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Abstract. This study describes a framework for optimizing environmental sus-
tainability, climate resilience, and cost in post-hazard transport asset recovery.
Particular focus is given to the environmental impact assessment component and
its conceptual integration with resilience metrics. After describing the workflow
adopted in the complete framework, the environmental impact modelling assump-
tions, system boundaries, and life cycle inventories for materials, on-site activities
and transportation are detailed. Carbon equivalent emissions are evaluated for
various restoration tasks for a bridge subjected to nine flood scenarios and repre-
sented through a sustainability index. A baseline environmental impact analysis is
initially conducted, considering conventional materials, construction techniques,
and procedures for each restoration task. Additional sensitivity studies are carried
out to evaluate the influence of low-carbon solutions and task duration on carbon
emissions. These are weighted based on the probability of the bridge being in
a specific damage state. The results demonstrate that low-carbon solutions can
provide carbon savings to varying degrees depending on the hazard intensity.
Normalised sustainability, resilience, and cost metrics are combined into a unique
global index, which can be adopted to prioritise the recovery of the asset. Sug-
gestions on adopting circularity indicators and waste hierarchy levels into such
frameworks are also given.
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1 Introduction

The built environment consumes 50% of raw materials, contributing to 36% of global
energy use and 39% of energy related CO2e emissions [1]. Infrastructure assets are
the backbone of a sustainable society, integrated into a system of systems. The smooth
operation of these systems is essential for the functioning and development of society.
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Physical assets are increasingly vulnerable to various threats such as natural orman-made
hazards, as well as prone to degradation from mechanical and/or environmental loading
during service. Enhancing the resilience of such assets is instrumental to ensuring the
continuity of essential services. Engineering resilience can be defined as the ability of
an asset, or network, to withstand and restore swiftly from low-frequency high-impact
events that change its capacity and function.

Sustainability is deeply ingrained in all aspects of infrastructure development and
management. Evaluation of the performance metrics encompassing environmental, eco-
nomic, and social considerations, have become integral for assessing the sustainability
of the infrastructure assets and networks through their life cycle. In construction, the
environmental component is typically considered through life cycle assessments (LCA)
and is addressed below. Circularity involves transitioning from a conventional linear
resource flow to a circular model. Restoration and regeneration represent a step for-
ward, assuming a shift from an anthropocentric perspective to an eco-centric approach
for a resilient environment. Restoration of physical assets requires resources, whilst
restoration of the environment implies avoiding natural resources depletion.

This paper presents a case studydescribing the restorationof a transport infrastructure
asset, specifically a bridge subjected to various flood scenarios, while considering sus-
tainability and circularity. This is carried out through assessments of carbon emissions,
resilience, and cost, as well as adoption of qualitative approaches for circularity.

2 Integrating Environmental Impact into Resilience Frameworks

This section summarises a framework that incorporates LCAs into climate resilience
frameworks, through the global warming potential (GWP) category (in tCO2e) and in
a proposed a global metric (ISRC). The global metric includes resilience, environmental
sustainability, and cost. In this paper only a brief descriptionof the framework, conceptual
plots for sustainability and resilience, and the GWP assessments are described.

The conceptual plots depicted in Fig. 1 pertain to the scenario wherein a critical
transport asset is impacted by a significant stressor, such as a flood, and appropriate
measures are taken to reinstate its capacity and functionality. Figure 1 serves as an
illustration of the benchmark case, while in Ref. [2], instances of ex-ante and ex-post
restoration of well and poorly maintained assets are presented, respectively. Figure 1a
shows the upfront (solid lines) and ancillary tCO2e (dashed lines) resulting from the
construction (as exemplified by paths OA) and maintenance of the asset throughout
its lifespan. In all cases, the ancillary tCO2e are demonstrated to exceed the upfront
emissions due to the diversion of traffic during maintenance and restoration. Figure 1b,
on the other hand, presents the resilience curves of the asset. The magnitude of resilience
(R index) [3], denoted by the area under the resilience curve, is evaluated as a metric
between the occurrence of the hazard event (te) and the completion of recovery at time
th. Sustainability encompasses the entire lifespan of the asset.

With regard to characteristic points and paths the following definitions are consid-
ered in Fig. 1: O–construction starts, A–construction completed/asset operational, AB–
bridge operates with minimal maintenance/inspection, A‘B’–greenhouse gasses (GHG)
increase due to decrease in bridge functionality and traffic detours, BE–idle time due
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to no action taken post-hazard, B‘E’–GHG rapidly increase due to bridge closures and
traffic diversion, EF–restoration measures are implemented, E‘F’–supplementary GHG
due to restoration and traffic detour, FH–asset in normal operation, F‘H’–same as A‘B’.
In Fig. 1b, the resilience has a small drop due to e.g., deterioration effects, which could
be due to the corrosion of tendons and traffic increase. The gradual loss of bridge func-
tionality may lead to occasional detours, and hence tCO2e, which are shown with line
A‘B’ in Fig. 1a. The figure refers to the case where a hazard leads to a significant loss
of asset performance, and a rapid increase in tCO2e between B‘E’ and at a smaller rate
after the restoration of the bridge commences (point E in Fig. 1b). After the completion
of the recovery, no additional direct tCO2e, and a small increase in indirect tCO2e (see
F‘H’), similarly to A‘B’, occurs.
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Fig. 1. Conceptual plots of sustainability and resilience for a baseline scenario without regular
maintenance (a) evolution of GHG, and (b) resilience represented as the performance of transport
asset responding to a hazard occurrence [2].
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The framework includes the assessment of resilience, sustainability, and cost param-
eters in eight steps. First, (i) hazard intensity measures (IM) are defined based on pre-
dicted, measured, or estimated hazard data (e.g., high-resolution flood maps to deduce
probabilistic relationships of established IM). These are then used to (ii) evaluate the
vulnerability of the asset using fragility functions. The curves correlate the probabil-
ity of exceeding given damage states (i.e. minor, moderate, extensive, severe/complete)
with the hazard IM. After evaluating the fragility functions, (iii) the asset recovery is
evaluated based on restoration (structural capacity) and reinstatement (traffic capacity)
models. Subsequently, depending on the damage states, (iv) the GHG emissions are
assessed using the procedures described in detail in this paper. The resilience (v) cor-
responding to the structural capability of the asset to withstand a hazard occurrence of
different damage states for a given IM is then evaluated using a probabilistic approach.
This is then transformed into a resilience index (R).

