according to the interview findings. With this level of information
supply, a large contract can be drafted to develop 3D-BIM asset data. The RE-design tool (once fully
developed) can be used to model the beam- and slab bridges within this contract with reduced effort.
In the future, other bridge structure types can be explored with similar tooling to also reduce the
modelling effort. Bridges outside of the scope should be either manually modelled or laser-scanned
when the design is too complex.

2. Temporarily lost project data.
In this case, the organisation needs to conduct a central effort to recover the project specifications and
drawings where possible. When acquired, see scenario 1. If not, see scenario 3. During interviews with
industry asset managers, some reluctance to this task was observed. However, considering the need
for reusability scans and structural assessments of assets, this data will be required for a large share of
the assets. Current strategies limit this search to the asset that is required in the particular moment
while this can be optimized by organizing all asset data at once.
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3. No data can be retraced after recovery efforts.

In case no additional project data can be recovered, the RE-design tool can still be utilized. In this
scenario, which is likely to be the case for at least a minor portion of the assets especially at smaller
organisations, the RE-design tool can be employed in combination with manual inspections. During
inspections, data can be obtained using the developed handbook’s visualised element database and
design options to still quickly generate the design. This model can be improved and supplemented with
data obtained throughout the remainder of the lifecycle. When the structure is outside of RE-design’s
scope, 3D scanning practices are advised.

5.6.4. Implementation & future practice
Below, a simplified timeline is presented for the implementation of RE-design in practice.
0-2 years: tool finalisation, refinement & database development using real projects. Exploring the
potential for streamlining the structural assessments within engineering firm. Convincing public
organisations of the urgency and need for upgrading existing assets to 3D using the white paper and
sampling strategy at various public organisations.
2-5 years: collective data gathering effort of all assets at public organisations. During this time, the
early adopters (predominantly large organisations) can use RE-design either in-house or via an
engineering firm to digitize the bridges within scope. RE-design can also be implemented for reusability
scanning projects or as optioneering tool in the early design phases. During this time, the automation
of using the 3D models for structural assessments needs to be developed when deemed possible. Al &
big data or reverse engineering approaches need to be consulted for reinforcement approximation in
the model for material quantification. In case of demand, expand concept to other infrastructure types.
5-10 years: large scale adoption of RE-design for digitizing the existing acreage (fixed beam & plate
bridges) using data scenarios 1 & 3. Structural assessments use the generated 3D-BIM (including linked
condition data) for their 2D model development and document the data in this. With time, the 3D-BIM
is used as source for structural assessments by directly linking the model to software.
10-20 years: the tool can be further developed as a design tool that is automatically linked to the
structural software to run optimizations for geometry, like Karamba3D for Rhino/Grasshopper. The
design variant database is supplied with standardized elements according to the IFD framework. In this
period, the digitization transition will be well underway and 3D scanning technology will become
competitive in costs and offer more quality with respect to inspection data.

5.6.5. Industry perspective
From the interviews with various asset managers and personal conversations with W+B experts, a final
perspective on the tool’s value is obtained. Asset managers:
- Transition is likely to occur in 5-10 years. Data & funding are short term obstacles. While
current software infrastructure is also far from ready to support 3D centralized AM.
- More evidence is required on the benefits, larger organisations can provide this (e.g., T3D).
- Clear ambitions for upgrading to 3D at some point, providing demand for RE-design tooling.
- Demand targeted at assets listed for functional replacement or structural assessments.
- Before making the switch to 3D centralized AM, the majority of the assets need to be in 3D,
explaining the reluctance for upgrading as it would require a large investment at once.
W+B experts:
- Integration in reusability scanning workflow and as optioneering tool in initial design phase.
- More robustness is required before adoption becomes viable/competitive due to details.
- Potential application for using the output for parametric 3D structural assessments to further
drive down costs. Current (2D) methods are mainly kept in place due to standard practices.
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Chapter 6: Recommendation — Asset management roadmap

This research has shown the need for upgrading the existing infrastructure to 3D, as well as a tool to
do so more cost-efficiently. However, this tool can only be implemented when the 2D drawings have
been retraced and the foundation has been laid. The goal of this recommendation is to provide the
asset managers with a roadmap towards 3D centralised AM for improved R&R-task management and
reuse realisation in the future. The roadmap uses logical steps based on the CTL concept, expert
knowledge, authors previous work activities within W+B, (Brouwer, 2022), and the guideline to reuse
developed by the Nationale Bruggenbank (Van Offenbeek et al., 2021). The target group for this
recommendation is therefore also asset managers at public organisations in the construction industry.
Each of the included 9 steps are briefly discussed and substantiated with tangible actions, examples,
and options where applicable. An overview of the steps is provided in Figure 63.

& Q‘NJ>k’7A - :::;-,

|
Centralise & Inspection & Datamining  OTL& Reusability  Structural Upgradingto  Centralised Circular
Complete  Maintenance Specifications  Object Scanning  Assessments 3D Centralised Reuse Project
Assetdata  Register & drawings  Decompo & Degradation AM with Bridge Database  Methodology
sitions Modelling RE-design tool

Figure 63: Roadmap overview

1. Completing & centralising asset data.

AM is the root of reuse, as the previous chapter has shown. Quality AM starts with proper data quality
and centralized documentation. This is a mandatory step that all organisations must take. An AM
platform of choice can be selected for this (e.g., IAsset, DISK, GBI). In this platform, a material passport
on the highest asset level should be completed for each asset. Figure 64 displays a representation of
such a material passport for an example viaduct case with imaginary input. The environmental data
section is included for new structures, whereas for existing structures this information can (partly) be
obtained only when the geometry and materials are known. The peculiarities section can be used for
any comments on the condition, reusability, or even deconstruction. This MP example is not meant to
represent a complete list, as different organisations can have different information needs, but it does
provide a framework of what should be documented minimally in line with the findings of this research
and Platform CB’23’s guide for material passports.

Obtject name Wicher Lemstra viaduct

Object code 12345

Construction year 1975

Asset owner (manager) RWS (Mun. Sneek)

Contractor BAM

Asset type Viaduct

Asset category Vehicles + bicycle

Main material Concrete

Length 25m % Primary input (renewable %) 60% (0%)
Width 7m % Secondary input (renewable %)  40% (10%)
Height 5m % Reusable output 35%
Surface area 175m2 % Recyclable output 61%
Volume 150m3 % Incinerated output 0%
Material quantity 360 metric tonnes % Landfilled output 2%
Condition Good % Lost materials 2%
Upcoming inspection 2023 - Witteveen+Bos Harmful substances presence None
Recent maintenance activity 2018-04 - crack maintenance beam A12 |ECl-score 10000EUR
Upcoming maintenance activity 2025-06 - Replacement barrier

Location E23-N7 Traffic class €250
Design lifetime (remaining) 80y (23y) Number of spans 2
Expected decommissioning date 2055 Number of lanes 2
Peculiarities (Dutch: bijzonderheden) Railing is reused. Structure type Beam bridge

Figure 64: Material passport for asset example
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2. Inspection & maintenance registers.
Secondly, separate tabs are required for maintenance and inspection registering. These tabs display
the executed and upcoming maintenance or inspection tasks and have the reports attached after
finalisation. Historical maintenance activities need to be retraced, if possible, this is important for
assessing the remaining lifetime of elements. Once the reports are received, the key results are to be
documented in the register, as displayed in Figure 65. A larger picture can be found in Appendix: A.
This register is based on the PRINCE2 (PRINCE2, n.d.) project management methodology and expanded
with AM needs. Each asset should have an individual tab with just the reports and register items for
that asset, synchronised with the global condition & maintenance register. When such a register is not
possible in the AM tool, Excel can work as long as it is centrally documented in the cloud with access
to all involved parties (including contractors and inspectors) to update the register after jobs.
Confidentiality breaches can be circumvented by providing external parties with standardized formats
that need to be filled in, which can then be manually copied into the database. Such a database then
allows better management of activities and condition monitoring, without needing to open reports

and missing crucial information. When an element receives an update on its condition or metadata, its
MP should be updated directly by linking the register to the MP. When this information is still
documented in a 2D object decomposition (see step 4), they need to be updated manually. Lastly, it is
advised that for inspections, the CUR117:2020 method is adopted (as opposed to NEN 2767-4), as this
provides more accurate representations of the actual condition of the elements (Lunenborg, 2022).

Starting REIC6 1-1- Protection
orrosion 5 2023 Bridge 0013 Barrier A12 22-11-2019 Low  Medium  Open layer 2023-2024 TBD
Replacemen it REIC6 1-1- Dow
1|advised 1 2023 Culvert 0213  Pipe 1 10-5-2020 Urgent  High  Closed Replacement t okt-20 BAM 1-11-2020 i
REIC6 1-1- Active Mun. Download REIC6 1-1-
2Cracks found 3 2023 Bridge 0163  Deck 1 L Download Link 22-11-2019  High  Critical ~ WIP  monitoring 2019-2022 Deventer 2023

5

5

Link
Broken REIC6 1-1- Download REIC6 1-1-  Might be replaced
3|streetlamp 0 2023 Viaduct 0015  Lamp post A123 Link Download Link 18-9-2018 Medium  Low  Onhold Link 2023 in new project

Figure 65: Condition & maintenance register

3. Technical drawings data mining.

Thirdly, technical drawings and project specifications need to be gathered, organised, named, and
linked to the assets/elements. These documents are important for the generation of the 3D data. In
case the drawings are still on paper, they need to be scanned. When the drawings cannot be retraced,
site measurements will be required. These site measurements can be combined with an inspection.
The RE-design tool’s user guide provides a guideline for the required measurements for individual
elements as well as what needs to be known for the design options, which can be used by inspectors
on site. This will result in accuracy limitations for the 3D model compared to 2D drawings. It is advised
to execute a central effort for data gathering instead of one-by-one to decrease costs.

4. Object decompositions.

As part of the ‘inventorying the acreage’-step from section 2.3, an Object Type Library (OTL) should be
developed for all assets. An OTL ensures consistent data registration across all existing and future
assets (per type) within the acreage by describing what elements and components each asset type can
be decomposed to, and what attributes need to be documented per object type. The OTL is the
framework that is used for each asset to develop the decomposition, a decomposition is then a
representation of this framework applied on a certain asset. The difference is highlighted in Figure 66,
in grey shows a simplified (incomplete) example of an OTL for a bridge where the lowest level is
generally where attributes are documented. Considering an actual bridge, there will generally be two
abutments that are not necessarily the same (e.g., different condition). Each abutment is documented
separately with similar attributes but different inputs, as shown in red. These attributes are highly
object-specific and need to be tuned to the asset manager’s demands. As a guideline, the Material
Passport Guideline developed by CB’23 can be consulted to find attributes (Platform CB'23, 2020).
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So, first an OTL is to be set up for each asset type (Dutch: beheerobject), for civil structures the
recommended standard is the NEN2767-4. However, it is recommended to make adaptions and/or
additions according to the organisations wishes to make this standard more in line with practice.
Secondly, all assets within the acreage need to be inventoried to create a database of object
decompositions. There are two routes to take for developing such a database:

1. 2D, using software like Relatics to create a list-like format with different layers, where each
object has an attribute window where the values can be registered. The decompositions can
then be imported in the AM software if the software allows. This is generally a labour-intensive
task and becomes a large file that is difficult to manage. However, it is a sensible steppingstone
towards 3D centralised AM.

2. 3D, in step 7 the geometry of the asset will be generated from the 2D drawings. Using this
geometry and the individual elements, attributes can directly be attached to the physical
elements in the 3D model. The 3D model can then be exported to a more accessible format
like Industry Foundation Classes (IFC) to make the information more accessible while still
maintaining 3D. Alternatively, the information can be exported and manually linked to the 2D
system as an intermediate solution while the 3D system is being set up.

Abutment Abutment
Souh North

Figure 66: Object type library vs asset decomposition

5. Reusability scanning.
The next step is conducting reusability scans on the assets that with the data gathered up to this point.
All assets should be analysed on their reusability potential, as was done for beam- and plate bridges in
Chapter 2.3. Then, a selection should be made for assets that are most likely to be replaced before
they reach their design lifetime, as there is reuse potential. For this, land-use plans, and mobility
developments of the acreage should be studied along with the condition data and remaining lifetime
estimates of structures. The output from reusability scans is to be documented in the MP’s of the asset
and individual elements where needed, and when there is potential also in a reusability database. This
should be a continuous process. To create a reusability report, the following data should be gathered
and centrally stored:

- Land-use and mobility development plans.

- Material passport of asset/elements.

- Object decompositions with attributes.

- Maintenance records — linked to objects.

- Inspection reports — linked to objects.

- Drawings & project documentation.

- If available: 3D model of structure.

- For new structures: Environmental Assessment Report.
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6. Structural state assessment.

Reusability scan output can be enhanced when the data certainty on the structural state of the asset
and its key elements is higher. Moreover, it is essential information in making decisions on the fate of
the asset: (premature) replacement, renovation, or maintaining/extending. Currently, this strength is
estimated based on the degradation expectations made during the design, with conservative (based
on safety factors) assumptions for mobility developments and environmental changes (IV Infra, n.d.).
These conservative estimates can severely impact the reusability business case by underestimating the
remaining strength, resulting in unnecessary decommissionings, resource consumption, and costs
(Janssen, 2022). Two methods can be applied on assets where the loading/environment deviates
significantly from the designed enough to alter the remaining lifetime:

1. Degradation modelling based on design specifications, maintenance history, inspection
reports and expected future loading.

2. Structural recalculations based on drawings, material specifications, and loading profiles
(design, actual, and future). Potentially requiring material testing and/or reinforcement
validation, depending on the desired level of detail. Using Richtlijn Beoordeling Kunstwerken
(RBK) or NEN8700.

The literature study and interviews have shown that large costs can be expected in 10-15 years
concerning recalculation costs, recalculations are predominantly required for concrete vehicle bridges
due to the increased loading over time and reuse potential and can quickly accumulate in costs — ~25k
on average, depending on size and level of detail, excluding additional material or reinforcement
studies. The interviews also revealed the tendency of owners to execute these only when necessary,
likely when it nears Eol, potentially resulting in immediate decommissioning. The first step is to
inventory which bridges require structural assessments and which can do with revised degradation
modelling. It is highly recommended to start recalculating concrete vehicle bridges sooner rather than
later to decrease this peak. Combining multiple assets in one contract could save significant costs.

7. Geometry of structure/elements/site
In parallel with reusability scanning, the development of the 3D environment is to be developed. First,
laser scanning technologies or Google Maps 3D should be employed to create a rough outline of
buildings, roads, and waterways. Then, there are two routes to take to start filling this environment
with individual asset 3D models. The first being to hire designers (in-house or via consultancy firm) to
manually model structures based on drawings/measurements, and the second is to employ digital
scanning companies to scan structures (e.g., LIDAR, drone scanning, etc.). The method selection
depends on the following factors:

- Complexity of the structure.

- Reuse potential —impacting the required level of detail of elements.

- Data availability for modelling.

- Budget — Laser scanning is significantly more expensive.

As established previously, not all structures (or elements) have the same potential for reuse.
Therefore, the level of detail for these structures can be lower. Moreover, if a structure only has 2
years until replacement and has no reusable elements, modelling would be pointless considering a
new model will be generated for the new structure. In general, laser scanning is best applicable for
highly complex and architecturally dominant infrastructure or buildings, or when it is difficult or not
cost-efficient to obtain measurements for manual modelling. Otherwise: manual modelling. With this
knowledge, a list can be developed for assets to document the desired LOD, most modelling suitable
method, and priority. From this, an execution plan can be developed to upgrade to 3D assets.
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Figure 67: 3D centralised Asset Management

Tips:

To minimize costs, it is advised to employ RE-design tooling for bridges.

Combine site measurements with inspections in case there are no drawings.

Organise large contracts for modelling/scanning multiple assets at once to decrease costs.
Create a link via a third-party software (e.g., ANT) from the 3D model to the AM system for
exchanging and updating MP information. Similarly, connect the reuse database inputs with
the 3D-BIM as well to avoid repeated tasks when an update is required.

PwNE

8. Information needs for reuse realisation.
Here, recommendation is made to ensure a more efficient reuse economy. This item concerns the
information registration of reusable elements in reuse databases as well as the information
requirements for project developers, see Table 6. The former being for asset managers aiming to reuse
their elements (supply), while the latter is for projects with reuse ambitions (demand). With this
information, the designer can analyse the transportation, storage, maintenance, and
adjustment/enhancement aspects per element for the life cycle costing assessment.

Table 6: Information needs reuse

Information registration AM Information requirements designer
Location (of asset or storage depot) Desired geometry characteristics
Element geometry & attributes / picture Desired lifetime of new asset
Remaining lifetime based on loading profile Local design guidelines/building codes
Uncertainty score of model accuracy & performance = Development planning of area
Maintenance requirements after harvesting Site accessibility

Condition Execution window of project
Decommissioning window (expected) (Future) loading profile of object

Risk score deconstruction
Desired compensation
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Reuse realisation framework for practice.

Lastly, a framework (Figure 68) is provided to increase understanding of circular project methodology
(bottom) compared to traditional linear project methodology (top). The chart displays the
interrelatedness of assets and parties throughout their whole lifecycle and can be used as a guideline
to understand the changes that are required for realising a circular construction economy. The chart
represents a typical project where an asset is replaced (Asset A, as highlighted in purple), also called a
brownfield project. However, it can also suit a greenfield project by excluding the purple elements. In
the circular project methodology, another asset is introduced: ‘Asset B’ —representing the asset where
the reused elements are harvested. This adds significantly more complexity to the construction project
for both project manager and asset manager, as represented by the chart. A few notes on the chart:

1.