GHG emissions are evaluated for various restoration strategies and written in as
relative measures in a sustainability index (S). For the latter, the cumulative tCO2e of
the asset under recovery at a given time t after the start of restoration, are considered.
The index considers the cumulative tCO2e of the asset under recovery and is weighted
based on the probability of the asset being in a specific damage state and the temporal
evolution of GHG per damage state. The latter depends on the emissions per restoration
task (see details below). Finally, (vi-viii) the sustainability and resilience indices are
optimised using a multi-criteria decision-making approach (e.g. Pareto fronts), and a
cost index is evaluated afterwards. These are aggregated in the global metric (ISRC) [2].
The framework and global metric are tested using a standard river crossing bridge that
has three spans and is exposed to different flood scenarios [3–5].

3 Environmental Impact Assessments

3.1 Environmental Impact Modelling

Evaluation of the environmental impacts of a product or process, including production,
transportation, and disposal, is typically conducted using life-cycle assessments (LCA)
[6]. For civil engineeringworks, this is typically expressed in theGlobalWarming Impact
(GWP) category through a carbon-equivalence tCO2e of all GHGs. Depending on the
assessment method, the whole-life carbon is divided into embodied and operational
components [6, 7]. Embodied carbon refers to the GHG incorporated in construction
materials, processes, and activities [8]. Operational carbon refers to the GHG emissions
during the service of a building or asset.

To evaluate the environmental impacts for themain restoration tasks, GWPmeasured
in tCO2e was considered. The assessment includes GWP due to fossil emissions, as for
construction works the biogenic emissions are insignificant, and can be disregarded.
The system boundaries adopted here correspond to a ‘cradle-to-practical completion’
approach (A1–A5). The emissions are divided into the following groups: (i) the upfront
emissions, correspond with the carbon for the works included in the restoration tasks
at the stages shown below; and (ii) the ancillary emissions refer to traffic re-routing or
pavement degradation, among others.
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The data flows are assessed per restoration work and use established functional units
for materials and processes, e.g., 1.0 m3 for concrete or 1.0 kg for steel. These are
subsequently converted into carbon emissions, based on the estimated bills of quantities
and corresponding carbon equivalent factors listed in Table 1. The assumptions for
estimating quantities and equipment use are in Sect. 3.2. The construction equipment
fuel consumption rate is based on manufacturer datasheets. The emissions are assessed
by multiplying the bill of quantities (Qi,m) with the corresponding embodied carbon
factor (Fi,m) and a scalar factor to account for the restoration task duration (λf = 1 for
mean durations). The subscript i indicates the material or process, whilst subscript m is
for the life-cycle phase (materials, onsite activities, or transport).

A baseline analysis is conducted first. This includes in-situ concrete with cement
as the only binder and new reinforcing and prestressing rebars. The same strategies are
analysed with low-carbon solutions to minimise emissions for carbon-intensive tasks.
This reduction is achieved by replacing materials from virgin sources with low-carbon
materials and using biofuel blends for construction equipment. The main conventional
construction materials are substituted by low-carbon alternatives including fly ash and
GGBS in concrete. Steel rebars and tendons contain 97% recycled steel obtained through
electric arc furnace production. The baseline analysis assumes mineral diesel, while the
low-carbon alternative assumes a biofuel blend. It is assumed that the transportation
distance is 25 km and uses a diesel articulated HGV (>3.5 - 33t - average laden).
Transporting people and construction equipment is not accounted for.

Table 1. Life cycle inventory.

Conversion factors kgCO2e/unit Conversion factors kgCO2e/unit

Concrete C25/30 - CEM 1 0.142/kg Fibreglass 1.540/kg

Concrete UK C25/30 (25%
GGBS)

0.130/kg FRP 5.000/kg

Steel rebar global avg 2.289/kg Epoxy 5.700/kg

Steel rebar UK 97% recycled
EAF

0.835/kg Rubber 2.660/kg

Stone 0.138/kg Bearings 1.630/kg

Timber (sawn) 0.587/kg Water supply 0.344/m3

Portland cement, CEM I 0.860/kg Diesel (100% mineral) * 3.314/l

Mineral aggregate 0.003/kg Diesel (biofuel blend) * 3.156/l

Asphalt 0.380/kg Electricity UK 0.233/kWh

PVC pipe 2.560/kg Articulated diesel HGV 0.776/km
* Equipment consumption from datasheets (l/h); RT Crane 45T (18.2); Barge B < 20m (6.0), JX
PilingRig (7.0) Cat 325 1.5CYbackhoe (23.2), Generic 5HPdieselwater pump (0.80, Compressor
Kaeser Honda G360 (6.0), Cat D7 Dozer (34.0), Asphalt mixer 16HP (9.2)
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3.2 Restoration Tasks

A three-span river-crossing bridgewith shallow foundations is considered for this assess-
ment (Fig. 2a). The fragility curves (Fig. 2b) and restoration models (Fig. 2c) were taken
from previous research [4, 5], correspondingly, for four damage states (minor, moderate,
extensive, severe). Nine scour depths ranging from 1.0 to 5.0 mwith a step of 0.5 mwere
analysed. Only one pier foundation was scoured. These scenarios lead to a sequence of
restoration tasks (R), for various damage states: minor (1, 11, 12, 14, 5), moderate (1,
11, 6, 12, 14, 16, 15, 5), extensive (1, 11, 6, 12, 14, 2, 16, 5, 15), and severe (1, 11, 6, 12,
14, 2, 5, 16, 15, 23). Below, the task ID is followed by the name, weighing factors for
damage states (minor/moderate/extensive/severe), and the description of materials and
processes.

• R1 Armouring countermeasures and flow-altering/cofferdam (0.70/0.80/0.90/1.00)
pre-dredging, driving the support piles, bracing, 35 m diameter cofferdam with UBP
305 × 305 × 223 struts, sheet piles, and temporary works, fuel, transportation, and
consumable materials.

• R2 Temporary support per pier (0.70/0.80/0.90/1.00) two temporary support frames
incorporating UC 305 × 158 columns and UB 1016 × 305 × 494 beams, and
associated platforms, consumables, installation and disassembly, transportation.