Witteveen

Central to the process is the decommissioning date of the to-be-harvested asset (asset B). This
date determines when it is beneficial to deconstruct the existing asset on the project site as
too early would mean that the construction has to wait on the harvested elements. In case
Asset B is already harvested, there are no limitations.

The yellow nodes in the chart are highlighted as they are only executed once for the existing
assets and represent the data gathering and asset studies that allow reuse realisation.

After realisation of new projects, digital twins should be used to continuously store the data
and manage the asset, hence the arrow back to the asset manager.

The details of the various design stages (preliminary, detailed, technical, etc.) are intentionally
left out and summarised in ‘Life-cycle-costing analysis & finalising design’. This is because there
are no other data streams required for this process besides engineering, unless the design
returns to concept level (e.g., element becomes unavailable), represented by the arrow back
to the design phase for concepts.

The decommissioned asset (asset B) is split into 2 steams: the harvested element(s) and
Construction Demolition Waste (CDW). Ideally, both are developed into secondary materials,
however it is likely that some of the CDW is landfilled (despite the landfill ban).

The model focusses on the processes where materials play a role direct within the project,
aspects such as tendering, quality assurance, risk management, etc. are not included.
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Traditional Project Methodology - Linear Economy

Project site
No Wait until both
processes are Contractor A Mantonarics
finished contractor
Manufacturing
Initiate & plan project Design Final design ials & 4| New materials & i—l
specifications soecifications | s elements
_ Are both :
T T processes Transportation to Construction Asset A (new) Maintenance
m finished? ste tasks
Decomm- Deconstruct /
Asset manager ch:g'Tf;éngA dat asset & »  Prepared site
I, Asset A (old), prepare site
. Periodic inspection
Taneshing report Demolition
consultancy C
Contractor B
New Project Methodology - Circular Economy
2 No L iz " j
Engineering Project site Finalise concept Suppliers Manufacturing New materials &
concultancy A design elements
s T N
¢ Design rough Redesign around Life-cycle-costing
lnm:"e &fma? pr:Ject concept around elements be reusable Concept designs analysis & —> F'::‘fdzi'g: No Wait until all Contractor A
pechication environment integrated?, elements finalising design fpectications processes are ready
.
Update database - Deconstruct / Are all Transportation to
Asset manager with potential Br Updale AssetA (old) demolish asset & ik processes site according to | |—»] | Construction
reuse elements Duspot/ prepare site s ready? schedule
l T MADASTER L J l
Obtain detailed ) Decomei- Contractor B Supplier &
asset information Reusability Structural ining dat Limits transportation AssetA(new) (&g
& reusability specifications recalculation Asset B Contractor A contractor
scan S l
Transportation oo .
Engineering P —— P Fenodlrzur:)s;sectuon Digital Twin model
consultancy B > Adjustment P!
| (Storage)
Deconstruction
| Assetl and/or demolition
Construction Transportation & Maintenance
Legend Demolition Waste Recycling ¢ ¢ tasks
Processes / Secondary
Acting part; Products
apery actions ’ construction materials Landiil
Contractor C Recycling Maintenance
companies l contractor
Document/iile
Database Suppliers

Figure 68: Reuse project methodology
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Chapter 7: Conclusion, Discussion & Further research

7.1. Conclusion
In this section the conclusion of the research is formed using the drafted research questions.

1. What is the impact of the lack of available high-quality asset data on existing infrastructure on the
CE-transition and the R&R-task?

The literature study has shown that material flow models are used in Dutch CE-transition roadmap
development for setting goals & timelines. For civil infrastructures, this data input proved very
unreliable as the centralised data location is not maintained by asset managers and rough assumptions
had to be made on the characteristics of assets due to lacking asset data. This implies that the model
output is also highly unreliable, impacting the accuracy of CE-roadmaps. Overestimation of the existing
material stock equals larger secondary material potential and therefore lower raw material
requirements in the future to meet construction demand, resulting in more conservative goalsetting.
Conversely, implementing strict reuse/recycle regulations caused by overestimation of the material
stock will significantly impact the construction industry and economy. Accurate bottom-up modelling
of material quantities is paramount to enable and improve local and global CE-strategies.

The bridge R&R-task will require asset managers to make knowledgeable decisions on whether to
replace, renovate, or maintain (extend) assets and when it is best to do so considering the large
decommissioning peak that is expected in the upcoming decades and the limited (capital) resources
available. The challenge arises from the demand for high quality asset data to make such decisions
effectively or conduct structural assessments to obtain this information. Similarly, literature showed
that one of the main barriers to reuse realisation also concerned the lack of data quality (condition &
structural performance) and visualisation (communication) of assets and elements, making the risks
for the demand party too high or costly to investigate, affecting the feasibility of CE-goals. Considering
the ageing bridge infrastructure, an opportunity for reuse arises in the upcoming decades.

2. What are the current standards for data availability and documentation, what led to this present
lack of asset data, and what future developments can be expected in AM?

Interviews with asset managers of a variety of public organisations have shown that asset data is often
incomplete, fragmented over multiple systems, limited to some basic characteristics of the asset, and
inspection reports. 2D drawings and project specifications are generally (temporarily) lost, requiring
significant efforts to recover if possible. Moreover, asset documentation strategies vary across
organisations, with larger organisations generally having more capacity and funds to organise their
systems and upgrade their data. The most dominant causes for this lack of asset data derived from
literature & interviews with stakeholders relate to the absence of technology at time of construction,
changing asset managers over time causing loss of (tacit) knowledge, low priority for reuse realisation,
and lack of demand from the client/asset manager to document the information for the operational
lifetime. With the ongoing digitization transition, CE-transition, and R&R-task, more data is required,
calling for BIM and digital twins to be adopted in AM. This results in an increasing data gap between
newly constructed assets and existing assets. At some point, the AM strategy will be shifting to 3D
centralised AM to better leverage the potential benefits that these 3D-BIM bring, calling for an upgrade
of existing assets to 3D. While organisations have ambitions to do so, the lack of funding and capacity
to effectuate the upgrade of existing assets stagnates the digitization transition and its benefits.
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3. What is the potential performance and impact of a modular parametric design tool for fixed bridge
infrastructure on the digitization transition at public organisations?

To counter the need for higher quality information on existing infrastructure for improved AM and
facilitating circularity realisation and better management of the R&R-task timeline, a solution is
required. Manually modelling assets from 2D drawings is labour intensive & expensive and 3D scanning
technologies are expected to remain even more expensive over the coming years. The gap-analysis
exposed the need for a modular approach to parametric modelling of fixed bridge infrastructure to
reduce these costs and allow accelerated digitization at public organisations. The preliminary Cost-
Benefit-Analysis showed that upgrading assets to 3D could yield potential profit on the long term,
however this included large uncertainties and limited benefits. Moreover, through risk-analysis it was
found that the successful adoption of such tooling would depend on the data availability at public
organisations, their willingness to recover this data, and funding. The desired LOD for the design tool’s
output was analysed using three purpose categories: AM, reusability scanning & structural
assessments, and material quantification. From this analysis, LOD400 was selected as a baseline for
geometry output, and LOD500 for high reuse-potential elements.

Tool testing with 4 beam bridge projects showed promising results to obtain high accuracies (>97%)
for modelling volumes and high potential for reducing the required modelling time compared to
manual modelling practices from 2D drawings (1.75-2.5h vs 12-20h). From preliminary analysis, no
beam or plate bridges were identified that could not be modelled with the RE-design concept in the
future, speaking to the robustness potential of the solution. However, more user validation is required
to confirm the exact figures for accuracy, cost-reduction, and applicability. To accommodate further
use of the tool output, customizable attributes are automatically assigned to element categories for
AM and reusability/ structural assessment needs (LOD700) based on BIM-theory and expert
knowledge (W+B). Thereby providing designers and asset managers with the opportunity to document
and monitor asset data from available sources, reports, and assessments more accurately per element.
With more development, the prototype also provides the opportunity for playing a more prominent
role in structural recalculations and design practices in the future. To ensure its large-scale adoption
potential, a user’s guide was developed for designers to decrease the entry barrier for the tool and
facilitate inspectors with visualised information requirements for making measurements on site.
Moreover, a white paper was designed to increase awareness among decision-makers and incentivize
investments into transitioning towards 3D centralised AM.

4. What are the practical implications of the research findings on the construction industry and asset
management in the context of the digitization-, CE-, and R&R-challenges?

The upgrade process of current data quality towards 3D-BIM and the following steps to leverage this
information has rather significant implications for AM practices. To put these implications into
perspective, a transition roadmap was developed that visualises the required steps for organisations
tofirst get towards 3D centralised AM and consequently reuse project methodology and effective R&R-
task management in practice. This resulted in 9 steps presented in Figure 69, provided with information
needs and recommendations for execution. The sooner the data-gathering is initiated, the better.

'y /LO:,,.*—“ > S (e

Centralise & Inspection & Datamining  OTL & Reusability Structural Upgradingto  Centralised Circular

Complete  Maintenance Specifications  Object Scanning  Assessments 3D Centralised Reuse Project

Assetdata  Register & drawings  Decompo & Degradation AM with Bridge Database  Methodology
sitions Modelling RE-design tool

Figure 69: Roadmap for AM
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How can centrally stored, quantified, and visualised asset data of existing infrastructure impact
the CE-transition, bridge R&R-task efficiency, and AM practices?

High-quality asset data on existing assets is important for multiple reasons. The first being that it
provides the input for MFA models which are consequently used in CE-transition roadmap
development to make timelines for interventions (regulations, investments, etc.). Secondly, physical
asset data is important for the realisation of reuse as at least the geometry, material, design
load/strength, condition/degradation, and date of availability need to be known for demand parties to
reduce their risk profile and have seamless integration of the available elements in their design. Lastly,
for the R&R-task management the structural state of the asset needs to be known to determine
whether to replace, renovate, or extend the asset, taking into account the decommissioning peak.

From interviews, it was observed that asset data is generally incomplete, fragmented, and divergent
across public organisations. By centralising the asset’s data into a single file, all the available data for
reusability & structural assessments can be extracted from- and documented in a single source for
more streamlined processes. The visualised asset (3D) automatically generates the material quantities
for material flow models, given accurate attribute data. Finally, visualised asset data allows for more
specific asset data documentation and monitoring on element level, improves information traceability
& communication, maintenance & decommissioning preparation, and enhanced spatial planning
decision-making. Moreover, potential benefits can be generated from the increased data storage
potential and information availability through Al and other digital technologies in the future. From
these findings, it can be concluded that centralised, quantified, and visualised asset data directly
improves AM practices and MFA input accuracy, and indirectly influences the CE-transition and R&R-
task management by providing a better data foundation for reusability & structural assessments.

Knowing this, and the cost-barrier at public organisations, a design tool prototype was developed using
parametric modelling to reduce the upfront investment costs for developing 3D-BIM to centralise,
quantify, and visualise existing fixed bridge infrastructure. Despite limited validation and scope, the
tool showed promising potential to reduce costs and calls for further development and testing to
improve robustness, while also having potential for playing a more prominent role in reusability &
structural assessments. The degree to which the AM-benefits and potential role it can play in these
assessments is governed by the availability and quality of asset data at public organisations.

7.2. Discussion
This section discusses the results of this research, as well as the most important uncertainties,
assumptions and limitations that impacted the outcome of this research, grouped by theme.

7.2.1. Academic contribution
This study highlighted the limited attention in concrete initiatives/recommendations to overcome the
urgent information need for existing infrastructure assets to enable short-term circularity realisation
in both Dutch CE-transition roadmaps (Transitieteam Circulaire Bouweconomie, 2022) (Circulaire
Bouweconomie, 2018) and state-of-the-art literature (as found in references in section 2.5.1 on page
40). Most of these initiatives and recommendations are positioned in the scenario where assets have
this information readily available, while this is far from reality for most of the assets for at least the
upcoming two decades. It is not meant to imply that researchers and industry players alike have been
oblivious to this lack of data, but merely to point out the need for more evidence-based research and
initiatives that will help ‘convince’ industry players to pull the trigger and tackle this problem. This
study has taken a step in the right direction by calling for urgent action on upgrading the existing asset’s
data quality for increased potential for reuse realisation and R&R-task management, in addition to
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improved AM possibilities. This is effectuated using three developed products: a roadmap towards 3D
centralised AM and reuse, a proof of concept for RE-design to reduce upgrade costs, and a white paper
to increase awareness at public organisations on its urgency and benefits. While the tool itself does
not generate all the data required to address these needs, it allows centralised storage of all the
available information that is currently fragmented over multiple systems to better facilitate the actions
required (reusability & structural assessments). Much of the data that is required as input is also
needed for such assessments, thereby theoretically limiting additional efforts. Moreover, RE-design
can accelerate research applications of digital innovations (e.g., Al) for CE through data centralization.

In the literature review, the Closing the Loop (CTL) concept for bridges & viaducts was selected as a
starting point as this was one of the few encountered concepts that addresses the required front-end
AM needs to enable short-term circularity to meet the 2030 and 2050 CE-goals, compared to the
predominantly political, regulatory, financial, collaborative, and design concepts proposed by
literature and transition roadmaps (as referred to in previous paragraph). The CTL concept calls for
large-scale inventorying- and reusability scans of the acreage. However, inventorying and reusability
scans alone are insufficient for reuse realisation. The concept was therefore built upon in this study by
adding 3D modelling for documenting the data required for reusability scanning and structural state
assessments. This concept serves as a bridge towards a complete CE where assets are represented in
digital twins with high-quality asset data allowing for more accurate assessments and planning of
circularity. This bridging period is expected to take 20-30 years before most of the bridges constructed
between 1960-1980 are decommissioned. Despite the perception that this is a short period for such
large investments, significant value can be captured with large impacts on the CE-transition.

7.2.2. CE-transition roadmapping

The significance of the uncertainty involved in MFA inputs for civil structures is still unknown, and
therefore also the impact this has on roadmap development and the CE-transition, putting doubt to
the urgency of obtaining more accurate data. There is also little incentive for AM to invest in obtaining
material quantity data using statistical models & site observations and actively maintain the central
databases (e.g., BGT) for the benefit of these MFA studies and transition roadmaps. This threshold is
aimed to be lowered with RE-design by combining other incentives with this problem. However, the
tool is for now limited to object volumes and lacks reinforcement approximation.

7.2.3. R&R-task and bridge reuse

One of the most important themes in this research concerns bridge reuse. First and foremost, it is still
unknown what share of the bridges will be ‘functionally replaced’, due to uncertainties on accelerated
degradation from functional changes and concrete hardening of bridges. Less functional replacements
would decrease the potential benefit of upgrading to 3D due to lower potential for reuse realisation
and consequently earning back some of the costs. Even with high-quality asset data and structural
assessments, significant risks will remain for the demand party. This will require new incentives,
business models, and risk management strategies in the future. In the analysis for the identification of
the most promising group of bridges and elements, numerous assumptions and simplifications had to
be made considering the newness of the field providing little precedent or research, lack of large bridge
datasets, and scope considerations of this research. In principle, all bridge types have potential for
reuse. However, more research is required on the potential for reusing elements outside of girders
and railings, which are the primary focus currently. 3D-BIM elements could help benefit this research
and expand the supply in reuse databases. Lastly, it is still a relatively unexplored field to value reusable
elements to create a functioning market that also incentivizes AM to record data and explore reuse.
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7.2.4. Data availability at public organisations

The main risk for successful large-scale adoption and impact of RE-design concerns the data availability
and willingness to obtain data at public organisations. This data concerns 2D drawings and project
specifications. Interviews with asset managers have shown that especially smaller sized organisations
are unsure to what extent this data can be recovered due to their fragmented data documentation
standards and changes in asset managers over time, making it a very large task to gather, organise,
and scan the drawings. Moreover, smaller organisations currently have no spare capacity to conduct
this task, due to the increasing management load and costs required by the R&R-task. Such efforts are
likely required to be funded by the digitization/digitalisation-departments (often disconnected from
AM) or innovation funds within the organisations. However, more interviews are required to obtain a
more robust assessment on the availability of data and willingness to recover it.

Two alternatives are presented in case there is no data. The first being to employ 3D scanning
technologies, despite continuous cost-reductions this solution is projected to remain very expensive
in the coming 5 years at least. The cheaper alternative is to conduct site measurements during
inspections using RE-design’s handbook with visualised parameters of elements in the database and
design options to develop the model. However, this would limit the accuracy of the model to above
ground/water only, with approximations for the remaining dimensions. The latter option being
favoured at smaller organisations. Key in this process is to convince industry stakeholders of the
urgency and benefits of upgrading to 3D centralised AM. Especially considering that Dutch CE-
transition roadmaps will ‘require’ the acreage to be fully ‘transparent’ (Dutch: inzichtelijk) by 2030.

7.2.5. Tool performance

Due to unforeseen circumstances the validation process was limited to a set of 4 ‘new’ projects with
current-day standards of design drawings, which can significantly differ from the data quality of bridges
constructed before 2000. Testing was limited to modelling the geometry of the asset, thereby
excluding the time that would otherwise be required for extracting and assigning attribute data to the
individual elements. Lastly, due to time constraints, tool testing was conducted by the author instead
of independent designers. To what extent these circumstances impacted the modelling time is
uncertain. Conversely, it can be assumed that designers leverage their experience to assess drawings
faster than to the author but might struggle more with the process at first. Given that the most
dominant modelling aspect concerns the desk study of drawings to extract parameter values, it is
plausible that designers can obtain better results given a saturated element database and practice with
the tool. Comparing the results to current practices (~12-20 hours for municipal bridges (Wolbrink,
2023)), cost-reductions for modelling efforts seem very probable, despite the lower LOD and missing
elements of the prototype’s output. However, more testing by designers will be required for more
reliable and consistent assessments on time-savings.

Testing also showed a high potential for model accuracy. However, the current element database and
tool limitations resulted in some inaccuracies on details. An uncertainty score attribute will help with
this problem to provide caution for future users of the model. Once the database expands, the model
accuracy metric will perform more consistent across projects. The robustness performance metric was
validated using a bridge dataset from the municipality of Gouda which contained only few beam and
plate bridges, requiring a larger database to improve the validity of the robustness metric. The author
and W+B designers did not identify any permanent limitations, however with further development
comes more complexity. Nonetheless, this is a promising observation with respect to increasing
robustness (expanding element database and design options) and exploring 3D structural assessments
with the model output to further streamline this process. Moreover, improvements with respect to
reinforcement approximation using statistics or reverse engineering methods require further research.
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7.2.6. Scope & outcome

The scope of this research was very broad with the inclusion of three grand challenges: CE-transition,
R&R-task, and digitization. While this study aims to contribute to each of these challenges either
directly or indirectly, only a limited impact can be obtained with the outputs of this research: a
roadmap for AM to better navigate the CE-transition and R&R-task, as well as a design tool prototype
(RE-design). The roadmap was developed with bridge assets as a reference point but is recommended
to be applied as a general strategy for AM of any scale of organisation. Considering the differences in
data availability and capacity between organisations, the roadmap might prove more applicable to
larger organisations on the short-term as they will need to take the lead to provide evidence of the
benefits before smaller organisations will risk the investments. To accommodate for differences and
preferences of organisations, exact methods, software, timelines, and other details have been
excluded from the roadmap or posted as a suggestion.

This research only provided a proof of concept for potential cost reductions in upgrading existing fixed
bridge infrastructure to 3D-BIM as part of this roadmap, therefore requiring more development before
being able to obtain the desired industry impact. The subsequent impact and adoption are entirely
dependent on the data availability or recovery and budget at public organisations while the outcome
is limited to providing a data foundation for the R&R-task and reuse realisation efforts, not solve these
challenges entirely. Waiting until 3D scanning becomes the prevalent (and cost-effective) solution
loses significant value and opportunities. Similar efforts are required for other types of infrastructure
to have the desired large-scale effect on the CE-transition and effectuate the digitization transition.

7.3. Further research
For my fellow researchers & designers, | have identified the following points for further research.

7.3.1. Study data availability potential at public organisations
To start, it was concluded that the main uncertainty regarding large-scale tool adoption concerns data
availability of 2D drawings & specifications at public organisations. While stakeholder interviews
provided hopeful indication that this data can be recovered to an extent, more research should be
conducted on more accurate estimations on the extent to which this data can actually be recovered
on a large scale, the willingness of organisations, as well as costs vs benefits and costs to do so.

7.3.2. Expand tool robustness and explore similar opportunities for other asset types
Considering the preliminary results shown in this research for the cost-reduction potential that
modular PEM tooling can provide for fixed beam- & plate bridge infrastructure compared to manual
modelling and current scanning technologies, the RE-design prototype should be further developed
with respect to robustness (including remaining elements, database expansion & script optimization)
and validation in practice. Additionally, similar opportunities can be explored for other types of (bridge)
infrastructure to further accelerate the digitization transition and improve overall AM quality.

7.3.3. Reinforcement modelling & automation of 3D-BIM in structural assessments
One of the shortcomings of RE-design concerns the lack of reinforcement modelling. Following the
example set by Harrewijn (2019), similar scripts could be developed for other design elements to
parametrically model reinforcement using element geometry and construction period as input, these
can then be applied on RE-design’s output. Such studies are very extensive and complex, calling for a
top down initiated & funded effort to achieve the desired effect. Moreover, automation of integrating
3D-BIM in structural assessments to streamline the workflow for structural engineers and lower the
costs require more research. Here Al can play a role as introduced by (Dang, Kang, Lon, & Shim, 2018).
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Appendix: A CE-transition obstacles & initiatives

1

PESTEL-analysis

1.1 Political

Predominantly conservative coalitions, limiting the funding allocated to climate change &
realising a CE and enforcing ambitious regulatory changes.

There is still a lack of regulations that force projects to have a minimum secondary material
input share or output, nor are there projections for the future. This leaves the ambitions to
clients, where it is often the first ambition that falls as it is not regulated.

Adams et al. (2017) have shown that there is a lack of known standard practices to implement
circular economy concepts within the construction industry. These standards need to be
implemented and enforced by the government.

Fundingis often allocated to projects that present short-term or certain benefits as this directly
reflects back to the decision-maker. This political tendency hampers important innovations
and investments that mainly show long-term benefits.

Due to the decentralized management system in the Netherlands, organisations tend to
develop their own transition roadmap, complicating it for the market.

Human tendency to require results straight away, whereas in the circular economy the impact
is mostly at the end of a structures’ lifetime. Decision-makers are not in control anymore by
then and would rather see profits short term that reflect on them.

Regulations that are there (e.g., landfill ban), can be bypassed relatively easily.
Risk-averseness of governments during projects where sustainability/circularity concepts are
applied at the start and often suddenly ‘left for the next project’. They represent the tax-
payer’s money and often see innovation despite their initial ambitions.

1.2 Economic

Lack of funding available from the government to push the sector faster towards a circular
economy: allow for higher quality tenders, subsidies, or innovation competitions.

Lack of funding available at public organisations to facilitate the higher upfront investment
costs to achieve circular results on the long term.

Tendency of contractors to maximize profits, with already very small margins to work with, by
finding cheap solutions that are often unsustainable and/or not circular.

The transition requires companies invest into new technology/research/training, the impacts
of COVID and global trends (recession, inflation, supply chain issues) limit this possibility.
Attractiveness of raw material prices compared to secondary materials.

Extra time is required to measure and validate environmental impact scores of designs.
Uncertainty on the remaining value of reusable products, making it a risky endeavour for asset
owners to harvest elements due to the extra costs involved for deconstruction for only little
materials (Ali, 2019).

Increased research costs for the integration of reused elements in the design.

1.3 Sociological

Conservativeness in the construction sector, as traditionally innovation takes more time to be
implemented (BIS, 2013) —resistance to change, especially by more senior workers who have
spent their lives doing it the traditional way and feel like they lose importance due to this
transition of the paradigm.
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- Increasing population, middle class growth, and urbanisation trends demand more
construction activities, requiring higher production. This is difficult to combine with a
transition process where learning is centralised.

- Deeply rooted processes within the supply chain complicate radical changes as everything
needs to be rethought, taking time to figure out.

- Lack of general awareness on the required changes for the circular construction economy
transition and training in the market.

- Complexity of the supply chain and the short-term goals of most companies, not giving the
needed attention for the end-of-life stage (Eberhardt, Birgisdottir, & Birkved, 2019).

- Companies and governments are not always familiar with working in multidisciplinary teams,
as required for a circular approach.

- During a transition, companies will wait until technologies have diffused before making the
investment, to avoid making unnecessary investments.

- Most of the stakeholders don’t understand how CE concepts can be applied in a practical way
for the Construction Industry (Adams, Osmani, Thorpe, & Thornback, 2017) (Eberhardt,
Birgisdottir, & Birkved, 2019).

- Poor perception of quality of reused elements and insufficient understanding of the risks and
benefits of circular materials and products.

- Contractors not being informed about circularity beyond what is described in the specifications
results in missed circularity opportunities.

1.4 Technological

- Circularity potential for existing infrastructure is difficult to assess due to the lack of
documentation on assets.

- The lack of material quantity information of the existing material stock limits the reliability of
transition roadmaps that are based on material flow studies.

- The absence of physical data of elements complicates the design process with reused
elements, as there is a lack of known supply. Thereby disincentivizing the exploration of reuse
in the design phase.

- Lack of diffusion of reuse databases and measurement tools.

- Limited applications of harvested materials.

- Limited technology and frameworks to design for end-of-life of products.

- There is too much waste for the recycling companies to process. Expansion of existing
companies and entry of new companies take time. Large projects have difficulty in offloading
their construction waste (Ali, 2019).

- Recycling technologies cannot yet upcycle all the construction waste, therefore making the
secondary material input in most infrastructures limited.

- Theviability of renewable biobased materials is still at its infancy, making it impossible to have
a large impact in phasing out raw materials in the foreseeable future.

1.5 Environmental

- Contrary to other materials, the recycling of construction materials is to be tackled at the local
level because they have an economically and environmentally limited transport distance due
to their comparatively low value and high mass (Hiete, Stengel, Ludwig, & Schultmann, 2011).

- Limited space on construction sites to separate and temporarily store construction materials,
complicating the recycling supply chain.

- Biobased materials are also limited to earths planetary limitations.
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- To become circular, first more raw materials need to be in circulation to develop a sustainable
secondary materials market. The secondary material output is not enough to meet the
construction material demand, even with 100% upcycling of all construction waste outputs
(EIB & Metabolic, 2022).

1.6 Legal

- Tender specifications and awarding criteria are still often dominated by the costs aspect,
disincentivizing sustainability and circularity influences in the bid.

- Traditional contract types are often unsuited for achieving circularity, new contract types are
still in development and tested.

- Projects where reused elements are integrated need to adhere to norms for new structures,
limiting the applicability of reused elements. New regulations need to be developed where
this is taken into consideration (Kirchherr, et al., 2018).

- Companies do not want to share their sustainability/circularity data to keep a competitive
advantage and use it for upcoming projects.

- New models are required for risk management and liability with reused elements (Ali, 2019).

2 CE-initiatives
2.1 Development of standards and information exchange platforms

With any transition, a shift is required for work-practices to generate the desired results. This often
leads to industry players each finding their own way in a (still) underregulated environment, this
generates a variety of methods applied on projects. As not every practice is as high-quality as another,
projects suffer from the results, or parties bypass the rules which creates an uneven playing field. For
this reason, standard practices are required to create an even playing field and create a unified
approach towards projects. The standardized practices then ensure that industry players (can) have
similar awareness and skills to execute projects and allows interoperability between parties. A lack of
awareness or knowledge of a party within a project can create friction and resistance on the
implementation. Before this is possible, a best practice must emerge. This requires knowledge sharing
within the industry and diffusion of concepts. Generally, these exchange platforms are best managed
by the government to ensure transparency and avoiding biases. Here, industry players can
communicate their innovative methods, research findings, trends, technologies and learn from others,
while the government can use this information for the development of standard practices. A
centralised environment helps create more awareness and increases the knowledge base of the
industry. Below, some concepts that need to be standardized are listed:

- Measuring circularity in designs.

- Lexicon for interpretation of terms.

- Material passport contents.

- Design methods to enable reusability in projects.

- Changing design standards to allow reuse while adhering to safety & functionality

requirements.

2.2 Rules & regulations
The only method to enforce standard practices is through regulations. this is however a difficult tool
to use in a transitioning environment as it is not always known how, when, and to what extent they
need to be implemented considering the circumstances of the industry. Another downside of
regulating is that it can hamper innovation, which is not desired. Below, some of the recurring
regulations in literature and transition roadmaps are listed:
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- Mandatory LCA, ECI & circularity studies on designs, to be used as sustainability and circularity
indicators of projects, shared openly after projects.

- Material passports on all structures.

- Integration of circularity & sustainability in tender specifications & awarding criteria.

- Minimum recycled/reused input and/or output in projects.

- Registration of reusable materials on material databases.

2.3 Education & training

A key part in making a transition within an industry concerns the development of a workforce that is
prepared to operate in a changed industry. Naturally, part of this workforce comes from academic
graduates. By transforming the educational programmes to include CE-principles, the new workforce
can be better prepared to create change within the industry by applying these concepts in day-to-day
activities. Traditionally, older generations will be conservative in transitioning as their developed
knowledge and skillset have proven to work during their careers. Trainings and workshops are required
to also convince this part of the workforce towards prioritizing circularity in projects. Standards are
essential content for this education & training effort and should be updated as time progresses.

2.4 BIM

One of the key enablers for the CE concerns Building Information Modelling (BIM). BIM is a product of
the digitalization transition within the construction industry, where the entire project is centralised
around the 3D model of the design. With this 3D model, all object information and communication can
directly be attributed to the physical elements, thereby reducing ambiguity, and increasing work
efficiency as all project information is documented in a single environment. Moreover, it allows
seamless integration of designs from different disciplines for clash detection to minimize reworks.
Overall, BIM reduces project costs over the entire project lifecycle, despite its higher upfront
investment costs (Bryde, Broquetas, & Volm, 2013). Other benefits are shown in Figure 70. BIM
produces a model that can be used in the operational phase and provides most of the information
needed to generate material passports and reuse potential assessment and communication of
individual elements (Ullah, Lill, & Witt, 2019).

Better data quality Coordinated approach
Lifecycle building Faster project delivery
management

No change orders - 4 Virtual simulation
Budget Pl < Higher building
reliability | \ quality

Collaborative design 4 Prefabrication

Higher building T - » Fewer accidents
functionality S A on job sites

No data loss Virtual model
Transparency from Earlier conflict
idea to rebuild \ and error detection

Figure 70: BIM (Siemens, n.d.)

2.5 Material passports
A material passport (MP) is a document consisting of all the materials that are included in a product or
construction. It consists of a set of data describing defined characteristics of materials in products,
which give them value for recovery, recycling and re-use based on standardized (certification) methods
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(Wikipedia, n.d.). Essentially all information relevant for the operational lifetime and EoL should be
documented in this MP. Platform CB'23 established that a standardized passport for the construction
sector would ensure that the right data was available in the correct manner. This creates awareness of
the availability and quality of natural and technical objects for future generations. The primary goals
of the use of a passport are ultimately upcycling materials, reducing the use of primary raw materials
and the production of waste. It is precisely the ability to preserve and exchange object data in the
construction sector that is essential for a circular construction world (Platform CB'23, 2020). According
to (Spring & Araujo, 2017), product passports allow for (1) informed decisions about products’ next
reuse steps; (2) the creation of markets for reused or disassembled products; and (3) the generation
of new service offerings around the product. Furthermore, BAMB (2020) poses that MP’s create
incentives for suppliers to produce healthy, sustainable, and circular materials/building products.

Material passports can be made on different scales (structure, element, product, or material), the
element level is most important for reuse realisation while the asset MP is most important for asset
management. Another important aspect of a MP is the date of generation, during design and
construction, the data can nowadays easily be extracted using BIM, for existing structures this data is
often lost or less accurate which impacts the use case of the MP. Figure 71 provides an impression of
the type of data that should be stored in a MP. For more concrete items, CB’23 is developing a
standardized list that is generated from a longer list of potential items as shown (Platform CB'23, 2020).

Product tracking code: Building Material Passport

Product name: (BMP) Sections description

Manufacturer: Last update: vy yy/mm/dd
? 1 General data

Product/commercial name Use recommendat ion/rest rictions Comprises the manufacturer/supplier data, the general description of
Composition/materials Performance characteristics the material/sy stem, compaosition, recommendations and restrictions
M anufacturer/sup plier Technical data (strain/weight ) of use, performance requirements and criteria, intended use period.

Use period/time
Q 2 Security measures (dafe data sheets)

Security information {wamings/recommendations)
Toxicological recommendations Handling and storage instructions

Indicates safety information from material receipt to its disposal;
wamnings regarding the toxicological risks involved; first-aid and fire-
SRRoioERA . fighting measures.

Risk identification/fire protection

3 Sustainability

Environmental declaration

Involves LCA and environmental product declarations, the
methodology used, the results and interpretation.

e i

F 2 . ' . * . 4 . "t
) 4 Use and operation Indicates the positioning and location of the material in the building,
assembly instructions; maintenance and cleaning: connections details

and systems requirements.

Positioning and location in the building Assembly instructions

Connections details and requirements Maintenance and cleaning
L% 5 Disassembly guide

Disassembly instructions (removal/rep lacement of pieces)

Transportation and storage instructions

Provides instructions for disassembly, removal, rep lacement of the
pieces and components of the meterial/system. In addition, indicates
best practices regarding transp ortation and storage.

y . 6 Reuse potential

End-of-life considerations (reuse/recy cling/remodeling)

Provides information regarding the reuse, refurbishment, recycling
potential as well as disposal considerations at the end of life of the

i C s tests and ed out during
Use period Latest uses/operations § system life, indicating its use period, past uses/operations, as well as
Verifications made during use Updates during operations § its current state.
O‘ 8 Other information g Indicates sources, references and standards consulted, as well as
References used/standards consulted tdetails and descriptions of information used in the development of the

passport.

Complementary_material

Figure 71: Material passport functionalities (Munaro, Fischer, Azevedo, & Tavares, 2019)

2.6 Material databases for reuse
With the increasing use of MP’s, a centralised database is required where these can be stored and
managed. The existence of a consolidated database of material passports can help the evaluation and
optimization of recycling potential and environment impacts (Honic, Kovacic, & Rechberger, 2019),
even more so when the BIM models are linked to the MP so the market can be scanned for reusable
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elements in all the structures within the database. Initially, this centralized database will require a push
from the government (e.g., by imposing obligation to create & upload MP’s), but once there is a
demand developed for the data, an economy with value creation (pull system) will emerge (Platform
CB'23, 2020). Moreover, such a database can allow better large-scale studies for improved transition
management. In the future, this database will serve as a material market, where one can buy
materials/elements from owners of structures where it is known when the structure will be
decommissioned. For this model to function, a centralized/decentralized hybrid model where centrally
agreed standards and guidelines implemented at decentralized levels is essential for success (Platform
CB'23, 2020). A software that is such a database is MADASTER, where MP’s can be uploaded. However,
to keep a regulated material market, it is essential that it should be controlled by the government. In
doing so, the existing infrastructure/buildings become the new sources for materials instead of mines.
Besides MADASTER, there are also more specific databases where elements can be offered for reuse
purposes, for example (Duspot, 2023) and the (Bruggen bank, 2023) for bridges specifically.