• R5 Repair cracks and spalling with epoxy and/or concrete (0.50/0.70/0.85/1.00) scaf-
folding, removal of 50 mm of concrete, new concrete, resurfacing, new parapets,
drainage pipes, consumables, on-site activities, transportation, demolition waste.

• R6 Re-alignment and/or levelling of pier (0.50/0.70/0.85/1.00) assembly and disas-
sembly of temporary frames, scaffolding, consumables, transportation.

• R11 Erosion protection measures (0.70/0.80/0.90/1.00) excavation, manufacturing
and assembly of gabions, steel and stone materials, intervention measures cover both
riverbanks, upstream, and downstream for 50 m, transportation.

• R12 Rip rap and/or gabions for filling of scour hole and scour protection
(0.70/0.80/0.90/1.00) riverbed compaction, rip-rap placement and compaction, trans-
portation of materials and some excavated soil within the site.

• R14 Ground improvement per foundation (0.70/0.80/0.90/1.00) excavation around
the foundation, installation of a 2m deep compacted gravel layer, associatedmaterials
and consumables, support system as for R2, transportation.

• R15 Installation of deep foundation system (1.00/1.00/1.00/1.00) 16 piles of 800 mm
diameter and an RC pile cap of 3.5 × 5.5 × 1.5 m with a gross longitudinal rebar
ratio of 4%, materials, on-site activities, transportation, temporary frames.

• R16 Extension of foundation footing (1.00/1.00/1.00/1.00) footing extension on all
sides by 2 m over a depth of 1.5 m, some concrete removal, formwork, materials,
transportation, demolition waste.

• R23 Demolish/replacement (part) of the bridge (1.00/1.00/1.00/1.00) a pier, and two
decks are being replaced, thus R1, R18, 19, and R22 are considered.
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Fig. 2. (a) The reference bridge of the case study, (b) fragility curves of the bridge as a function
of the scour depth (Sc) and the normalised Sc / Df (Df: foundation depth), (c) restoration curves
of the bridge as a function of time (Cpf: post-flood capacity, Co: original capacity) [2].

4 Results and Discussion

4.1 Environmental Impact

According to Table 2, tasks withmore temporary works and fewer newmaterials (R1 and
R2) have similar emissions from materials and equipment fuel consumption. Tasks with
more new concrete and rebars have higher emissions frommaterials (R16). The literature
shows that around 80% of the emissions are associated with materials extraction and
production, which is similar to the average of the baseline analysis [9]. Both assessments
assumed the same duration for all restoration tasks, regardless of the materials used. It
is assumed that the use of low-carbon materials does not affect task duration and that
these materials are available from the same manufacturers as conventional materials.
Changes in task duration can impact on-site emissions, but materials and transportation
remain constant. Longer construction tasks and associated materials can lead to 50%
higher emissions due to higher fuel consumption (R1).

Figure 3a and Fig. 3b illustrate the weighted tCO2e per damage state and restora-
tion task (Ri), using the weighting factors described in the previous section. Figure 3a
corresponds to the conventional restoration strategies, whereas Fig. 3b refers to the low-
carbon restoration approach. It is noted that for R23 the maximum values 1986 and
860 are given in the graphs, as these well exceed the max value of the tCO2e axis. It
is observed that conventional and low carbon strategies have similar emissions for R1,
R11, R12, R6, R2, R14, and R5, with differences up to 15%. For R16, R15, and R23
significant differences were observed varying from 40% to 57%.
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Table 2. Environmental impact assessment results.

Task Conventional
materials
(tCO2e)

On-site
activities
(diesel)
(tCO2e)

Transportation
(diesel)
(tCO2e)

Total
(tCO2e)

Low carbon
solution(1) (%)

Influence of
duration(2) (%)

R1 16.9 63.6 0.1 80.6 −14.9 ± 49.8

R2 2.7 4.9 0.1 7.7 −9.6 ± 30.6

R5 18.3 1.1 1.2 20.6 −17.6 ± 3.8

R6 3.4 0.7 0.1 4.2 −13.4 ± 7.5

R11 645.5 29.0 3.5 678.0 −4.6 ± 1.7

R12 21.7 2.5 0.1 24.3 −1.0 ± 6.1

R14 29.0 5.0 0.3 34.3 −1.3 ± 7.0

R15 235.0 113.9 0.4 349.2 −38.3 ± 10.5

R16 346.5 16.2 0.2 362.9 −57.4 ± 1.7

R23 1867.1 112.8 5.7 1985.6 −56.7 −3.3

(1) replacement of main construction materials and fuel with low-carbon alternatives;
(2) increase/decrease of carbon corresponding to the use of onsite equipment and machinery [2].

Close inspection of the emissions divided by materials, on-site activities, and trans-
portation, indicate that materials can account for 21% to 99% of the emissions, with
an average of 74% for all activities. On-site activities can represent 2% to 100% of the
emissions, while transportation is up to 6%. Some restoration tasks have similar values
to those found in the literature (i.e. construction activities contribute to 30% of the total,
and transportation is around 4%). The environmental impact of traffic diversion due to
structure closure can be significant in relation to the restoration of the asset [10].
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Fig. 3. (a) Weighted tCO2e per damage state and restoration tasks (Ri) for (a) conventional
restoration and (b) low carbon restoration.
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Normalised tCO2e versus the resilience index R relationships for the nine scenarios
examined, indicate that the highest emissions are for a scour depth of Sc = 5.0 m, whilst
the lowest for Sc = 1.0 m. For the low-carbon case these are always smaller than for the
conventional case, as expected. The differences in tCO2e are slightly smaller at lower
hazard intensities and are higher by up to 60% for higher hazard intensities (e.g. Sc =
5.0 m). Regarding the sustainability index (S), this is 1.0 for low hazard intensity and
low carbon solutions and increases with hazard intensity and use conventional materials.

Assuming various weighing cost factors (>1.0) for low-carbon materials, it is shown
that the cost of the greener solution is up to 20% higher on average. However, the low
carbon restoration strategy results in a 50–60% decrease in total tCO2e, encouraging
the use of more sustainable solutions. For this case study a realistic hazard curve (peak
flow versus return period) was adopted based on closed-form solutions available in the
literature. Curves considering an increase in peak flow discharge due to climate change
potential were also investigated [2]. Note that the results from this paper are specific for
the case study and include expected uncertainty in LCA modelling due to assumptions
outlined in Sect. 3.

4.2 Circularity Considerations

In asset restoration, the primary objectives revolve aroundminimizing the environmental
impact caused by the interventions. Whilst this reductionist sustainability approach has
itsmerits, using a circular approach in such interventionswill enable quicker regeneration
of the environment. In the built environment, circularity includes three main principles:
(i) durability, referring to building and elemental service life planning, (ii) adaptability,
the extension of the service life of the asset as a whole; and (iii) waste reduction and
high-qualitywastemanagement, aswell as future circular reuse of components and parts,
or high-quality recycling of elements following deconstruction.

The effectiveness of implementation of circularity is typically assessed through indi-
cators. In buildings, there are three sub-indicators for circularity: material, product, and
system circularity [11]. Whilst circularity tools exist for buildings, there are limited
assessment tools to ascertain the level of circularity in infrastructure [12]. These papers
looked at design input, resource availability, adaptability, and reusability, highlighting
the importance of circularity indicators in transport infrastructure projects.

As future directions, in the case of post-hazard interventions in asset restoration, the
rehabilitation strategies could adopt circularity approaches. Specific indicators and deci-
sion trees based on circularity hierarchy levels can be developed for systematic decision-
making. These could include the potential for reinstatement/rehabilitation, routes for
harvesting components, and exploring upcycling/reuse in structures. Temporal-scale
dependent life-cycle assessment would need to be carried out according to relevant asset
functionality phases.

5 Conclusions

This paper described a framework for optimizing environmental sustainability, climate
resilience, and cost in post-hazard transport asset recovery. The focus was on integrating
the environmental impact assessment with resiliencemetrics. The conceptual framework
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and the environmental modelling assumptions were first provided. Carbon equivalent
emissions were evaluated for various restoration tasks for a bridge affected by nine flood
scenarios, considering conventional and low carbon solutions. After normalizing them
into a sustainability index, these were combined into a global index with resilience and
cost. Circularity considerations were also given.

The results show that restoration tasks with more temporary works and fewer new
materials have relatively low emissions, in comparison with tasks that are materials
intensive. Materials can account for 21% to 99% of the emissions. On-site activities can
represent 2% to 100% of the emissions, while transportation is up to 6%. Low carbon
solutions can provide up to 57% carbon reductions, at an increase in cost of about 20%.
Longer construction tasks can lead to a 50% increase in emissions due to higher fuel
consumption by construction equipment. Close inspection of the normalised emissions
versus the resilience index for the nine scenarios indicated that the highest emissions are
for the highest scour depth, whilst the lowest emissions for the lowest depth.

These results give an indication of the environmental impact of post-hazard interven-
tions in transport asset recovery, and the suggested metrics can be adopted to prioritise
asset recovery. The circularity indicators and hierarchy levels mentioned provide further
insight into enabling more sustainable interventions that align with the wider planetary
recovery drivers.
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7. Sabău M, Bompa DV, Silva LF (2021) Comparative carbon emission assessments of recycled
and natural aggregate concrete: environmental influence of cement content. Geosci Front
12(6):101235



Integration of Carbon Emissions Estimates 49

8. Abdelmonim A, Bompa DV (2021) Mechanical and fresh properties of multi-binder
geopolymer mortars incorporating recycled rubber particles. Infrastructures 6(10):146

9. Mackie KR, KucukvarM, Tatari O, Elgamal A (2016) Sustainabilitymetrics for performance-
based seismic bridge response. J Struct Eng 142(8):C4015001

10. Noland RB, Hanson CS (2015) Life-cycle greenhouse gas emissions associated with a
highway reconstruction: a New Jersey case study. J Clean Prod 107:731–740

11. DeWolf C, CordellaM, DoddN, Byers B, Donatello S (2023)Whole life cycle environmental
impact assessment of buildings: developing software tool and database support for the EU
framework Level (s). Resour Conserv Recycl 188:106642

12. Coenen TB, Santos J, Fennis SA, Halman JI (2021) Development of a bridge circularity
assessment framework to promote resource efficiency in infrastructure projects. J Ind Ecol
25(2):288–304

Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing,
adaptation, distribution and reproduction in anymedium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons license and
indicate if changes were made.

The images or other third party material in this chapter are included in the chapter’s Creative
Commons license, unless indicated otherwise in a credit line to the material. If material is not
included in the chapter’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder.

http://creativecommons.org/licenses/by/4.0/

	 Preface
	 Organization
	 Contents
	Keynote Papers
	Life-Cycle Risk, Resilience, and Sustainability of Individual and Spatially Distributed Structures
	1 Introduction
	2 Lessons from Recent Large Earthquakes in Japan
	3 Toward Life-Cycle Based Design and Assessment of Bridges and Bridge Networks Under Multiple Hazards
	3.1 Progress of Structural Performance Methodology and Associated Performance Indicators
	3.2 Multiple Hazard Issues

	4 Illustrative Examples
	5 Conclusions
	References

	Reliability and Durability of Built Environment Under Impact of Climate Natural Hazards
	1 Introduction
	2 Case Study: Large Span Steel Frame Production Unit Exposed to Extreme Drifted Snow
	2.1 Building Description
	2.2 Heavy Snowfall and Damage to the Building
	2.3 Numerical Simulation of the Accidental Snow Load Effects on the Roof

	3 Case Study: Roofing of Large Span Concrete Frame Industrial Building Exposed to Extreme Wind
	3.1 Building Description
	3.2 Windstorm Damage to the Building Roofing and Enclosure Walls

	4 Conclusions
	References

	Sustainable Infrastructures
	Integration of Carbon Emissions Estimates into Climate Resilience Frameworks for Transport Asset Recovery
	1 Introduction
	2 Integrating Environmental Impact into Resilience Frameworks
	3 Environmental Impact Assessments
	3.1 Environmental Impact Modelling
	3.2 Restoration Tasks

	4 Results and Discussion
	4.1 Environmental Impact
	4.2 Circularity Considerations

	5 Conclusions
	References

	Resilience Framework for Aged Bridges Subjected to Human-Induced Hazard - Case Study in Ukraine
	1 Introduction
	2 Resilience Framework for Combined Ageing and Human-Induced Hazards
	3 Case Study of Post-conflict Recovery in Ukraine
	3.1 Portfolio of Bridges
	3.2 Vulnerability Analysis
	3.3 Resilience Analysis
	3.4 Cost-Based Resilience