2.7 10-R’s framework

Next, a framework of strategies is developed that encapsulates the entire process of a construction
project, shown in Figure 72. Starting at the top of the figure, the design phase, the most circularity can
be captured by already reducing the need for products or material use before construction even
started. The second section concerns strategies for already existing structures/products that try to
maximize the remaining value of (half-) products. The remaining strategies concern materials that are
not captured in the strategies above. Every project should have this framework centralized and
integrated in their workflow, no matter the lifecycle stage of the product. At any time, the highest
possible strategy should be explored and applied where possible, to ensure the highest level of
circularity.

Circular Strategies

economy Make product redundant by abandoning its function or by

Smarter offering the same funchion with a radically different product
product

use and Make product use more intensive (2.g. by sharing product)
manu-

facture Increase efficiency in product manufacture or use by consu-
ming fewear natural resources and matenials

Reuse by another consumer of discarded product which is
still in good condition and fulfils its original function

Repair and maintenance of defective product so it can be

Extend used with its original function
lifespan of
product Restore an old product and bring it up to date
and its
parts Use parts of discarded product in a new product with the
same function
Use discarded product or its parts in a new product with a
different function
Useful Process materials to obtain the same (high grade) or lower
application {low grade) quality
of mate-
rials Incineration of matenal with energy recovery
Linear
economy

Figure 72: 10-R framework (Kirchherr, et al., 2018)

2.8 ‘Design for’ — strategies and prefabrication
As already introduced in the previous initiative, changes should also be made to the front-end of the
project, the design phase. Here, decisions can have the highest impact with respect to circularity. One
strategy concerns ‘Designing for Deconstruction/Disassembly’ (DfD), where the design is developed
with the idea that it should be deconstructed efficiently at the EoL. By considering deconstruction of
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the asset during the design phase, the designer can implement techniques to obtain higher material
and/or element recovery rates. This could be by adding smart connections or modularization of the
structure, as is incentivized with the Industrial, Flexible, and Demountable (IFD) framework for civil
infrastructures. However, literature shows many more Design for X methods that can be considered.
The benefits of including practices such as design for disassembly in the LCA, as it can reduce the value
of embodied carbon and energy in buildings (Eberhardt, Birgisdottir, & Birkved, 2019) (Krause &
Haffner, 2019). Besides designing for disassembly, practices such as designing for adaptability and
change can increase the functional lifetime of the structure by already thinking about potential use-
cases and implementing this in the design. This keeps materials/structures longer in their cycle and
decreases the frequency of deconstructing, recycling, constructing and transportation, thereby saving
resources and emissions.

Another trend that is increasingly being implemented in practice is prefabrication of construction
elements. Instead of casting in-situ concrete on the construction site, complete elements are already
casted off site and transported to the site when it is required. Modularization is a highly effective
method that requires less energy, time, and space on site as elements fit like LEGO blocks due to the
front-end engineering of the design, while not compromising the structural integrity.

2.9 New contracts & business models
A transformed industry also leads to the disruption of new business models to fit the changed
environment, goals, boundary conditions, and regulations. Below a list is provided with some of the
biggest changes with regard to business models in the construction industry.

- Contracts & collaboration.

o Tenders involving circularity requirements and (a share of) award criteria are
attributed to circularity and sustainability.

o Total Cost of Ownership (TCO) models that shift the responsibility of the maintenance
and potentially even Eol responsibility towards the contractor. Incentivizing them to
think about these aspects in the design phase where it can be impacted and optimized.

=  Design-Build-Finance-Maintain (DBFM).
= |nfra-as-a-service.

o Multidisciplinary project teams and Bouwteams to increase knowledge in the design
phase on the rest of the lifecycles of the structure.

o Partnerships between local governments and companies to realise local circular
economies.

- Subsidies for the transitional period to push the market.

o Small Business Innovation Research (SBIR), an innovation competition hosted by the
government where companies’ costs are (partly) covered.

o Pilots where a new technology/business model is being tested which has potential to
become beneficial for the CE transition. Pilots are necessary to develop regulations in
this new environment (Transitieteam Circulaire Bouweconomie, 2022).

- New services and technology arising from the CE.

Certification/measuring services for LCA & circularity assessments.

Recycling technologies — expansion of recycling industry and scaling up of technology.
EolL experts — more efficient demolition & deconstruction.

Material depots for storing & maintaining harvested elements.

Selling reusable elements.

O O O O O
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2.10 Research & development

The last initiative is closely linked with all the previously mentioned initiatives. Research and
Development (R&D) is necessary to make all the initiatives and concepts work in practice. Although
R&D is very broad, the two main pillars with regards to the CE-transition are the recycling industry and
renewable materials research. Academia play an important role here as this is government funded and
non-profit oriented, allowing it to invest money into research. Secondly, companies play a role here as
collectively there is a lot of capital to invest and a larger workforce to consult. Moreover, there is a
need for them to develop themselves in order to maintain business. However, they are profit oriented
and therefore more cautious in spending money with the uncertainty of success and future benefits of
the investment. Pioneering/championing of these companies is essential in accelerating the circular
economy transition, potentially even subsidized by the government.

As recycling is at the core of the circular construction economy, R&D should aim to further increase
the recovery rates and waste separation practices on demolition sites, improve the efficiency of the
recycling processes to minimize loss of materials in the chain, and improving technologies to upcycle
materials. For some materials, recycling methods need to be developed from scratch. Research on
biobased renewable materials is essential to make up for this (sometimes inevitable) loss in materials
that occur in the recycling process, as well as replacing raw materials sooner rather than later. Of
course, other R&D should also be explored, however this is outside of the scope of this research.
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To meet the future demand solely with secondary material input, the anthropogenic material stock
needs to be large enough to supply such amounts of materials from decommissioned structures. A
national material flow study predicts that there will be theoretical material deficiencies of 35%, 27%
and 13%, in 2019, 2030 and 2050 respectively for the GWW-sector; assuming business as usual
construction activities and 100% high grade recycling and reuse of construction materials (EIB &
Metabolic, 2022). For the Building & Utility (B&U) sector the theoretical deficiencies are even larger:
78%, 75%, and 67% in 2019, 2030, and 2050 respectively. In 2019, the primary/secondary material
input ratio of the GWW sector was 46%-54%; from this secondary material input, 88% concerns
recycled granulates, 11% recycled concrete and industrial substances, and 0.6% is reused bricks. As
recycling- and asphalt granulates are used in road/pavement construction, it means that the GWW-
sector excluding road/pavement infrastructure had an 89%-11% primary to secondary material input
share ratio in 2019, similar to the B&U sector. Moreover, in 2019, 79% of outgoing materials from
decommissioned structures was recycled, 20% reused, and the remainder landfilled, left, or
incinerated. As for the main component of civil artworks, concrete, most of the recycling results in
granulates that go to road infrastructure or site elevation (97%), which is downcycling and not
considered sustainable circularity, while only 3% ends up in new concrete (Zuidema, Saitua, & Smit,
2016). Figure 73 displays the ingoing and outgoing materials divided by asset type in the GWW-sector
in 2019, Figure 74 shows the material origins of the ingoing material and material processing
destination after EolL, also in 2019. This study indicates that the current built environment is not large
enough to support a construction industry with consistent productivity levels. Even with 100% high
value recycling and reuse of all outgoing materials, the material future demand cannot be met.
Currently, although almost all outgoing materials are recycled or reused, only 10% of ingoing materials
in civil structures (excluding roads & pavements) are secondary materials. This gap is to be filled by
either primary or biobased materials, where biobased is expected to play a minor role due to ongoing
R&D.
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Lack of knowledge & incentives in practice

1.

It is not yet a standardized part of the design methodology to consult material databases like
Bruggenbank, DUSPOT, or MADASTER for finding and integrating reusable elements in the
design (Wolbrink, 2023). The search for reusable elements quickly stops when the ‘perfect’
materials cannot be found; adjusting, reinforcing/enhancing, and/or maintaining the existing
elements is not part of the solution space yet.

The iterative process in item 1 is more time consuming and costly compared to traditional
design practices (Kanters, 2022). Due to the high upfront costs and generally tight budget,
there is a lack of awareness on the potential benefits of realising reuse (Huuhka & Hakanen,
2015).

Even with structural data of elements, using second-hand elements is still perceived as risky,
unsafe, and increases liability for contractors, steering them away from reuse (Huuhka &
Hakanen, 2015).

Construction standards limit the use of reused materials due to the requirement of 100y design
lifetime, which cannot be reached with reused elements, or requires significant over
dimensioning of elements (Huuhka & Hakanen, 2015).

Existing structures were not constructed with deconstruction in mind (Huuhka & Hakanen,
2015), disincentivizing the reuse case as it complicates the harvesting process due to the
increased probability of damages.

Transportation of large elements is not possible everywhere, requiring extensive studies and
permits (Timmermans, van de Weijer, & Thijssen, 2021).

There are currently not enough storage depots for storing reusable construction elements to
increase the probability of adoption in new projects (Timmermans, van de Weijer, & Thijssen,
2021).

Financial attractiveness of demolition and recycling over deconstruction and reuse (Huuhka &
Hakanen, 2015). Moreover, deconstruction processes require longer due to the carefulness
involved for demounting/splitting objects (Greencirculedemolition, 2021) (Copper8, 2022).

It is not yet standard practice to include circularity awarding criteria in the tender
specifications or assigning them significant weight to outweigh the cost-criteria, thereby
disincentivizing circular bids (Bakker, 2023).

Lack of data

1.

2.

Reuse databases currently do not have sufficient information on the reusable objects to
effectively design with/around the elements. Information is often limited to a picture and basic
(uncertain) data, that results in large uncertainty and risks (Bruggen bank, 2023). There is need
for higher quality product information for current & future reusable elements (i.e.: geometry
data on individual reusable elements, accompanied by attribute data) (Copper8, 2022).
There is a lack of data on the actual structural state of assets due to the increased traffic
intensity and loading over time, compared to what the assets were designed for (Florida
department of transportation, 2000). Consequently, either conservative assumptions must be
made on the remaining lifetime & strength or recalculations initiated. This information is
essential for managing the replacement & renovation activities timeline of the acreage.
Moreover, this information is required for the contractor to manage the scheduling of the new
project (with reused elements) (Huuhka & Hakanen, 2015).
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3. There is often no maintenance record that dates back to the construction year (Lunenborg,
2022). Maintenance activities influence the degradation models and are essential in structural
recalculations, both important methods for assessing the remaining lifetime of the asset.

4. Condition datais often documented in reports and its findings not actively monitored (Oxand,
2022). Condition data impacts the reusability of the element and whether repair is required.

5. There is uncertainty on the exact time-of-availability of elements, increasing risk for project
developers. This data only becomes available closer to project execution (Copper8, 2022).

Unbalanced supply and demand

There is currently an unbalanced market for reused elements (Huuhka & Hakanen, 2015). The supply
is highly unpredictable due to the dependency on data quality from the owners, whereas the demand
is very low as it is not an integrated aspect of the design phase yet in addition to low data quality of
the supply side making it unattractive due to the risk involved. Currently, the largest issue is the lack
of supply of reusable elements (Wind, 2022). One of the reasons for this being that organisations tend
to limit themselves to intraorganizational reuse via internal databases, limiting the applicability of the
elements in a wider environment, and thereby supply (Copper8, 2022). As the supply and demand are
not balanced, the economic side of reuse is not representable for what it could be, over-supply makes
the elements very cheap and thus not attractive for the asset owner to put time and money into
gathering the data, compared to demolition. Conversely, if demand is too high, the prices of reused
elements skyrocket which makes reuse an unattractive solution considering the life-cycle-cost of the
alternative. An efficient market prices the elements based on material availability, raw material prices
and other market effects such as regulations/incentives. Currently, prices are very unpredictable due
to a lack of pricing methods that reflect the market fairly.

Lack of applications

At the time of writing, most of the elements in bridge infrastructure can only be reused with the same
function (high value reuse). When such an element is not demanded in the short period between the
decommissioning announcement and deconstruction/demolition date, it needs to be either stored or
demolished and recycled. When it has multiple applications, the scope for the demand is increased
and the probability of reuse becomes larger. Currently, besides girders there are not many elements
that provide this lower value reuse opportunity, thereby constraining the reuse economy (Huuhka &
Hakanen, 2015). More research is required to analyse the lower value reuse application potential of
more elements.
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Notes step 1:

A change isrequired for asset managers to adjust their perspective from short-term asset management
to long-term. Currently, the activities mainly include routine inspections and maintenance activities as
a result, the Eol is hardly taken into account or is starting to be included now with the R&R-task
(Lunenborg, 2022). The proposed steps require significant effort that does not fit in the traditional
budget for bridges. Traditionally, the asset data is only gathered when a recalculation is required, in
which case the Eol is often near. Moreover, waiting until last-minute will result in unsurmountable
costs peak in 10-15 years due to the construction boom and structures reaching a certain lifetime. The
AM benefits will be limited when the data is gathered shortly before EoL. To make this investment
worthwhile, the data gathering process should be brought forward. RWS is currently conducting efforts
with tunnel infrastructure, where ‘digital twins’ are reconstructed from gathered asset data, despite
not needing replacement for years to come. This study shows a predicted shortage of contractor
availability to execute these activities on time, because of this, opportunities for improved portfolio
management with respect to managing renovation and replacement activities can take place (in
combination with data from step 2).

Notes step 2:

The output of this step should be a list of all the reusable elements within the acreage with their
properties, estimated time-of-availability, and the remaining strength/lifetime, documented in a reuse
database. With the centralized information on assets and elements with respect to their reusability
and EolL, a higher remaining asset value can be realised by selling reusable elements. Moreover, the
supply of reusable elements is increased due to the improvement of supply and communication to the
market via the intermediary databases, which increases the attractiveness for adopting reuse
methodologies in the design phase.

Notes step 3:

IFD and reuse are contradictory in nature as reused elements do not conform to the IFD standards due
to their uniqueness and require to be ‘designed around’ instead of conforming to a standard. Both
practices (reuse and IFD) are necessary to reach the circularity goals, where reuse is aimed at short-
term circularity and IFD ensures future reusability. Incorporating reuse in the design also asks for a
change in approach with respect to risk allocation and management due to uncertainties that come
with using reused elements such as potential damages, reduced lifetime, element availability and
material degradation. These risks cannot all be carried by the contracting party. Clear agreements need
to be made on who carries what risks and who benefits from certain opportunities as this dynamic
significantly changes when reused elements are involved. However, this goes beyond the scope of this
research and is highly project specific.

Notes step 4:

There is a disparity between the interests of asset owner and project manager, as the asset owner’s
main concern is the minimization of unavailability of assets, while the project manager of the
contracting side has to allocate equipment and manpower towards a certain timeframe. The asset
owner will delay the deconstruction if the project construction is not ready, while this can be
detrimental for the planning on the contractors side. contractual agreements can overcome this issue.
Moreover, high data quality can reduce unexpected delays or damages in the deconstruction process
through improved preparation.
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The literature study provides a knowledge base for the development phase as well as road map
development in the recommendation in Chapter 6. The literature study started with the introduction
of the CE in the context of the construction industry, fuelled by climate change that calls for a reduction
in emissions and resource consumption. The industry needs to undergo a paradigm shift from a linear
‘take-make-dispose’ model towards a CE-model, in which reusing- and recycling materials are key. The
traditionally conservative construction industry faces many transition barriers, that are to be overcome
with initiatives set out in transition roadmaps. These roadmaps predominantly focus on realising a
future built environment that allows a sustainable CE, while paying less attention to initiatives on
leveraging short-term circularity using the existing built environment.

Looking at this existing built environment, there is large uncertainty on the material quantities and
flow of materials over time. Considering the relationship between primary-, secondary-, and biobased
materials in making up the material pool for construction activities, this information is invaluable.
Currently, CE-transition roadmaps are based on material flow studies with highly uncertain data,
especially in civil works, impacting its reliability. There is a lack of cost-efficient bottom-up material
guantity modelling methods to create more reliable material flows on both local and global scales to
better navigate the CE-transition. However, interventions like reducing the material demand,
improving recycling & reuse technologies, and setting up international partnerships are required to
help make the CE sustainable long-term.

The bridge R&R-task presents a great challenge from both AM and CE-transition perspectives, as it
requires large investments and (capital) resources in a short period of time. Due to changes in
functional requirements of bridges over time, opportunities present themselves for reusing bridge
elements with remaining technical performance at time of decommissioning. However, due to the lack
of high-quality asset data this opportunity is often not identified (timely). Based on a high-level analysis
of bridge characteristics, concrete municipal vehicle bridges with beam- or slab structures were found
to have the largest potential for realising reuse. The key barriers for realising reuse are identified as
lack of knowledge and incentives on realising reuse in practice, lack of data, supply and demand
imbalance and a lack of applications of reusable elements. Overcoming these barriers requires action
from asset managers to inventory their acreage in terms of materials, geometry, and state, centrally
documented such that it can be used for reusability assessments. Consequently, this information
should be used in reuse databases and integrated in design practices to alleviate the financial and
environmental impacts of the R&R-task.