	4 Conclusions
	References

	A Study on Traffic Awareness at Jordanian Universities: A Case Study of the German Jordanian University
	1 Introduction
	2 Background
	2.1 Traffic Safety and Road Accidents in Jordan
	2.2 Youth and Traffic Behavior
	2.3 Impact of Educational Institutions on Traffic Awareness
	2.4 Urban Transportation and Campus Planning
	2.5 Gaps in Literature and Research Objective

	3 Methodology
	3.1 Descriptive Analysis
	3.2 Examination of Relationships and Analytical Approaches

	4 Results and Discussion
	4.1 Chi-Square Statistic
	4.2 Traffic Awareness at German Jordanian University

	5 Conclusions and Recommendations
	References

	Analysis of the Pavement Response with Total/Partial Link Between Layers to the Action of Traffic Load
	1 Introduction
	2 Case-Study
	3 Numerical Model
	4 Numerical Results
	4.1 Perfectly Bound Layers Hypothesis
	4.2 Semi-bonded Layers Hypothesis (BA 16 50% Bonded to BAD 22.4)

	5 Conclusions
	References

	Thermal-Structural Modelling and Temperature Control of Roller-Compacted Concrete Gravity Dam: A Parametric Study
	1 Review and Analysis of Related Work
	2 Location and Description of the Dam
	3 Dam Wall Profile
	4 Material Properties and Environmental Conditions
	5 Methodology
	6 Effect of RCC Placement Temperature
	7 Effect of RCC Young Modulus on the Thermal Stresses and Block Length
	8 Effect of Strain Capacity
	9 Effect of Layer Thickness
	10 Conclusions
	References

	Structural Engineering
	Influence of Shear Connection and End Supports onto Self-vibrations of Cold-Formed Steel Concrete Composite Floor
	1 Introduction
	2 Numerical and Parametric Analyses
	3 Results and Discussion
	4 Conclusions
	References

	Numerical Investigation of Double-Skin Cold-Formed Steel Shear Wall Filled with Concrete
	1 Introduction
	2 Finite Element Modelling
	2.1 Development of FE Models
	2.2 Model Validation

	3 Parametric Study
	4 Conclusions
	References

	Comparative Experimental Study on Improving Structural Performance of the Base Upright Profiles of Steel Storage Pallet Racks Under Operational Conditions
	1 Introduction
	2 Experimental Study
	2.1 Sections and Materials
	2.2 Methodology

	3 Results and Discussion
	4 Conclusions
	References

	Performance Comparison of Different Vibration Control Strategies
	1 Introduction
	2 Problem Statement
	3 Results and Discussion
	4 Conclusions
	References

	Exploratory Research on the Thermal Properties of Wood in Real Fire Conditions
	1 Introduction
	2 Experimental Setup
	3 Numerical Simulations
	4 Conclusions
	References

	Assessment of Existing Structures for Elongation of the Buildings Lifecycle Based on Ukrainian Experience and Codes
	1 Development and Structure of Regulatory Framework for Inspection of Existing Constructions
	2 Comparison with the International Standard for the Evaluation of Operating Structures.
	3 Conclusions
	References

	Procedure for Generation of Finite Element Models of Steel Members from 3D Scanned Data
	1 Introduction
	2 Current Applications and Directions
	3 3D Scanning of Steel Links
	3.1 Research Framework
	3.2 Experimental Specimens
	3.3 3D Scanning of the Steel Links

	4 Post-processing of the Scanned Data and Finite Element Modelling
	4.1 General
	4.2 Manual Mesh Generation from Point Clouds
	4.3 Generating Solid Models from 3D Surface Models
	4.4 FE Model

	5 Conclusions
	References

	The Behavior of Heat-Damaged RC Beams Reinforced Internally with CFRP Strips
	1 Introduction
	2 Methodology and Used Materials
	2.1 Constructing the Specimens
	2.2 Properties of the Materials
	2.3 Mixing of Specimens and Heat Treatment
	2.4 Test Setup and Instrumentation

	3 Results and Discussion
	3.1 Mode of Failure
	3.2 Failure Loads and Corresponding Deflection
	3.3 Load-Deflection Behavior

	4 Conclusions
	References

	Energy Systems and Structures
	Influence of Adaptive Controlling Strategies of Floating Offshore Wind Turbine on Corrosion Fatigue Deterioration of Supporting Towers
	1 Introduction
	2 Multi-physics Simulation
	2.1 Probabilistic Corrosion Fatigue Modelling
	2.2 Derivation of Fatigue Stress Spectra
	2.3 Probabilistic Deterioration Prognosis

	3 Adaptation of Controlling Strategies
	3.1 Variation in Controlling Strategies
	3.2 Results and Discussion

	4 Conclusions
	References

	Wind Aerodynamics and Related Energy Potential of Urban High-Rise Vertical Farms
	1 Introduction
	2 Methodology
	2.1 Computational Model
	2.2 Meshing and Boundary Conditions
	2.3 Validation

	3 Results
	3.1 Impact of Wind Turbulence
	3.2 Impact of Corridor Width
	3.3 Impact of the Location of the Wind Turbines

	4 Conclusion
	References

	Design of Photovoltaic/Thermal Collectors with Thermal Storage and Batteries to Enhance Building Performance and Resilience in Cold Climate
	1 Introduction
	2 Methodology
	2.1 PV/T Collector
	2.2 Thermal Storage
	2.3 Heat Pump
	2.4 Battery

	3 Results
	4 Discussion
	5 Conclusion
	References

	Energy Efficiency in the Higher Education Institutions: A Review of Actions and Their Contribution to Sustainable Development
	1 Introduction
	2 Research Strategy
	3 Results
	3.1 Energy-Saving Actions
	3.2 Energy-Generation Actions

	4 Discussion
	5 Conclusions
	References

	Hybrid Renewable Energy to Greener and Smarter Cities: A Case Study of Kayseri Province
	1 Introduction
	2 Methodology
	2.1 HOMER Simulation and Optimization

	3 Results
	3.1 Cost Analysis
	3.2 Engineering Analysis
	3.3 Electrical Summary

	4 Conclusions
	References

	Innovation in Materials, Products and Systems
	Disassembly and Structural Reuse Potential of Steel-Timber Shear Connections with Screws
	1 Introduction
	2 Response of Steel-Timber Shear Connections
	3 Experimental Assessment
	3.1 Materials
	3.2 Specimens
	3.3 Testing Procedures

	4 Test Results
	4.1 Monotonic Tests
	4.2 Reuse Potential Tests

	5 Concluding Remarks
	References

	Experimental Study on the Behaviour of Glulam Timber Beams Bonded with Glued-in BFRP Rods
	1 Introduction
	2 Experimental Study
	2.1 Materials
	2.2 Glulam Bonded Specimens
	2.3 Testing

	3 Results and Discussion
	3.1 Load-Vertical Displacement Curves
	3.2 Failure Loads
	3.3 Failure Modes
	3.4 Comparison of Studied Cases

	4 Conclusions
	References

	Experimental Study on the Feasibility of Disassembling and Reusing Lightweight Façade Wall Systems
	1 Introduction
	2 Experiment
	2.1 Preparation
	2.2 Results

	3 Conclusion
	References

	Design for Deconstruction Through Digital Fabrication of Thin Spatial Systems
	1 Introduction
	2 Methodology
	3 Case Studies in the Design of Thin Spatial Systems
	3.1 The ECHO Shell
	3.2 The ECHO Arch
	3.3 Set in Transition Leaf

	4 Technological Advancements in Digital Fabrication
	4.1 Additive Manufacturing
	4.2 Laser Cutting
	4.3 Approximating Complexity: Stacked Contour Method

	5 Robotic Assembly
	6 Conclusions
	References

	Use of Textile Fiber Waste to Improve the Thermal and Mechanical Performance of Cement-Based Mortar
	1 Introduction
	2 Materials and Methods
	2.1 Materials and Sample Preparation
	2.2 Samples Characterization Methodology

	3 Characterization Results
	3.1 Density Testing
	3.2 Mechanical Characterization
	3.3 Thermal Characterization

	4 Conclusions
	References

	Nature-Based Solutions for Sustainable Urban System Transformation: Addressing Circularity in Building System Recovery
	1 Introduction
	1.1 Enhancing Urban Resilience by Circular Nature-Based Systems: The Circular City Framework

	2 Materials and Methods
	2.1 Holistic Approach to the Urban Built Environment

	3 Results and Discussion
	3.1 Nature-Based Solutions of Relevance to Address the Building System Recovery, and Proposal of New Units to the Circular City Framework
	3.2 Building System Recovery Best Practices: The Case of Fórum Maia

	4 Conclusions
	References

	Alternative Growing Medium for Indoor Living Walls to Foster the Removal Efficiency of Volatile Organic Compounds
	1 Introduction
	2 Materials and Methods
	3 Results and Discussion
	3.1 Characterization of Almond Shells as Growing Medium for Vertical Greening Systems
	3.2 Comparison of Formaldehyde Concentration Trends

	4 Conclusions
	References

	Circular Economy in Construction: Harnessing Secondary Materials from End-of-Life Tires for Sustainable Building
	1 Introduction
	1.1 Background

	2 Tire Recycling
	2.1 Rubber Application in Construction
	2.2 Recycled Steel Fiber Application in Construction
	2.3 Recycled Textile Application in Construction

	3 Comprehensive Tire Recycling Process and Benefit Assessment
	3.1 Pre-treatment of End-Of-Life Tires
	3.2 Sustainability Evaluation of End-Of-Life Tires

	4 Conclusion
	References

	Regenerative Approach in Sustainable Composite Structure Design for Building
	1 Introduction
	2 Living Design Contribute to Creating a More Sustainable Future
	2.1 Synergy of Design and Synthetic Biology: Create «Alive»
	2.2 Inventing «Material Ecology»: Creating in Harmony with Natural Systems
	2.3 Living Design at the Center of a Regenerative and Sustainable Approach

	3 When Eutrophication Inspires Bio-Design: Towards a Regenerative Approach in Tunis: Sfax
	3.1 Idea Projection
	3.2 Preparation and Experimental Testing

	4 Advancing Toward a Circular Economy
	5 Conclusion
	References

	Circular Value Chains and Stakeholders Engagement
	Stakeholder Mapping for Value Creation of New Circular Business Models
	1 Introduction
	1.1 Circular Economy in Real Estate and Facility Management
	1.2 Stakeholder Theory
	1.3 Stakeholder Analysis

	2 Purpose of This Study
	3 Methods
	4 Results
	4.1 Suppliers and Raw Material Providers: Architects of Sustainability
	4.2 Manufacturers and Producers: Crafting Circular Narratives
	4.3 Distributors and Retailers: The Circular Bridge Builders
	4.4 Consumers: The Silent Revolutionaries
	4.5 Waste Management and Recycling Industry: Guardians of the Loop
	4.6 Reverse Logistics and Circular Service Providers: The Return Journey
	4.7 Real Estate Developers and Facility Managers: Building Circular Foundations

	5 Conclusions
	References

	Analysing Stakeholder Opinions Within the COST Action CA21103 CircularB and Beyond: Circular Economy Implementation in Construction
	1 Introduction
	2 Methods
	2.1 COST Action CA21103 CircularB and Its Series of Workshops and Activities in Cordoba, Spain
	2.2 Survey Instrument
	2.3 Creative Thinking Activity

	3 Results and Discussions
	3.1 Stakeholders’ Opinions on the Importance and Adoption Levels of CE Strategies
	3.2 Six Thinking Hats

	4 Conclusions
	References

	6D-BIM Applications to Enrich Circular Value Chains and Stakeholder Engagement Within Built Environments
	1 Introduction
	2 Digitisation Tools and Their Added Values
	2.1 Building Information Modelling (BIM)
	2.2 Demonstration I: 6D-BIM for Carbon Credit Assessment
	2.3 Demonstration II: 6D-BIM for Net Zero Energy Building Improvement

	3 Methodology
	4 Results and Discussion
	4.1 Stakeholders and Their Understanding into BIM
	4.2 Quality of BIM for Stakeholder Engagement

	5 Conclusion
	References

	Investigating Urban Resilience Through a Resource-Based View Framework: Evidence from an Empirical Survey
	1 Introduction
	2 Literature Review
	3 Theoretical Background and Hypothesis Development
	4 Research Method
	5 Results
	5.1 Assessment Measurement Model
	5.2 Assessment Structural Model