The literature study proceeded with an analysis of the cause for this lack of asset data of existing
infrastructure when the need is evident. The main contributors to this problem are the absence of
technology at time of construction, loss of tacit knowledge through asset manager replacements over
time, lack of client demand and need for information until now. In the unavoidable digitization
transition, the first task for asset managers is to realise a complete 2D centralised AM system. In the
future, a transition to 3D centralised AM to leverage BIM data is evident, requiring an upgrade of
existing asset data to semi-accurate digital twins. The earlier such efforts are realised, the longer
benefits for AM and the CE-transition can recoup the upfront investment. To conclude, the state-of-
the-art literature was consulted to put the findings in perspective. This confirmed the urgent need for
cost-efficient methods to obtain more complete-, higher quality, and geometric asset data of the
existing built environment to accommodate the CE and digitization transitions.
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W+B experts

Conclusion

Interviawee
Interview topic Mun. Deventer
Observe environment for basic asset information
[location, construction year, surface area, type,
inspection report). Long-term maintenance contract
s Elofassel.dala for assets. GIS for locations, SharePoint for
quality & documentation

documents (unknown strategy). It is uncertain
whether 2D drawings are retrievable for all assets

GBI platform as 2D asset management system for internal
operations like Inspection reporting, maintenance
operations, basic asset data, decompesitions, linked to
the individual asset. Currently working on digitizing 2D
drawings and linking to GBI. Soil measurements are
executed and visualised in a separate platform. |Asset for
external communication.

lAsset environment for basic asset information (location,
type, photo, constructon year, traffic class & inspection
reports). Excel sheet for OTL including attributes, condition
& maintenance management registration. Made
interactive with PowerBl. It is uncertain whtehr 2D
drawings are retrievable for all assets.

Constant referral process for trying to obtain drawings from
organisations, no one knows where they are and If
someone does itis an unorganised directory of drawings
that takes time to organise. Generally inconsistent and
incomplete data systems that take time to trace &
communicate data.

In general, asset owners do not have a complete, centralised
database for asset data. Platforms in use are 20 based, and
currently still lack 2D drawings and specifications of existing
assets, as these are not consistently documented over time

Inspection & maintenance

Only reports based on NEN standards, aiming to
change to CUR117 to obtain element specific
condition data that can be used for maintenance.
An overview of maintenance activities is lacking.

Currently in reports that are analyzed after handover and
resulting in maintenance activities. Not element specific.
Information traceability is more difficult.

Standard reporting + object specific documentation in
prescribed Excel format by Province.

Mainly NEN standard reporting, shifting to CUR117 for
improved element specific information

Inspection data is generally still documented in reports
without any direct links to the individual elements. A
transition is taking place from NEN to CUR standards to
improve the condition documentation.

Aiming to centralize the basic asset data,
maintenance activities and inspection findings ina
manageable environment.

Digitizing drawings and working on completing a single
centralized asset management environment. There is
already a lot of data.

Mone, waiting on actual software functionality to replace
Excel functionalities.

Slow realisation at public organisations that a change is
required in their asset management quality.

The larger organisations are observed to be making the
transition to complete their asset data documentation by
centralising basic asset data around the 2D platform to
optimize maintenance and inspection operations. This effort
is just starting at smaller organisations and will require a lot
of effort.

Representativeness of
organisation

Very representative for small-medium sized
municipalities {the majority of municipalities).

The organisation is on the larger side of the spectrum,
there is more capacity/budget available per discipline
which allows better management. The impact of poor
management is more costly compared to small
organisations which is a driver.

Not representative for other provinces w.rt.
documentation standards. Completely renovated the
documentation strategy in recent years.

Observed correlation between documentation
quality/completeness and increasing size of organisations.
RWS and large municipalities have a lot of data that is
relativel organised, small municipalities often don't.

The organisations represent the differences well,
classifications can be made for small municipal
organisations, larger municipal organisations and provinces.
Ageneral relation is found between size and data quality.

Cause for lack of complete

data centralization

Change of management systems, lost knowledge
due to changes in personnel and no standardized
documentation strategy. Civil artworks were
traditionally not paid much attention due to their
low number and little maintenance requirements.

High costs and lack of urgency to focus on concrete bridges
as priority was on other assets.

There is no suitable software that allows similar
functionality, and the drawings & specifications were not
documented with a consistent strategy, and hence lost.

Drawings were generally not used over the first half of the
asset lifetime and therefore disregarded. The increase in
traffic intensity and weight and CE-transition made the
drawings important again. With time the knolwedge of
where they are documented was replaced by new
personnel.

The need for 2D data for asset management operations was
low until recent times, due to increased traffic requirements
and CE-transition there is a sudden need for them. Changes
of management systems and personnel resulted in a loss of
data, or uncertainty on their whereabouts, requiring a lot of
effort to be retrieved. Bridges generally required little effort.

Circular economy efforts in

organisation

Awareness is there, however this is far from
practice. Timber bridge planks are occasionally
reused. More information is required on the assets
and processes need to be introduced. Currently, it
does not look like a cost-efficient business case.

Flrtnee: 5 pibesvdeu-Meatbsse.

Currently the demolition contractors are responsible for
the disposal of materials or elements, this is out of the
municipalities control. The municipality wants the conrol
back to incentivize element harvesting and setting up
material depots to realise more reuse. Current reuse
concerns timber elements from bridges.

Reluctance w.rt. the probability of finding a suitable
second life location, reuse communication would improve
by introducing a 30 visualisation.

There is ambition to work and design sustainably and
circularly, often there is constraint from the client and costs
remain dominant. Additionally, due to its newness the
business case for integrating circular elements is often
uncertain, requiring higher quality data on the supply side
and reference projects.

Current efforts for a CE are limited to low value reuse of
timber and cccasional pilots. Ambitions are there to realise
mare, but the risks, uncertainty on the business case, and
lack of data to link supply and demand make it difficult to
realise on the short term. It is not part of the standard
methodology at Eol.

Ambitions for upgrading to

3D asset management

Awareness on the R&R-task ahead increased, need
for 30 visualisations especially for concrete vehicle
bridges. Currently the focus is on achieving a
complete 2D asset management system. There have
been pilots for scanning the 'buitenruimte’ in
pointclouds. For civil structures, there is no budget.

There is ambition for the future, as digital twins are
perceived as the future of asset management, however
there is currently not a sensible business case due to the
high upfront costs. The most interesting asset type would
be concrete vehicle bridges.

Short term: small, no added benefit for managing the
assets, as reuse is predicted to play a small part. Long
term: digital twins of new infrastructure and
visualisations of functionally replaced assets. There is
also @ lack in supporting software to manage this in,
resulting in less incentive.

From the consultancy perspective there is a huge demand
for the visualisation of existing infrastructure. For every
renovation, the first task is to upgrade data to 3D. Secondly,
designing with the 3D environment as reference improves
the design quality and process. Thirdly, there is an urgent
need for quality data on reusable elements that can be
used in new projects, this is currently almost impossible.

The ambition to go to 30 asset management is widely shared
and the benefits are clear, however the costs to do 5o make it
an ambition for the future. There is uncertainty on how to
manage this. The focus is on the first step: centralising the
asset data in a 20 system. Digital twins are mainly pilots for
new constructions. The most interesting asset would be
concrete vehicle bridges due to their reusability value.

Implementation of tool in
organisation

Tendered out. First a data mining process is
required, most likely by using inspections to
measure elements instead of gathering drawings.
Currently there is no such capacity.

Tendering out the upgrade task for a large number of
assets at once based on the organised 20 drawings. This
is an effort for the future.

Currently, not in demand. Potential for future use by hiring
engineering firm to execute this.

Tool would be deployed in projects where a 3D is required
from 20 drawings to reduce manual modelling time.

In case of smaller organisations where 2D drawings and
specifications are less probable, site measures will need to
be performed. Across all organisations, the modelling effort
would be outsourced to engineering consultants.
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Appendix: G Indirect costs and benefits 3D centralised AM

Indirect costs (not included in CBA):

1.

Maintaining asset data throughout lifetime could require more time compared to current
efforts. However, once a 2D system is realised, there will be similar efforts required, perhaps
even more due to the inefficiency of some practices.

Research costs for exploring reuse in projects, these costs reflected in the bid process and are
fuelled by an increase in supply of reusable elements in third-party databases/markets due to
the 3D representations.

Extra time and costs for deconstruction w.r.t. demolition due to additional preparation,
increasing steps to demount elements, carefulness of the operation to preserve the quality of
the elements, and potential additional equipment usage.

i Insufficiently tested and measured in practice and highly differential per design. For
bridges, the extra time could be somewhere between 25-50% on average as the
structures are generally well understood and have limited elements and connections.
However, this remains an assumption based on conversations with W+B colleagues.

Indirect benefits (not included in CBA)

1.

Avoided costs for offloading construction waste, including crushing/separating transportation,
and processing through the increased realisation of reuse.

Lower emissions through the increased realisation of reuse (in case of intra-organisational
reuse), thereby contributing to the CE-goals (and potentially avoiding penalties for over-
emitting in the future).

Decreased effort (costs) for project designers to try and integrate reuse in the design and the
design as a whole within the surrounding environment, this cost reduction comes back to the
asset manager in bid prices.

By postponing the recycling need of CDW through implementing reuse, the recycling industry
can develop its recycling technology efficiencies in the meantime. When replacement comes
around, the technology has advanced and higher-grade material can be obtained from the
recovered CDW, thereby increasing its value compared to lower grade recycling.

Based on the individual material quantity data that can be synchronised with local/global data
systems, the material flow models are improved. This can be beneficial for creating local
circular economies and improving the Transition agenda goals.

With the more accurate material quantities and spatial insights, a better overview of the
feasibility of the CE-goals per municipality can be obtained and a fairer penalty system can be
implemented, as no municipality is the same and bound by certain historical constraints.

The Netherlands can become a pioneer in the circular economy and asset management,
creating knowledge that can be exported to other countries that will face similar challenges in
the future. Assuming the average cost saving through circular strategies is 5% - 15%, with every
1% of the road sector adopting the recommended strategy, the potential market we are
dealing with is worth $15- 53 billion from 2016 to 2040 (Cao, 2022).

Increased reuse can lead to a more strengthened earnings capacity of the Netherlands as the
dependency on raw materials decreases (Brouwer, 2022).
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Appendix: H High-level bridge reuse analysis

1. Bridge types
Firstly, and most obviously, the type of bridge structure plays a role in determining the general
reusability potential of bridges. Figure 76 displays the different types of known basic bridge structures.
All bridges can be redirected to the design principles from these bridges. Due to the lack of studies on
which structure types and elements are most suitable for reuse, a high-level analysis was conducted
using Table 8. This framework has been inspired by (Brouwer, 2022) and was further improved for this
study. No datasets were found on the distribution of bridge types in the context of the Netherlands.
Based on expert knowledge at W+B, it was determined that beam- and slab bridges are most frequent,
followed by arch bridges (especially found in the inner cities and foot- and cycling bridges). In this
analysis, a division is made into two sections of bridge types based on their potential for reuse in
practice. This does not exclude any bridge type from being reused, as it is a generalisation based on
the characteristics. The results are displayed in Figure 78, where the bridges are ranked on their
reusability and applicability and practice. This assessment is used to determine their potential impact
on the CE-transition.

arch bridge trussbridge

AN
TYPESOF ‘===
BRIDGES [ | [ |

tied arch bridge suspension bridge

cable-stayed bridge

AR

//ﬂr\\\\ o /ﬂ\\\\\
A

B

Figure 76: Structure types bridges (Yashavsi, 2022) Figure 77: Arch bidge brick

Not practiceable for reuse: suspension, cable-stayed, cantilever, truss & brickwork arch bridges.
First and foremost, it can be concluded that suspension, cable-stayed, and cantilever bridge types are
generally used for larger bridge spans and are highly specific for a certain location. Finding a suitable
second life for these bridges is very difficult as large spans are not common, nor can the structures
easily be deconstructed and transported. Truss bridges as shown in the top right are not that common
in the Netherlands and are mainly used for larger, more rigid structures. Deconstructing these can be
done if they are steel and have bolted connections. However, often they require laser-cutting, making
reassembly more difficult. Lastly, traditional brickwork arch bridges (Figure 77), often found in city
centres, are very difficult to reuse as they cannot effectively be deconstructed without the structure
collapsing. This, and the dated construction method of these structures, makes reuse very difficult.
loose bricks (if they can be recovered with sufficient quality) have potential for low-value reuse.

Potential for reuse: (tied) arch bridge & beam/slab bridges.

Arch bridge structures as shown in the top left of the figure do have reuse potential. These types of
bridges mostly occur as foot- & cycling bridges with small spans and a smaller curve. Foot- and cycle
bridges are only reusable in similar function on new locations when the remaining technical lifetime
makes a sensible business case. The probability of this happening is unknown, but in general it can be
assumed that technical replacement is more common than functional for financial reasons. In case of
larger arch bridges of this type, transportation becomes more difficult as the bridge has limited base
points which makes it fragile. Moreover, the arch and truss system connecting the arch to the deck are
highly specific to the ground. For these reasons, it is assumed that only smaller arch bridges can be
reused. Secondly, tied arch bridges. These bridge types are frequently transported by wated due to
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their stability. Tied arch bridges tend to be used for larger spans, making them less likely to find a
second life location. Most tied arch bridges are constructed with steel, making it more deconstructable
with plasma cutting methods.

Lastly, the most promising bridge type for reuse: the beam/slab bridge. This bridge type can be
constructed either with beams such as T-girders, inversed T-girders, box girders, infilled girders, and
pre-flex girders, or by casting a concrete slab. Girders are often prefabricated and assembled on site,
making them suitable for deconstruction (after removing the concrete compressive layer) (Brouwer,
2022). In case of concrete slabs, it is important to analyse how it is connected to the abutments and
piers. When the entire structure is casted on site, detaching the elements might prove impossible
without damaging the elements. In general, structures with ‘dry’ connections (i.e., via bearing systems)
can be deconstructed and transported.

Beam bridge

Slab bridge

Arch bridge (smaill)

Suspension bridge
Cable stayed bridge
Canfilever bridge
Brickwork arch bridge

Tied arch bridge

| A pplicability in practice |

Arch bridge (large)

—
| Reusability

Figure 78: Reusability matrix for bridge structure types

2. Material type
Another aspect of bridge reuse concerns the construction material. The general options include
(reinforced) concrete, steel, composite, timber, or brickwork. Composite being a combination of
materials, generally steel and concrete in bridges. Table 7 displays an overview of some basic
advantages and disadvantages of the different materials. From this overview, it can be concluded that
concrete and steel bridges (and thereby also composite) are best suited for reuse. Considering the
large share of concrete structures in the Netherlands (especially for spans <50m (Romeijn, n.d.) and
the potential of emission-free steel production with hydrogen and renewable energy (in 10-15 years),
concrete reuse will have the largest potential impact and should therefore be explored most promptly.

Table 7: Construction material reusability analysis

Material Advantages Disadvantages
Concrete - Most bridges are concrete (>80%) - Wet connections**
- Largest overall value - Brittle
- Dry connections* - Not splitable (when reinforced)
- Prefab elements - Heavy for transport
- Substructure reuse on same
location***
- Low & high value reuse potential
Steel - Very durable - Emission-free upcycling potential
- Splitable (laser cutting) (high efficiency) in near future with
- Demountable (bolted connection) hydrogen & renewables (TU Delft,
- Low value reuse potential (e.g., 2022) (Bhaskar, Abhishek, Assadi, &
stiffeners/beams) Somehesaraei, 2022)
2
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- Adjustable

Composite - Dry connections* - Varying degradation profiles
Timber - Low value reuse potential of planks - Short lifetime

and beams - Mainly used in foot/cycle bridges
- Potential as fuel

Brick - - Not deconstructable, collapsing

- Old structures, low quality bricks
- Not used in new structures

*Dry connection: e.g., deck on bearing

**Wet connection: cast-in situ concrete merging as one element

*** Degrades less from increased loading compared to deck/girders due to the compressive quality
of concrete & hardening over time

3. Loading profile

A distinction can be made regarding the type of road the bridge is located, as this already determines
some key structural characteristics of the bridge. For simplicity, distinction is made between municipal,
provincial, and national roadways. Each being designed to withstand specific traffic volumes and
vehicle weights for a set design lifetime. National roads need to withstand the largest forces due to
the large traffic intensities and freight transportation and are generally the strongest, followed by
provincial and municipal roads. The increase in freight transport and their gross weight, axle weight
and axle configuration over time accelerates the deterioration of the bridge due to fatigue damage
and therefore reduces its service lifetime (Florida department of transportation, 2000). As freight
transport is most intense on national roadways, technical replacements are more common for bridges
located on them due to this phenomenon, followed by provincial and municipal roads. Technical
replacements do not allow for reuse as the elements are not structurally reliable anymore, even for
lower load cases. However, it could be that substructure elements are still structurally safe will the
superstructure is not. Foot- & cycling bridges are excluded from this discussion as the loading profile
has typically not increased.

4. Degree of volatility of the acreage

A second distinction is made in the degree of volatility of the acreage, meaning: how often are changes
happening that require functional replacement or expansion of the asset. In general, the municipal
acreages are the most dynamic due to changing land-use plans, visions of local environments, newly
built neighbourhoods, etc. However, the RWS acreage has also had to deal with many bridge
expansions (or replacements) due to increased traffic intensities. This volatility leads to more
(unexpected) changes on the functionality requirements of bridges. An example of this phenomenon
is a bridge in Deventer near the train station, which has been replaced, modified, and replaced again
within a span of 10 years (Ubels, 2017). Practices like these are not desired and are inefficient use of
resources, however, they do provide starting points for reuse realisation as there is much technical
performance left in the bridge elements. Based on this characteristic, the municipal acreage is of
highest interest for exploring reuse, however, other acreages should not be excluded.

5. Reuse value of elements
The reuse value score of an element is affected by three indicators: Structural, Economic and
Environmental. The exact value differs per category. The structural value depends on the extent of
over dimensioning of the element in the context of its new function, the economic value depends on
cost differences with other alternatives, and the environmental value depends on the environmental
emissions compared to other alternatives (Brouwer, 2022). Low-value reuse concerns reuse of an
element that is in a different function than what it was designed for, whereas high value reuse is using
the element in a similar purpose. An example is when a girder is reused as a girder, however, it
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becomes lower value reuse when it is far too over-dimensioned in its new function. Brouwer (2022)
has conducted a study on reuse potential of RWS bridge girders, including low-value reuse applications,
as discussed in Appendix: A. Other low-value reuse examples include the reuse of planks from
footbridges for the construction of docks. Low-value reuse applications for bridge elements currently
an underdeveloped field that reaches beyond the scope of this study.

To ensure the highest reuse value, RWS, provincial and municipal (vehicle) bridges have the highest
potential as they can be reused in a similar purpose with lower loading profiles. However, RWS bridge
elements have a limited pool of provincial bridges (2882) to reuse their elements in, which limits the
high value reuse potential and quickly becomes lower value reuse due to over-dimensioning. Provincial
bridges have the highest likeliness to find a high-value second life but are only limited in supply. Due
to the versatility among municipal bridges in loading and the large number of bridges, municipal
bridges can play the largest role from the reuse value perspective. Moreover, lower-value reuse
applications have the least risk to be over-dimensioned.
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Reuse of concrete bridges analysis

Before assessing the various bridge elements on reuse, the various circular indicators should be
discussed. Brouwer (2022) has gathered multiple sources for terms that represent the characteristics
of reusability, this served as inspiration for the terminology in this research, see Table 8.

Table 8: Reusability indicators

Indicator

Definition

Accessibility

Represents ow easy a certain element can be reached/accessed for inspection
or deconstruction, without demolishing surrounding elements.

Adjustability

Represents the ease of adjusting a certain element such that it can fulfil a
certain function with another shape compared to its original geometry.

Applicability Determines to what extent an element can be used for purposes other than
its current (intended) use, where many applications is better.

Availability Describes the scarcity of similar elements with regards to how many become
available within a certain period of time.

Deconstruct- Determines how easily an element can be detached without damaging the

ability surrounding elements, often by means of a connection. Also called demount-
ability.

Durability Represents the designed lifetime of a structure, in case of reuse it can also be
described by how long an element can still serve in a certain functional
location after deconstruction.

Modularity Describes to what extent a structure or element can be divided into sub-
elements (modules) that can be deconstructed with relative ease.

Recyclability Describes to what extent the element can be recycled, where high-grade
recycling (upcycling) is better than downcycling.

Reusability Encapsulates the level of reuse that can be obtained with an element, where
high-value reuse is fulfilling the same function as intended and low-value
another application of the element as intended. This level is impacted by
economic, environmental, and structural considerations, where over
dimensioning (costs, strength, volume) negatively influences the value.

Split-ability Determines how easily a certain element or part can be detached by force to

subdivide one element into multiple, reinforcement negatively influences the
score.

Transportability

Describes the ease of relocating an element by means of water or road,
impacted by the size and weight of the element as well as available
surrounding means (deep/wide enough waterway or obstacles on road).

Uniqueness

Represents the level of standardization of the element, where standardized
elements require less research on reuse applications.

1 Superstructure

First a distinction is made between the various bridge types, before the different elements can be
discussed. Suspension, cable-stayed, tied-arch and cantilever bridge types are generally used for larger
bridges. Reuse in these bridge types is often more difficult as long spans are less common, in addition
to that the functional performance must be lower in order to maintain safety and be cost efficient.
These bridge types are outside of the scope of this research as they are few. The most common bridge
type is the beam bridge. This bridge type can be constructed either with beams such as T-girders,
inversed T-girders, box girders, infilled girders, and preflex girders, or by casting a concrete slab.
Girders are often prefabricated and assembled on site, making them suitable for deconstruction. It is
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of key importance how the girders are connected to the rest of the structure, either via ‘wet’ or ‘dry’
connections. Wet connections are less suitable as concrete is casted on site to connect the beams to
for example the compressive deck layer. Dry connections are for example bearing systems, which are
better for disassembly.

1.1 Girders

Brouwer (2022) has conducted a detailed study on the reusability of RWS viaduct girders. He collected
data on 5 of the most common girders within the RWS database:

- HNP 75/98 (inverse T-girder)

- ZIP 700 (inverse T-girder)

- T-girder — not used anymore in new projects

- SDK 900 (box girder) — not used anymore in new projects

- SKK 1300 (box girder)

He further compared one case where Building As Usual (BUA) inversed T-girders with reused inversed
T-girders for a 3 lane viaduct with 3 spans of ~20m (36x20m) based on the Structural, Environmental
and Economic criteria for reuse value. This showed that for this project could save approximately
6000kg CO,-eq and 147.360 Euros when reuse is applied, the structural aspect was also technically
feasible, but depends on the type of girder and loading requirements and require analysis. It can
therefore be concluded that high value reuse can certainly be attractive, however depends on many
variables. Similar studies are currently conducted for other girder types as well (SDK900), which
increases the robustness of reusing girders as a standard practice.

As for lower value reuse, an expert session was organized where the applications of girders were
brainstormed (see Figure 79), from this session it was concluded that a culvert was considered the best
application and a box girder the best fit due to its versatility. The main issue will be the structural
assessment regarding adaptability and possible over dimensioning. It is however, still regarded as
lower value reusing compared to same function application. In both cases, the dimensions and
remaining strength are key in determining the optimal reuse value and application. In lower value
reuse, the over-dimensioning aspect must be taken seriously, as too over-dimensioned might be a
waste of resources. As the girders are often under 30m long, they are transportable. Due to the
standardization, prefabrication, deconstructability, transportability and applicability aspect of girders,
it makes them highly attractive to explore for reuse.

Design application Design application

1. Abutment 10. Quay wall

2. Bicycle bridge 11. Retaining wall

3. Column 12. Rooff Canopy

4. Culvert 13. Skate park

5. Foundation 14 Sound barrier

6. Foundation pile 15. Stand

7. (non-) residential 16. Traffic barrier

8. Parking garage 17. Transverse girder

a. Above ground
b. below ground
9. Pier 18. Wildlife tunnel

Figure 79: Low value reuse applications girder (Brouwer, 2022)
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1.2 Cast in-situ slab deck

Cast in situ decks are generally very bridge specific, it is a civil structure after all. This characteristic
makes it less ‘readily’ available for reuse as some adjustments are always needed. The most important
aspect here is how it is connected to the girders, abutments, and pillars (if any). Wet connections
making it increasingly more vulnerable when deconstructed. There is a distinction to be made for
concrete slab bridges and compression decks used in combination with girders. The latter is not
reusable as it needs to be demolished to reach the girder system, this layer is often 200-250mm thick
[Brouwer, 2022]. The slab decks are generally thicker and have no girders supporting it. The slab decks
have potential for high value reuse with decreased loading factors, however transportation is a
limitation when the bridge deck increases in length. There are potential lower reuse value applications
such as retaining walls or by splitting the deck up into concrete blocks used for a variety of applications
in construction, both being difficult in practice due to the size and reinforcement and might not be the
highest resource efficiency.

1.3 Arch & columns

Arches are highly specific constructions, designed for a certain location and height. The arch beam
itself is therefore difficult to reuse with the same purpose. For larger arch bridges, the columns could
be reused in lower value reuse applications. The issue here is that they are all different lengths, which
makes its use limited in practice. Smaller arch bridges are often old and solid, this makes it impossible
to disassemble, transport and reconstruct with the same structural integrity. It might be possible to
reuse the pillar sections by trimming them and testing the remaining strength, however this needs to
be explored further.

1.4 Trusses
Steel truss systems have good potential for reuse as the connections can be demounted relatively easy.
As for concrete truss systems, the connections are wet connections, making them significantly more
difficult to effectively disassemble. When splitted, they can serve other purposes, especially because
they are of similar size throughout the structure. However, high value reuse is not possible, unless the
truss system is transported for reuse, which has been done for steel structures in the past (concrete
might prove a bigger challenge due to the weight).

1.4.1 Bearing & expansion joints

Bearings, as explained before, function as a connection between the sub- and superstructure and are
located on top of abutments and pillars (if any). There are a variety of bearing systems, in practice it
comes down to 3 types: hinged, roller-bearing, and clamped (Vree, n.d.). As for expansion joints, they
are located between bridge decks, meant to connect bridge decks with each other or with the road.
The most common expansion joint types in the Netherlands are nosing joints, mat joints, cantilever
joints, flexible plug joints and the ‘lamellenvoeg’ (Vree, n.d.). Bearings and expansion joints are
essential parts of a bridge as they to allow for minor movements and deformations between the sub-
and superstructure, otherwise resulting in undesired effects such as cracking which impacts the
structural integrity of the structure. These changes are caused by thermal expansion, loading, and soil
settlement. Bearing systems and expansion are highly specific (though concepts are standardized) and
generally have a lower lifetime than the rest of the structure, this makes them unsuitable for reuse
(Brouwer, 2022).
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1.5 Railing / barrier

The railing is probably the easiest element assess its reusability. This is mainly done by visual inspection
as it is easily accessible, and deterioration can be spotted this way. Furthermore, its demount-ability is
important, so, how it is connected to the bridge. A bolted connection is easily demountable, but when
the pole is part of the concrete it becomes more difficult. Often, the railing is an important factor in
the aesthetic of the bridge, making reuse less attractive as it should fit the bridge. When more railings
become available due to the R&R task, more choice will indirectly result in more reused railings.
Barriers are very standardized and therefore more suitable for reuse.

1.6 Curb stone/strip
Curb stones, in combination with railings, prevent derailing of vehicles from the road and bridge. These
are highly standardized, modular, and prefabricated elements and can therefore be reused easily. Curb
strips are wider variations of curb stones. The only issue is the potential interaction with the rails as
this might be attached to the curb with bolt connections. It is possible that the curb is casted along
with the bridge deck and that the railing is integrated, in this case the curb is not reusable and needs
to be recycled.

1.7 Parapet
The parapet (or edge element) is not a structural element and is mostly implemented for aesthetical
reasons, but also for safety. These elements are designed for a specific bridge, making them unsuitable
for reuse. They are often prefabricated and can therefore also relatively easily be detached.

1.8 Rainwater discharge system (HWA)
This system provides potential for reuse, depending on the system that is used. The materials involved
in this system are very small compared to the rest of the structure. Often, the system is integrated with
the curb. The pipes can sometimes be demounted and reused if they are accessible. In general, the
material amounts are so small, that is more practicable to recycle the materials unless the entire bridge
deck is reused.

2 Substructure
The substructure transfers the load from the superstructure towards the load bearing soil. This implies
that it is specifically designed for a certain physical location with soil measurements. Due to dynamic
loading and environmental circumstances, the structure’s foundation interacts with the soil causing
settlement and displacements. The substructure is significantly more difficult to effectively reuse on
other locations compared to the superstructure, this has multiple reasons. First and foremost, the
substructure elements are less accessible since they are partly in the ground, which makes condition
monitoring more difficult. Secondly, the exact geometry is often unknown, nor can the original position
be inventoried without technical drawings (except pillars and part of the abutment). This limits the
ability to accurately assess the integrity and capacity (structural and geotechnical) of existing
foundations and the effects of their reuse when using current design codes. Moreover, if the geometry
and structural strength are unknown, the elements can also not be communicated and linked to the
demand side, making reuse impossible. Thirdly, the substructure elements are very unique and project
specific, which makes it difficult to generalize and find a standardized set of applications for reuse
(Brouwer, 2022). Next to that, the elements are generally too large for transportation, as they cannot
be modularized. Lastly, the supports are in most cases constructed with in-situ concrete combined
with a lot of steel and poured into the foundation, this makes it hard to demount and therefore reuse
them (Brouwer, 2022). Due to these ‘extra’ challenges that come with reusing sub-structure elements
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on another location, it is often not considered. This is also reflected in the academic world, as
substructure reuse has less of a prominent presence in current literature compared to superstructure
reuse.

With that being said, it is not uncommon for bridge sub-structure elements to be reused in the same
location. This is often a practicable solution as the last-mentioned problem from the previous section
will be bypassed. However, the structure should be analysed based on settlement and strength to
ensure that it can handle the future loads without causing problems. Reusing the substructure on the
same location is often possible due to the fact that the superstructure suffers the most from the
increase in traffic intensity and loading, causing higher moments in the spans. The substructure is
mainly under compression, which is a strong characteristic of concrete. This has as a consequence that
the substructure often has a higher remaining lifetime once decommissioned compared to the
superstructure elements, leading to more favourable life-cycle-costs for alternatives with reused
substructures. Ben Beerman, senior structural engineer with the FHWA Resource Center says that
when compared to other alternatives, reusing the substructure can be an effective strategy to meet
the objectives of accelerated construction in the areas of time savings, cost reductions, improved
safety, and the need to minimize site impacts (Jalinoos, 2015).

Due to the increasing requirements for bridge design, it might be that the substructure is not suitable
as is. In these cases, it does not have to mean the end for reuse, as there is the option to reuse the
existing foundation by strengthening and enhancing its capacity through adding elements or improving
the ground. An example is shown in Figure 80. Having insight in the current substructure might provide
opportunities to keep it for the next bridge with minimal adjustments. This can be financially attractive,
especially when the deck is replaced after 50 years when the foundation can go up to 100 years
(Jalinoos, 2015). The potential time savings associated with foundation reuse can also reduce mobility
impacts, a key goal of accelerated bridge construction (ABC) (Davis, Sanayei, Hoomaan, & Jalinoos,
Journal of Bridge Engineering). However, there are certain risks involved due to the uncertainty of
geometry, material properties and deterioration of the substructure. Determining the feasibility of
foundation reuse requires multidisciplinary collaboration among staff with structural, hydraulic,
geotechnical, and construction expertise (Jalinoos, 2015).

Option 4 - New
Mud Une
oo
Existing o New
| hV .‘
> e ’.'_,'-
Figure 80: Foundation enhancement Figure 81: Reusable column example

There are some elements that can be reused when the substructure is also replaced. When the pillar
structure is constructed with column-type elements as depicted in Figure 81. Especially when there
are many with similar geometry, making them applicable for other load-bearing structures besides
bridges. The supporting beam can have similar structural applications or as lower value reuse such as
a barrier. Furthermore, the embankment can be paved, in which case the bricks can be reused for
similar purposes.
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Appendix: J

Table 9: Element reusability analysis beam/slab bridges

Concluding table beam/plate bridge reusability

Element Common components (Dis)advantages reusability
Foundation I. Piles - Project specific design
Il. Pile cap - Geometry irrecoverable after construction
- Not designed for transport
- Cast in-situ, hard to demount
- Removing causes negative influence on soil
+ Reusable on same location
+ Suitable for reinforcement/enhancement
Abutment I. Front wall - Cast-in situ, too large for transport
II. Wing wall - Project specific design
lll. Transition slab + Reusable on same location
+ Longer lifetime compared to deck
Embankment I. Sand + Reusable tiles (high value)
Il. Cover tiles + Easily recoverable
Pillar support I. Support/pillar/wall - Generally unsuitable for transport due to size
II. Column + Longer lifetime compared to deck
lll. Support beam + Potential for reusing columns/beams
Bearing I. Hinged - Project specific design
Il. Roller bearing + Standard concept
lll. Clamped - Low lifetime compared to structure
- Not reusable (high nor low value)
Girder I. Boxgirder + Standardized types/models
Il. T-girder + Transportable

lll. Inverted T-girder
IV. Preflex girder
V. |Infilled girder

+ Prefabricated elements = demountable

+ Proven to be economic and environmentally
beneficial to BAU

+ Many low-value reuse applications

- Change of standards over the years

- Uncertainty on state due to functional changes

Compressive layer I. Compressive layer

- Cast in-situ
- Needs to be demolished for girder reuse

Slab deck I. Slab deck

- Cast in-situ (generally)

- Not splitable

- Difficult to transport with increasing size

- Wet connection = not demountable

+ Dry connection plate bridges are reusable

- Uncertainty on state due to functional changes

Expansion joint I. Nosing joints

Il. Mat joints

lll. Cantilever joints
IV. Flexible plug joints
V. Lamellenvoeg

- Project specific design

+ Standard concept

- Low lifetime compared to structure
- Not reusable (high nor low value)

Curb [. Curb stone + Prefabricated elements > demountable
II. Curb strip - Interaction with railing mount
+ Standardized elements
Parapet I. Parapet - Connected to the slab/compressive layer, see
slab deck
s
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Edge element

Edge element

+ Prefabricated element

- Not structural

- Project specific design

+ Generally made from recyclable materials

Railing/Barrier

Safety railing

. Traffic barrier

+ Demountable (when bolted connection)
- Can be integrated in curb

lll. Guiderail + Standardized designs
- Many design variations (railings)
+ Widely applicable & large demand (railings)
- Suited to bridge design
Rainwater discharge I. Pipes - Relatively low material mass
system II. Gutter - Not easily accessible
lll. Drain - Integrated within other elements