	6 Discussion
	7 Conclusions
	7.1 Policy Implications
	7.2 Limitation and Further Research Directions

	References

	Stakeholders’ Engagement in CE Approach on the Built Environment, Albania Case
	1 Introduction
	2 Literature Review
	3 Methodology
	4 Results and Discussion
	4.1 Inherited Problems of Construction Sector in Albania Related to the Circular Approach
	4.2 Stakeholders in the Construction Sector in Albania and Their Engagement Regarding CE Approach

	5 Conclusions
	References

	Circularity KPIs and Criteria for Material, Flow and Design Assessment
	Development of Circularity Assessment Indices for Construction Sector: A Critical Review
	1 Introduction
	2 Circularity Assessment Frameworks
	3 Circularity Indicators
	4 Index Aggregation Techniques
	5 Conclusion
	References

	An Analysis of the Circularity Indicators at the Building Design Level
	1 Introduction
	2 Methodology
	2.1 Structure and Steps of Analysis

	3 Results and Discussion
	3.1 Reviewing the International Standards and Framework
	3.2 Harmonisation of Indicators
	3.3 Categorising the Final Circularity Indicators

	4 Conclusion
	References

	Unlocking the Potential of Material and Building Passports in the Transition to a Circular Economy in Buildings: A Critical Review
	1 Introduction
	2 Methodology
	3 State-of-the-Art of Material and Building Passports
	4 The Role and Potential of Material and Building Passports in Promoting Circularity in Existing and New Buildings
	4.1 Design Phase: New Buildings and Renovation
	4.2 Construction Stage
	4.3 Operation and Use of Buildings
	4.4 End-of-Life, Recycle, Reuse and Construction, and Demolition Waste Management

	5 Discussion and Conclusions
	References

	Towards Circular Building Key Performance Indicators
	1 Introduction
	2 Methodology
	3 Circular Economy Indicators
	4 Circular Buildings KPIs
	5 Conclusions
	References

	Axiomatic Design and Design Structure Matrix for Circular Building Design
	1 Introduction
	2 Building Reversibility Within Circular Building Design
	2.1 Concepts and Design Frameworks
	2.2 Design Tools

	3 Matrix-Based Product Modelling Methods
	3.1 Axiomatic Design and Design Structure Matrix

	4 Design Propositions for Circular Building Design
	References

	Development of a Circularity Assessment Tool with Local Stakeholders from Strasbourg
	1 Introduction
	2 State of Art
	3 Methodology – Development of a Circularity Assessment Tool
	4 Methods Application - Case Study: Pilot Project Around Strasbourg
	4.1 Description of the Project
	4.2 Project Analysis

	5 Conclusion
	References

	Water Efficiency, Consumption and Management in Environmental Performance Assessment Methods for Existing Buildings in Use
	1 Introduction
	2 Description of the Examined Methods’ Basic Characteristics
	2.1 BREEAM In-use
	2.2 DGNB System for Buildings In Use
	2.3 LEED Operations and Maintenance

	3 Water in the Examined Methods
	3.1 General Considerations
	3.2 BREEAM In-use
	3.3 DGNB System for Buildings In Use
	3.4 LEED Operations and Maintenance

	4 Conclusions
	References

	Circular Business Models and Economic Viability of Circularity Solutions
	Models of Circular Economy Principles
	1 Introduction
	1.1 Circular Economy in Facility Management

	2 Purpose of This Study
	3 Methodology
	4 CE Definitions and Principles
	5 LACE Model
	5.1 RESOLVE Model
	5.2 “Butterfly” Model
	5.3 FOEN Model
	5.4 UNEP Model
	5.5 European Commission Model

	6 Results
	7 Conclusions
	References

	Multi-scalar Business Models for Advancing Circular Economy in Real Estate Development
	1 Introduction
	2 Literature Review
	2.1 Flexible Structures and NBS for Temporary Use of Vacant Sites
	2.2 Multi-scalar Impact Investments for Temporary Vacant Sites
	2.3 Capturing the Multi-scalar Value with Digitalization

	3 Methods and Research Approach
	4 Results and Discussion
	4.1 Multi-scalar Value Generation of Temporary Uses in Vacant Real Estate
	4.2 Scenario Planning with Digitalization

	5 Conclusion
	References

	Assessing the Impacts of Urban Circular Economy Practices on Economic Growth, Environmental Sustainability, and Social Benefits: A Case Study Analysis
	1 Introduction
	2 Literature Review
	2.1 Overall Analysis: Cities and the Circular Economy
	2.2 Benefits
	2.3 Challenges and Barriers

	3 Discussion
	4 Case Study: Amsterdam
	5 Conclusion
	References

	Exploring the Potential of Circular Economy Strategies in Urban Planning: A Comparative Analysis of Successful Case Studies
	1 Introduction
	2 Methodology
	3 Discussion
	3.1 London, UK
	3.2 Amsterdam The Netherlands
	3.3 Copenhagen, Denmark

	4 Results
	5 Conclusion
	References

	Circular Economy as a New Concept for Sustainable Building Development in Serbia
	1 Introduction
	2 Sustainability
	3 Circular Economy
	4 Law in Serbia
	5 Examples of Good Practice in Serbia
	6 Conclusion
	References

	Environmental Impact of Circularity Strategies and Solutions
	Decarbonization Possibilities for Affordable Timber Houses. An LCA Comparison of Business as Usual and Circular Strategies
	1 Introduction
	2 Methods
	2.1 LCA Scope
	2.2 LCA Scenarios

	3 Results and Discussion
	3.1 Aggregated LCA Results
	3.2 LCA Results by Construction Role

	4 Conclusions
	References

	Life Cycle Assessment and Sustainability Characteristics of Built Environment Systems
	1 Introduction
	2 Built Environment Sustainability
	3 Life Cycle Assessment (LCA)
	4 Materials and Methods
	5 Conclusion
	References

	Possible Utilization of Used Precast Building Elements Through Consideration of Concrete Carbonation Degree
	1 Introduction
	2 Service Life
	2.1 Service Life Calculation Tool for Reused Elements

	3 Durability
	3.1 Concrete Carbonation
	3.2 Cracks in Concrete

	4 Assessment of Concrete Carbonation Degree
	5 Possible Utilization of Used Precast Building Elements Through Consideration of Concrete Carbonation Degree
	6 Conclusion
	References

	Geo- and Bio-Based Materials as Circular Solutions Towards a Regenerative Built Environment
	1 Introduction
	2 Geo- and Bio-Based Construction Materials
	2.1 Earthen Construction
	2.2 Bio-Based Insulation Materials

	3 Environmental Performance of Natural Materials
	4 Conclusions
	References

	Waste Generation Factors and Waste Minimisation in Construction
	1 Introduction
	2 Construction Waste Generation
	2.1 Causes of Construction Waste

	3 Construction Waste Minimisation
	3.1 Design Stage
	3.2 Procurement
	3.3 Construction

	4 Proposed Waste Causes- Sustainability Practices Matrix
	5 Conclusions and Future Work
	References

	Environmental Impact of Cold-Formed Z-shaped Steel Purlins
	1 Introduction
	2 Methodology
	2.1 Purpose and Object of Assessment
	2.2 Design Variants
	2.3 Boundaries of the Analysis
	2.4 Life-Cycle Inventory (LCI)
	2.5 Calculation of the Environmental Indicator

	3 Results and Discussion
	4 Conclusions
	References

	Environmental Impact Assessment of Buildings with Steel-Intensive Façade Systems – A Case Study
	1 Introduction
	2 Life Cycle Assessment of an Industrial Hall with Steel-Intensive Façade Systems
	2.1 System Boundaries
	2.2 Assessed Scenarios for the Environmental Impact

	3 Results of LCA
	4 Conclusions
	References

	Life Cycle Assessment of the Lightweight Timber Structures with Bio-Based Aggregate Composites
	1 Introduction
	2 Methodology
	2.1 Life Cycle Assessment Application
	2.2 Goal and Scope Definition
	2.3 Life Cycle Inventory

	3 Result and Discussion
	4 Conclusion
	References

	Circular Economy of Wind Turbines Waste in Constructions and Cities
	1 Introduction
	1.1 Wind Farms Installation in Europe
	1.2 Potentialities of Wind Energy in Circular Economy and Constructions
	1.3 Aim of the Study and Methodological Note

	2 Materials from Wind Turbines
	3 Reusing of Wind Turbines in Constructions
	3.1 Wind Turbines Reuse in Cities
	3.2 Wind Turbines Reuse in Buildings
	3.3 Repowering of Wind Turbines

	4 Conclusions
	References

	Standards and Regulations
	The Effect of Standardization on the Future of Sustainable Refurbishment of Existing Buildings
	1 Introduction
	2 Methodology
	3 Relevant Existing Standards for Circular Building Refurbishment
	4 Discussion
	5 Conclusion
	References

	Italian Regulations and Local Initiatives for Circular Economy in the Construction Sector
	1 Introduction
	2 Method of Investigation
	3 Current Barriers to Circular Material Flows in Italian Context
	4 Successful Top-Down Initiatives at National and Local Italian Level
	5 Successful Bottom-Up Initiatives in Italian Context
	6 Discussion
	7 Conclusion
	References

	Framework for a Multi-level Approach for Testing the Construction Demolition Waste Hierarchy
	1 Introduction
	2 Literature Review
	2.1 The Waste Hierarchy
	2.2 The 9R Framework
	2.3 Life Cycle Assessment Approach

	3 Methodology
	3.1 Combination of the 9R Framework and Waste Hierarchy
	3.2 Framework

	4 Discussion
	5 Conclusion
	References

	End-of-Life as a New Beginning: Pre-demolition Audits, Digital Platforms and Skilled Labour as Enablers of Circular Economy
	1 Introduction
	2 Methodology
	3 Results and Discussion
	3.1 Pre-demolition Audits
	3.2 Digital Platforms
	3.3 Skilled Labour
	3.4 Discussion

	4 Conclusion
	References

	Digitalisation and BIM for Circular Design and Evaluation in Construction
	The Role of BIM in Supporting Circularity: A Conceptual Framework for Developing BIM-Based Circularity Assessment Models in Buildings
	1 Introduction
	2 Methodology
	3 Results
	3.1 BIM for Circularity Assessment
	3.2 A Conceptual Framework/Structure of Integrating Building Circularity Assessment into BIM

	4 Discussion and Conclusions
	References

	Utilising BIM on LCC to Enhance the Sustainability of Saudi Residential Projects Through Simulation. A Case Study at the Kingdom of Saudi Arabia
	1 Background
	2 Methodology
	3 Case Study and Data Analysis
	4 Results and Discussion
	5 Conclusions
	References

	Integrating BIMs in Construction and Demolition Waste Management for Circularity Enhancement-A Review
	1 Introduction
	2 BIMs Implementation on CDW Management
	2.1 Analysis of BIM Properties
	2.2 Developed BIM-Based Tools

	3 Discussion/Conclusions
	References

	Sustainability in the Context of BIM-Enabled Digital Building Permits
	1 Introduction
	2 Research Methodology
	3 General Findings and Basic Overview
	4 Challenges of Integrating Sustainability in BIM-Enabled DBP
	5 Potential BIM Benefits for DBPs Sustainability Assessment
	6 Proposed Solutions and Concluding Remarks
	References

	Digital Technologies and Material Passports for Circularity in Buildings: An In-Depth Analysis of Current Practices and Emerging Trends
	1 Introduction
	2 Materials and Methods
	3 Digital Technologies in the Construction Industry
	3.1 BIM and Digital Twins
	3.2 The Internet of Things (IoT)
	3.3 Blockchain Technology (BCT)
	3.4 Scanning Technologies
	3.5 Artificial Intelligence and Robot Learning
	3.6 Material Passports (MPs)

	4 Integration of Material Passports Within Digital Technologies
	5 Potential of Digital Technologies and Barriers’ Discussion
	6 Conclusions
	References

	Digital Technologies for Inventory and Supply Chain Management in Circular Economy: A Review Study on Construction Industry
	1 Introduction
	2 Inventory and Supply Chain Management in the Construction Industry
	2.1 Characteristics of Inventory and Supply Chain Management Systems in the Construction Industry

	3 Digital Technologies in Inventory and Supply Chain Management Systems
	4 Digital Construction Inventory and Supply Chain Management Technologies
	4.1 Internet of Things (IoT)
	4.2 Blockchain
	4.3 Cloud Computing
	4.4 Cyber-Physical Systems (CPs)
	4.5 Digital Twins
	4.6 Artificial Intelligence (AI) Systems and Machine Learning (ML)

	5 Conclusion and Discussion
	References

	Author Index