+ Pipes are reusable
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Appendix: K Breakdown structure bridge

Beamislab bridge

Sub-gtructure Super-structurs

Supporting elements

+ ) Jv ) Jv ) v + v i v i ) i y ¥

Soil retaining

. . . Slab/ . Main Load Bearing . I
e Piles Piers Abutments Approach slabs Wing walls Bearings i Expansion joint System (MLES) Edge elements Guiding structures ‘ Drainage system ‘ Lighting system ‘
's ™
[ Retaining walls > Core slab >  Edge beams a Guiderail Rg Gully Rg Pole
> Sheet pile walls > Sidewalk >  Center beams ol Barrier > Swirl > Lamp
e Embankments | Curb e Cross beams L Railing > Drainage pipe L»{ Elecironics cabinet
> Parapet

Figure 82: Bridge decomposition scope
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Asset code

Object name (NEN)

Object code

Model uncertainty (score+reason)
Construction year

Contractor

Asset owner

Manufacturer

Material density

Volume

Last inspection date

Upcoming inspection date

Last maintenance date

Upcoming maintenance date
Condition

Design lifetime (years)
Decommissioning date (expected)
Comments

Image

Primary material input (%)
Renewable material from primary share (% of total we
Sustainably produced from renewable share (% of totd
Un-sustainably produced from renewable share (% of
Non-renewable material from primary share (% of totd
Secondary material input (%)

Reusable output (%)

Recyclable output (%)

Incinerated output (%)

Landfilled output (%)

Lost material (%)

Harmful substances presence

Reuse-scan: Material quality (incl. uncertainty)
Reuse-scan: Deconstructability (incl. uncertainty)
Reuse-scan: Applicability (incl. uncertainty)
Reuse-scan: Advice

ECl-score (EUR)

Reinforcement (kg/m3
Design load capacity
Concrete mix
Concrete strength
Finishing

Bottom w.r.t. NAP

Material passport input

Pier type
Reinforcement (kg/m3
Design load capacity
Span information
Concrete mix
Concrete strength
Finishing

Bottom w.r.t. NAP

Traffic class

Design load capacity
Continuous deck (y/n)
Length deck section
Span information
Reinforcement (kg/m3
Pretensioning
Concrete mix
Concrete strength
Finishing

Bottom w.r.t. NAP

Model type

Total length girder
Design load capacity
Pretensioning
Reinforcement (kg/m3)
Concrete mix

Concrete strength

Slab connection type
Bottom w.r.t. NAP

Reinforcement (kg/m3)
Design load capacity
Concrete mix

Concrete strength
Bottom w.r.t. NAP

Appendix: L Material passport input

Reinforcement (kg/m3
Design load capacity
Concrete mix
Concrete strength
Finishing

Slope

Reinforcement (kg/m3
Design load capacity
Concrete mix
Concrete strength

Bearing type
Model

Design load capacity]

Type/model
Chrome-6 layer inform
Conservation type
Steel strength

Impact class

Finishing

Figure 83: Element parameters for tool
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Version 1
12-05-2023

Revit 2023
Dynamo core version: 2.13.1.3887
Dynamo Revit version: 2.13.1.3891

1 Tool description
After starting up the Dynamo script, the following screen should be displayed. Red text was added to
help the user navigate the script more quickly. Each group of nodes (displayed in yellow blocks)
represents a modelling feature, mostly for placing a type of element.
Wing walls )
—=Ri- ;::----—g--g__:::-_'.é'::',;'_lz. *

Approach slabs

e
==ffew "
i

- Piles
-

Road_line Abutments

e pss—— g o =
— -1=: :_ am :_.----=-..--|-_--_f=-ﬂ?._- Ciikderatls

Bearing distribution Bearings: abutments  Girders Slab N b e LI

Piers e L] A= Bax = -
— - = - - i e g =™ FE - L
é--='l!-.l:-:-" I:' E-':_"."-":--- Tgm=-im - E::- s 2 e
ﬂ:l Bearings: piers == e
- E_mE

._._--_-..q.i‘--nm'-g:I_-:_.l-' | WECT P Bz=d

Angle calculation bearings

Railings

Figure 84: overview script

The model works as follows. The entire bridge is created using the bridge’s road line (Dutch: ‘weg-as’),
and the relationships between individual bridge elements using their ‘faces’ and ‘edges’. Each bridge
element is a pre-modelled parametric family developed in Revit (either a Generic component model
or an Adaptive component model if it concerns girders, railings, or guiderails). These elements are
consisting of ‘faces’ that collectively make up the exterior of the element and are represented in a list
when called for by the Element.Faces node. Every time a certain family instance is placed in the model,
this list of faces will represent the same faces and are represented in the same order every time, no
matter the individual (varying) parameter inputs of the family instances. Each face can be
deconstructed into its perimeter curves (or lines), which can consequently be used to define new lines
of points for the placement of other elements. Using these relations, a bridge can be constructed. As
already indicated, each family instance (or: element) can be customized by defining its predefined
parameters within the model. Moreover, some customization features have been built into account
for the variation in bridge designs (e.g., beam bridge or slab bridge). Every time the model input is
changed, all its dependencies will be updated automatically.

As part of the goal of this design tool aims to improve the asset management quality by increasing
information documentation potential, an automated material passport is integrated within the
workflow. In this material passport, important information can be stored directly at element level
which is also beneficial for storing the reusability databases when this data concerns structural- and
condition information. Considering that organisations might have different information needs for their
assets and individual elements, customization is facilitated through an attribute database in Excel that
allows both ‘general’ attributes that go to all elements as well as individual attributes that only go to
one element category.
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Design protocol

Open new architectural project template and save under new project name.

Set units of ‘length’ to meters with 3 decimals.

Import downloaded family database directory in project.

Go to manage->settings->shared parameters->create... and save new file under project name.
Adjust the ‘Shared_parameter_file.xIsx’ file based on the end-user’s requirements and save
file.

Open Dynamo player under manage-> visual programming, locate the folder where the
‘Parametersetup.dyn’  script is located, open the file, browse to the
‘Shared_parameter_file.xlsx’ file and run.

Open dynamo and open ‘TheScript.dyn’ file, make sure the run operator is on manual.

Assess drawings/measurements from site & project documentation for dimensions &
materials.

Create the road line curve by points, or import from Revit (from e.g., Civil3D) using the
Select.Element node. See next section for more details on how to do this.

Go to the handbook and select per element category the family variant applicable for the
bridge based on the drawings and photo’s. In the dynamo file, for each category select these
variants by name and start filling in the parameters or copy them from the handbook.

Family Types

Pier double column:Pier double column v Family Type g

a. Selecting family node:
b. Relevant code blocks for parameter input are close by the node above, indicated by name.
Select the design options (see list below) applicable to the bridge.

Set run-operator to automatic, let it run once. When finished, move the abutment manually in
Revit and let it recalibrate the model.

a. Disconnect and connect the ‘Element.Faces’ node in the top right corner of the Piers

placement group to recalibrate the bearings and piles if necessary.

Once satisfied with the output -> save dynamo file under new name for later changes.

Close dynamo, delete the unused girder in Revit and make manual adjustments to the model
if required. Save project file.

Conduct multi-category material quantity take-off in Revit per material type and document
this in the asset material passport in the Asset Management-tool.

Fill in element specific material passports, save file and link to AM DMS using 3™ party app.

0sS 6
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3 Troubleshooting guidelines & tips
When working the script, the user is likely to encounter some issues. This chapter will provide some
warnings that arose during the design phase of the tool.
- ltis advised to keep the script on manual mode while changing elements as the script requires
a lot of computing power, resulting in unnecessary waits. Only briefly set to automatic when
running the model and re-running for calibration by moving the abutment manually.
- Be cautious with selecting groups (clicking anywhere in the green/yellow), as it will direct
dynamo to collect all the elements in that group, which could take some time.
- If after the re-run, the bearings and/or piles for the piers are not adjusted based on the new
parameters, disconnect the ‘Elements.Faces’ node and reconnect before running again.
- Ensure that the materials are already loaded in the project document in Revit to avoid errors.
- Only use letters and numbers in naming parameters (case sensitive), or it won’t work in
dynamo or with formulas.

4 Material passport customization
Starting with the material passport customizability for the users. This workflow is controlled by an Excel
file (Shared_parameter_file.xIsx) in which the parameters are documented, categorization of Revit
families, and Dynamo Player. Starting with the operator, Dynamo Player. Essentially, Dynamo player is
simplified operator of dynamo scripts without requiring understanding the coding behind it. To run,
the script could require predefined input variables and after running could provide output results. In
this context, the script will require the input of an Excel file that is linked to the design tool setup. In
this file, the attributes for elements can be specified, both for collective (all categories) and individual
element categories. As different organisations will document different attributes based on their asset
management strategy, this document can easily be adjusted based on the end-user’s requirements.
This can be done by going to the sheet in question (general, environmental, or any of the element
specific), adding/removing rows and saving the file. It is paramount that only the rows with attributes
are filled with text, otherwise the file will not run. The general sheet will look as follows when opened.

Shared Parameter Name Shared Parameter Groui Parameter Type Parameter Group BIP Name (Automatic) Instance Category
Asset code Asset management - Generz Text c I Yes Al
3 Object name (NEN) Asset man nt Text Yes All

Asset management - General Text ral

Object code G Yes Al
Model uncertainty (score+reason)  Asset management - General Text General Yes All
6 Construction year Asset management - General Integer General Yes All

7 Contractor Asset management - General Text Yes Al
8 Asset owner Asset management - General Text Yes Al
9 Manufacturer Asset management - General Text Yes Al
0 Material density Asset management - General MassDensity Yes Al
1 Volume Asset management - General Volume Yes Al

Last inspection date Asset mar nt - General Text = Yes Al

5 Upcoming inspection date Asset management - General Text General Yes Al

14 Last maintenance date Asset management - General Text General E Yes Al
15 Upcoming maintenance date Asset management - General Text General Yes Al
16 Condition sset management - General Text Yes Al
7 Design lifetime (years) nt eral Integer Yes Al

8 Decommissioning date (expected)  Asset management - General Text Yes Al
19 Comments Asset management - General Text Yes Al

20 Image Asset management - General Image General Yes Al

Figure 85: Example parameters

Due to dynamo back-end infrastructure limitations it is for now impossible to use columns C-G, this
will be solved. For this reason, a temporary solution was implemented that bypasses this issue but
automatically assigns all attributes (also the element-specific) as a text type in the ‘general’ parameter
group in Revit. Within this general parameter group the attributes have the following order:

1. General attributes

2. Environmental attributes

3. Element specific attributes

5 Design options
Next, each of the design options integrated in version 1.0 of the tool are explained.
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5.1 Road line input

The road line is the governing element that determines most of the model in terms of placement
points. This requires a line or curve that starts and ends at the back edge of the abutment seats on
either side (see family database for the placement point). This line is a projection of the actual road
line in the negative Z-direction. The actual road line will be determined by bearing height, girder height
(if applicable) and slab thickness. It is advised to let the curve start in the origin, for easy identification
of pier locations, see point 4. It is paramount that the start point of the line has a lower x-coordinate
than the endpoint to avoid issues with rotations.

The curve can be introduced in one of two ways, either by creating a NURBS-curve through control
points based on x, y, z-coordinates given a certain degree, or by importing a line from a CAD file in
Revit and selecting this element with the ‘SelectModelElement’ node. Which method is chosen is
governed by the Boolean operator shown in the figure below. Default is false: creating a line in
dynamo. The example shows NURBS curve through 4 control points with degree 3. Generally, the
degree is set to integers 1, 2, 3 or 5, where 1 is straight lines from point to point (linear), 2= circular
(quadratic) and 3 (cubic) and 5 (quintic) being curved lines of free form. It is advised to use 1 when the
road line is a straight line, and 3.

' Truesselect curve, Falve « create curve =
True O False -

Code slock

{1 NurbsCurve ByPotnts

> MG

wmo

Figure 86: Road line input

5.2 Interchangeability of bridge elements with other variants

Second to the road line placement, the customizability of design variants (parametric families) is the
most dominant aspect of the model as it governs the physical shapes of the individual bridge elements.
As indicted in the previous section, for each group (with the exception of Road line, Bearing
distribution, Bearings: type per pier, and Angle calculation bearings), the Family.Types node is present
at least once. To find the right family type, consult the family database section int his handbook. Below
each family type in the database, a piece of code can be found that can be copied in (each) code block
connected to this family instance to obtain a valid model. These can later be adjusted for the actual
values of the project. The parameter input code blocks have been standardized per element category
(group) to ensure functionality across all variants in the database, however the input values should be
adjusted to avoid unnecessary errors due to geometry constraints in the family. At any point, the family
can be interchanged with another variant of the same category. Some groups (elements) require 2
family types to run the script, these are the wing walls (left +right sides), railings and guiderails (both
for the post+railing and end post). For more information on how to develop design variants of specific
categories, see section 6.

5.3 Beam bridge or slab bridge design
One of the key features of the tool concerns the ability to switch from a beam bridge to slab bridge
instantly. This feature is implemented by means of a Boolean operator located in the ‘Bearings: piers’
group in the top-middle section. When set to ‘true’ a slab bridge is selected, while ‘false’ returns a
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beam bridge. The model is impacted by this decision as follows. Firstly, there will be only one row of
bearings per pier for a slab bridge, while there are two for beam bridges (beam-end & beam-start). For
slab bridges, the bearings are rotated in line with the pier rotation and placed in the middle (p=0.5) of
the pier seat width, while for beam bridges the rotation is set such that the bearings of the beams face
each other directly and located at p=0.25 and p=0.75 of the pier seat width. The slab is placed direction
on the top side of the bearings while the compressive layer is placed on the highest point of the girders.
The back wall height is automatically adjusted based on this decision too as it calculates the height of
bearing+girder (beam bridge) or only the bearing (slab bridge). Figure 87 provides a side-by-side
comparison of the different bridge types. Both pictures are made while dynamo was running, the blue
lines will disappear when dynamo is closed.

| — | — I — )~ | E— | — S— — — — E—— i —
g -

Figure 87: Beam or slab bridge differences

5.4 Abutment footing alignment
The footing of the abutment can occur in one of two ways, centred below the abutment or aligned
with the front wall of the abutment, as represented in Figure 88. Considering the parametric
characteristic of the element, most abutments can be modelled with this function alongside the other
parameters of the abutment. However, there is space for making additions to an abutment family using
the x1-x5 parameters built in the code block. The Boolean node can be found in the centre of the
abutment group.

"¢ True = centered footing, false = footing at frontwall =

O True O False

Footing position = True' Footing position = 'False’

Figure 88: Abutment footing placement option

5.5 Setting the pier locations
The number of piers on a bridge and their locations can easily be changed based on the x-coordinate
of the pier placement point (in the middle of the bearing seat face, see family database). Generally,
the side view drawing of the bridge will expose the distance a certain pier is from the start of the bridge
(abutment). When the road line is starting at the origin (advised), the user is only required to measure
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the distance from the back edge of the abutment seat towards the centre of the pier(s) in x-direction.
These values can then be entered (or left empty in case there are none) in the list at the left-hand side
of the pier-group.

[ 1 X- locations for the middle points of the plers =

>

Figure 89: Node pier placement location

In case the bridge’s road line is skewed/curved (i.e., the y-coordinate varies among the control points)
and the drawings do not offer a side view in direction of the y-axis, an alternative method is offered:
using the road line’s segment length as placement point. Which method is more practical depends on
the orientation of the drawings. Below, a visualisation of both methods is depicted with in two
separate examples, one from the side view (left) and the other from the top view with a varying y-
coordinate along the road line (right). The green line represents the x-direction method, and the blue
line represents the segment length method. The values in the figure are imaginary.

z-axis

W

Top view

Side view [v-direction)

Figure 90: Pier placement options

5.6 Rotation for abutments & piers tangent to road line or set manually
The rotation angle for abutments and piers are automatically programmed to be in line (tangent) with
their placement along the road line, as depicted in Figure 90 above. In practice this is not always the
case, as displayed in Figure 91. The cause is often constraints from roads. For this reason, an option is
built in where the abutments and/or piers are rotated in line with the y-axis. This is useful when the
road line has varying y-coordinates. The nodes for this are located under the family type selectors and
can be toggled by Boolean (true = in line with road line, false = y-axis).

Figure 91: Abutment angle options

5.7 Wing wall customization (rotation, placement, thickness & extrusion direction)

The wing walls have the most complex customizability interface across the elements in the model. This
customizability can be found in the centre section of the group, while the object geometry parameters
can be found on the right side (see point 2). Starting at the top, a Boolean operator can be found that
determines whether the wing walls are ‘inverted’ to be part of the abutment (bool = false), see Figure
92 (left), or if it is extruded outwards where the placement point can be adjusted based on a parameter
value using the front wall’s width, see Figure 92 (right). The back wall’s thickness is influenced by this
Boolean operator when set to false. As the placement point parameter uses the front wall’s width and
rotates outwards, a standard operation is included to calculate the parameter value for when the wing
wall is an extension of the front wall as a function of the selected wing wall thickness (code block
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below). To use this value (Max_p), connect line 10 to the ‘true’ input in the node directly to the right,
when you want it customizable by using the slider, connect line 8. See Figure 92 (bottom) for a
visualisation.

Figure 92: Wing wall placement

Lastly, the wing wall rotation. The rotation of the walls can be individually altered when the Boolean is
set to true. These rotations are controlled by the sliders shown in Figure 93 (right), while the left side
shows example configurations with 0 degrees (minimum), and 90 degrees angles. The coding ‘WW1’
stands for Wing Wall 1 which is always the right wing when facing the road, ‘A1’ stands for Abutment
1 which is always the abutment with the lowest x-coordinate.

0 degrees

Figure 93: Wing wall customization

Lastly, the wing walls are set to the same height as the back wall, however this can be changed to the
front wall height by connecting the ‘Front wall height’ node above the parameter input code block on
the right-hand side of the group to the input parameter ‘H’. For manual input, replace ‘H’ in the code
block for values for the individual wing walls.
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5.8 Pile configuration per footing

The piles can be configurated per footing by first setting the number of rows (lines over the length/long
side of the footing). To do this, the nodes in Figure 94 can be used. Each number in the list represents
the nr of rows, where the first index always refers to the pier/abutment with the lowest x-coordinate
and the last index with the highest x-coordinate. As there are always two abutments, the list length is
always two. For piers, the list length must be the same length as the nr of piers in question (more is
possible but they will not have a function). The figure below has two abutments with two rows each,
and three piers also with two rows each. In the tool, up to 4 rows are built in with standard parameter
values, as displayed in Figure 94. These rows are visualised using a sample footing geometry in Figure
94, however any geometry is possible as long as it has straight lines on the long edges (see right side
for more examples). The user can also edit these parameters to their liking using list ‘’x’, where the first
element represents 1 row, etc.

Nr. of rows of piles per pier

[ 1 Nr.of rows of piles per abutment e

[/ adjust based on nr of piers

p=0.5 1row

N
p=0.25
N
2 rows

p=0.2 \ . i

p=0.5 3 rows

-0.8 rd -

p=0. -
s

p=0.125

p=0.375 .

4 rows .
p=0.625 ~
p=0.875 %

Figure 94: Pile footing configuration

As for the number of piles on each row, this can be determined using the nodes in the figure below.
By default, the script will use the ‘Curve.PointsAtSegmentLengthFromPoint’ node. This takes the line
(row), selects a starting point on that line by parameter (default=0.5, or middlepoint), and starts to
place points on that line with distance ‘x’ (code block line 2) in both directions from the starting point
until the line ends. Using p=0.5 as starting point ensures that for all rows the piles are placed
symmetrically. In the yellow outlined code block, the distance between points can be set. The second
option is to connect the ‘Curve.PointsAtEqualSegmentLength’ node to the code block input ‘X’ by
connecting the blue line(s). This method divides the line into equal segments (line for in yellow outlined
code block), thereby also ensuring a standard distance between piles. In case the edge piles are partly
outside of the footing, the red line(s) can be connected to remove them, or the piles can be manually
deleted after dynamo is closed.

0s 4
Witteveen - eV TU Delft



Appendix: M Handbook RE-design

Figure 95: Script pile configuration

Lastly, the pile length is automatically calculated for a given Z-coordinate. This value is displayed using
a watch node at the top- and bottom right side of the group for abutments and piers respectively.
These value(s) can be used for setting the input parameter ‘Length pile’.

5.9 Bearing configuration & edge beam option

Bearings can be configured by three parameters: the number of bearings in a row, the distance from
the front edge of the abutment’s bearing seat, and the distance between bearing placement points
(for slab bridges). In case of a beam bridge, the bearing distances are predefined by the selected
girder’s width parameter. These parameters are all found on the left side of ‘Bearing distribution’
group as sliders. Here, also the option to select edge beams or not can be found, as this defines the
outer bearing placement points. The edge beams are further defined in the ‘girder’ group. Below, a
situation where edge beams are enabled (hence the short distance between outside bearings) is
displayed. dA is the distance from the front edge of the abutment seat, while dB displays the distance
between two bearings (only effective when slab bridge is activated).

Figure 96: Bearing parameters
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5.10 Option for different bearing types per pier
In practice, not all piers will have the same types of bearings. This design option is facilitated by the
group ‘Bearings type per pier’. In the bottom right section of the ‘Bearings: piers’ group, a Boolean
operator can be found that enables this function. The Boolean is set to ‘true’ by default (identical
bearings for all piers). Once the Boolean is set to false, the group becomes active and bearing families
can be selected per pier along with their parameters. For full functionality, after switching the Boolean
operator, reconnect the bearing placement points and rotations nodes.

5.11  Railings at curb or side of curb/edge element & distance between poles

Lastly, there is an option to change the railing placement point from the top of the curb towards the
side edge of the slab, as well as the distance from the outer top corner of the curb. This distance is in
negative Z-direction when the side-connection is active, and inwards to the bridge when the top-curb
connection is active. This is displayed in the figures below, where the left-hand side shows a side-
connection and the right-hand side a top connection. The offset values are operated by a number slider
found in the middle of the group. Besides this option, there is also the possibility to determine the
distance between poles by means of a number slider found just right of the offset slider. This is similar
for the guiderails group, only here the offset distance concerns the distance to each side of the road
measured from the road line.

Figure 97: Railing placement directions
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6 Design rules: family database
The family database is at the centre of the design tool, as it determines the robustness of the model
output. To achieve a working script for any design variant that is used, some design rules need to be
followed. These design rules are described in this chapter and are categorized by element type.

6.1 General

- Placement points in dynamo refer to the origin of the model, that being the crossing of the
centre lines at the reference level for generic model components, or the adaptive points for
adaptive components. For reference, see the red dots figures in the family database for each
element type.

- Ascript is available where a given family can be tested on what index of the “ Element.Faces’
node is a certain face and what edge from ‘Surface.PerimeterCurves’ relates to the correct
edge. These indices can then be put as parameters under the model properties parameter
group, using integers as type.

- All parameters used must be ‘instance parameters’.

- Use the parameter names as provided in the script for each element type to avoid errors or
add new names in both the script and families in the database of that particular element.

- Ingeneral, it is advised to start naming the parameters from the bottom up for a more logical
sequence.

- Assign the family to the correct category type as indicated in brackets.

- Parametrize the material of the element(s) in the family.

- When opening a new family (both generic and adaptive), start with setting units to meters to
as dynamo will work in meters too.

6.2 Generic models

6.2.1 Abutment (Abutments - Abutment Foundations)
- The placement point should be on the back edge of the seat (when facing the bridge).
- The abutment must face the eastward direction when on the Re. Level view.
- When making design variants, it is advised to use the existing model as a base and expanding
on it using the x1-x5 parameter slots already built in the script.
- Check if the indices of the faces and edges are still correct.
- Footing/pile cap should be included in the family.

6.2.2 Pier (Piers)
- Placement point must be located on the centre point of the bearing seat.
- Footing/pile cap should be included in the family.
- Bearing seat & bottom of footing face indices, with both long edges perpendicular to the road
of both faces added as parameters.

6.2.3 Bearing (Bearings)
- Placement point at the centre of the bottom of the bearing plate.
- Add parameter function to family that calculates the total height of the bearing: ‘Total height’
using the formula section.

6.2.4 Wing wall (Abutments — Abutment Walls)

- Placement point in the bottom corner of the wing wall.
- Model in ‘Left’ view in the top right quadrant.
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- Select the element and parametrize the ‘extrusion start’ and ‘extrusion end’ in the properties
window under the constraints group. The name does not matter at this point.

- Load the family into a new generic model family and place it in the top right quadrant on the
reference level view for the ‘right side wing’. Select the solid and go to the property window
to save all parameters under the same names. Test out which of the extrusion parameters
extrudes the form northward (in reference level view) with a positive value. Name this
parameter ‘Positive extrusion thickness’ and the other ‘Negative extrusion thickness’ and set
this one to zero.

- Create another generic model family and load the wing wall family and on the top left quadrant
for the left side wing. Follow the same steps as for the right wing, only now look for the
extrusion parameter that makes the extrusion go northward in the reference level view with a
negative value. Name this parameter ‘Positive extrusion thickness’ and the other ‘Negative
extrusion thickness’ and set this one to zero.

6.2.5 Approach slab (Abutments — Approach slabs)
- Placement point in the bottom middle edge of the placement side.
- Model in ‘Front’ view in the top right quadrant (going into bottom right quadrant to obtain
height difference between left side and right side).

6.2.6 Piles (Structural Foundations)
- Placement point in middle of the pile top.

6.3 Adaptive components
Adaptive components require a different approach compared to generic models. First the general
workflow is explained, after which some specific steps are discussed for the individual elements.
- Open a new generic adaptive component file, set units to meters and open the reference level
view.
- Step 1: create profile
= Use model lines and reference lines (instead of references planes, as this can create an
undesired offset) to create a profile for (part of) the element.
= Save family.
- Step 2: create face
= Load the adaptive profile family into a new adaptive component family and place it on
the reference level, the centre point will be the placement point for placing the family
in another family.
= Select the model line and ‘create form’. If possible, select the ‘surface’ option directly.
If not right click somewhere in the window and left click outside of the pop-up window
once, then press spacebar switch between surface and solid.
=  When selecting the newly created surface, in the properties window parametrize all
the profile’s parameters again in the new adaptive family.
= Save family.
- Step 3: setting up adaptive component
= Open a new adaptive family file.
= Place two model points anywhere in the window, select them and ‘make adaptive’.
When selecting the adaptive components, under the properties window, set ‘orient
to’ to ‘global (z), then Host (xy)’.
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6.3.1 Slab/compressive layer (Bridge Decks)

- Set work plane on the adaptive point’s (1) z=0 plane and place a reference point on the
adaptive point. In the properties window of the reference point, parametrize the ‘Rotation
Angle’ and name this ‘ROT_A’.

- Repeat for the other adaptive point (2) but name this parameter ‘ROT_B'.

- Hide the adaptive points from view.

- Load slab family surface created in step 2 in the family, set workplane to the reference
point’s x=0 plane and place the surface such that the bottom edge’s middle point coincides
with the reference point. Use the ‘Place on Work Plane’ if necessary to align. Move the
surface manually if this still doesn’t work.

- Repeat this task for the other reference point.

- For both surfaces, re-parametrize all parameters in the new adaptive family file.

- Hoover over surface A and press tab until in the bottom left it shows ‘Name_surface_family:
Face’ and left click. Now hoover over the other surface and press tab until it says the same
and ctrl+left click. Now select ‘create form’.

- Select the form and parametrize the material.

- Test element with the ‘Looking up faces & edges.dyn’ file and add the faces & edges for
railing and/or guiderail placement as parameters.

6.3.2 Girder/edge beam (Bridge framings - Girders)

- Create reference line, turn on 3D snapping, and place a line between both adaptive points.

- Load the girder surface family and place the surface on both planes resulting from the
reference line (directly opposite of each other).

- For centre beams:

= Make sure that the girder’s bottom edge’s centre coincides with the adaptive point.
- For edge beams:
= Bottom most right/left (depending on which is modelled) of the beam must coincide
with the adaptive point. See examples in family database.

- For both surfaces, re-parametrize all parameters in the new adaptive family file.

- Hoover over surface A and press tab until in the bottom left it shows ‘Name_surface_family:
Face’ and left click. Now hoover over the other surface and press tab until it says the same
and ctrl+left click. Now select ‘create form’.

- Hoover over surface A again until it shows ‘Name_surface_family: Face’ and left click, create
form again. Select the form and parametrize the positive offset and negative offset
parameters. Name the one that extends the beam ‘Offset over bearing’, set the other one to
zero.

- Repeat for surface B.

- Select the forms and parametrize the material.

- After saving the file (using naming for left side or right side), mirror the beam w.r.t. the
reference line and save again using the other side’s name.

- For centre beam:

= (Create a parameter that calculates the ‘Total height’ (highest point of the girder)
based on the other parameters.

= (Create a parameter that calculates the ‘Formwork height’ (edge just below top
height) based on the other parameters, used for aligning the edge beam.

- For edge beam:

= Include variable ‘Total height’ in the mode, which will be determined in the script to
align edge beam height with centre beam height.
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6.3.3 Railing (Railings)
- TBD, improvements will be made in this workflow.

6.3.4 Guiderail (Signage)
- TBD, improvements will be made in this workflow.

7 Design variants database
7.1 Abutments
7.11 Abutment A

Footing position = 'True’ Footing position = 'False’

* Set ‘w5’ to zero when there are no safety walls! Only after completing the model.
** Back wall in figure is displayed for when there are wing walls on the side of the abutment.

7.1.2 Abutment B
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7.2 Piers
7.2.1 Pier triangle

7.2.2 Pier double column

7.3 Slabs
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7.4 Bearings

Pot bearing A

Pot bearing B

7.5 Girders
For all girders:

7.5.1 HIP — compressive layer

Total Variable Height
height| | height formwork
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Set ‘Total height’ and ‘Height formwork’ as extra paramters.

7.5.2 ZIP 500-900
L

Variable | Total Height
height| formwork

Set ‘Total height’ and ‘Height formwork’ as extra paramters.

7.5.3 HKP

h2

‘ ‘ Variable height girder

B

Width girder

7.6 Edge beams
7.6.1 TNR edge beams

Variable width Variable width
Variable
height
7.7 Approach slabs
7.71 Approach slab type A

Total length

Total width

Bos XLVI
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7.7.2 Approach slab type B
L —— .
7.7.3 Approach slab type C

-
S — h7
RS he
4 h3
hl, o |\a

L1 L2 3 L4
1
I

i
Total length Width slab

7.8 Wing walls
7.8.1 Wing wall type A

h2
Top width

w2

Thickness
wl

7.8.2 Wing wall type B

Thickness

Top height

w2

Bos XLVII
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7.9 Piles
79.1 Type A

7.10  Railings
7.10.1 Type A

7.11  Guiderails
7.11.1 Type A

Witteveen Sos XLVl 1(-;U Delft



Appendix: M Handbook RE-design

/.12  Barriers
7.12.1 Type A
‘ tl

 hp=089
|
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Appendix: N White paper for policymakers

Circularity starts with quality asset management: a reverse engineering effort for bridge infrastructure.

Problem description

Asset managers are now dependent on the data quality resulting from the past decades where little
priority was given to civil artworks, to achieve outcomes that call for current-day information standards
(BIM). The challenges they face include the Circular Economy Transition and Replacement &
Renovation Task, additionally there are demands for an increasingly digitized strategy. The issues are
summarized in the following three points:

1. Lackof quality asset/element data to pursue inter-organisational reuse due to high uncertainty
and large upfront research costs for demand parties currently, complicating the CE-goals.

2. Insufficient data on actual structural state of bridges due to functional changes over time,
making the management of the activity timeline (maintaining/renovating/replacing) for the
acreage difficult to flatten the expected decommissioning peak.

3. Increasing gap between existing- (2D drawings, often ‘lost’) and new infrastructure (BIM) asset
data quality and management strategies, large upfront investment to upgrade the existing
acreage to 3D BIM to create centralised high-quality AM.

[Asset management]

Industry chall

1
Circular —
Economy
—
DIGITIZATION

Information needs j\ /l

2
;‘L
»f\%ﬁ :
o=

1

G L?;l

Building  Information Modeling Documentation Softwar sign

Engineering solutlonsl ]\ /l

Solution

The solution to these problems is captured in the following flowchart. Central in this approach is the
specifically developed parametric RE-design tool for bridge infrastructure that allows cost-efficient
generation of bridge 3D BIM, tailored to AM needs described above. A prerequisite for this process is
the data gathering of 2D drawings or site measurements of the asset for input.

Develop CityGML

model using 3D
i scanning technology
- 3D centralized Al
(ntegrate BIM models ———»> environment

Database
large
enough?

- \Parametric bridge), BIM model

20 drawings & project) | '——»pe gocinntol bridge with
specifications Material

' Passport
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Benefits

1. Save up to 80% of traditional modelling costs per bridge (fixed beam/slab).

2. Accelerate digitization & digitalisation transition within your organisation to enjoy longer
benefits of the investment.

3. Improve information management, traceability & communication, condition monitoring,
through high quality centralized documentation of assets.

4. Easily accessibile element specific attribute data.

5. Increase quality supply of reusable elements in reuse databases for higher probabilities of
reuse realisation, thereby increasing probability value of acreage by improved reuse
realisation potential.

6. Enhanced maintenance & decommissioning efficiency through visualisation of the asset.

7. Reduced reusability scanning & structural recalculation efforts.

8. Obtain material quantities of assets for setting up local CE-models and improving more
accurate data input for material flow models used for developing transition roadmaps.

9. Enhanced spatial planning decision making and visualisation.

2D to 3D centralised AM
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Appendix: O Condition & maintenance register

2 2 @ 8 @ & @ d e

Starting REIC6 1-1-
Ofcorrosion 5 2023 Bridge 0013 Barrier A12 Link Download Link 22-11-2019
Replacement REIC6 1-1-
1|advised 1 2023 Culvert 0213  Pipe 1 Link Download Link 10-5-2020
REIC6 1-1-
2|Cracks found 3 2023 Bridge 0163 Deck 1 Link Download Link 22-11-2019
Broken REIC6 1-1-
3|streetlamp 0 2023 Viaduct 0015 Lamp post A123 Link Download Link 18-9-2018
Continued ...
Protection Download REIC6 1-1-
Low Medium Open layer 2023-2024 TBD Link 2023
Download REIC6 1-1-
Urgent High Closed Replacement okt-20 BAM 1-11-2020 Link 2023
Active Mun. Download REIC6 1-1-
High Critical WIP  monitoring 2019-2022 Deventer Link 2023
Download REIC61-1- Might be replaced
Medium Low On hold Link 2023 in new project

Figure 98: Enlarged inspection & maintenance registers
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