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Introduction

A Massive Open Online Course (MOOC) is a free, open, online course designed to offer a taste of higher
education to learners from across the world. The University of Birmingham is delivering new MOOCs in
partnership with FutureLearn. Delivered by world-class academics from the University of Birmingham
and other partners of the HORIZON Recharged project (GA no. 101086413), the course enable learners
worldwide to sample high-quality academic content via an interactive web-based platform from leading
global universities, increasing access to higher education for a whole new cohort of learners.

The course is developed by senior academic staff and their content is reviewed regularly, taking into
account student feedback.

This MOOC brings together world experts, including general audiences, aiming to provide training with
life-long updates and professional development opportunities for general and specialised audiences.
The MOOC contains all the necessary components of a university taught module, e.g. prerequisites,
content and aims, learning outcomes, attributes for sustainable professional development (cognitive,
analytical, transferable skills, professional and practical skills), expected hours of study, assessment
patterns, units of assessment and reading list, warm-up sessions, with relevant podcasts and videos,
lecture notes and recorded lectures, some of which will be tailored for general audiences. This open
course will be available on futurelearn.com and on the project website.

These lecture notes are accompanying the seven lectures of the MOOC. Following is the MOOC
description, which contains the outcomes, the aims per week and the learning activities. The latter
include acombination of material acquisitions and discussions, investigations and production, practical
examples and analysis of case studies, and a set of collaboration and discussion forum.

Outcomes

Lecture 6-Week 6

The aim of this week is to introduce optimisation of resilience and sustainability for critical infrastructure,
including Multi-Criteria Decision-Making (MCDA) and Pareto fronts, in infrastructure management.
Optimization paths will be used, revealing trade-offs and Monte Carlo approaches will be taught to
enhance precision. Social factors in holistic decision-making will be introduced. A case study will be
illustrated to understand how optimizing a critical climate-sensitive infrastructure underscores the
synergy between MCDA, Pareto fronts, and Monte Carlo simulations, yielding robust solutions that
balance environmental, economic, and social dimensions.

e Define common methods of optimisation and trade-offs (e.g. MCDA/Pareto) in infrastructure
management.

e Present Monte Carlo optimisation approaches.

e Account for social impacts and participatory decision making towards optimised solutions.

e Present a case study on optimising resilience and sustainability of a critical infrastructure in
climate change environment.
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Lecture 6. Optimisation of resilience and sustainability

Lecture 6
Massive Open Online Course
Resilience, Sustainability & Digitalisation in Critical Infrastructure

Optimisation of resilience and sustainability

Dr Stergios-Aristoteles Mitoulis
Scientific Manager of ReCharged
Head of Structures & Associate Professor
University of Birmingham
S.A.Mitoulis@Bham.ac.uk
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Lecture 6 Outcomes

"1 Define common methods of optimisation and trade-offs (e.g.
MCDA/Pareto) in infrastructure management.

1 Present Monte Carlo optimisation approaches.

1 Account for social impacts and participatory decision making towards
optimised solutions.

1 Present a case study on optimising resilience and sustainability of a
critical infrastructure in climate change environment.
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Activity 1. Methods of optimisation /trade-offs in infrastructure management

ACTIVITY 1: Methods of optimisation / trade-offs in infrastructure
management

+ MCDA and Pareto front approaches
* Monte Carlo optimisation approaches

+ Examples

P @ UNIVERSITYOF
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Multiobjective optimisation is an area of multiple criteria decision making that is concerned with
mathematical optimisation problems involving more than one objective function to be optimised

simultaneously.
Most real-world engineering optimization problems are multi-objective in nature.

Objectives are often conflicting:
Resielience vs. Sustainability metrics
Capacity vs. Cost

Efficiency vs. Resilience etc

--The notion of "optimum" has to be redefined.
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Multiobjective optimisation is an area of multiple criteria decision making that is concerned with
mathematical optimisation problems involving more than one objective function to be optimised
simultaneously. Most real-world engineering optimization problems are multi-objective in nature.
Objectives are often conflicting:

Resilience vs. Sustainability metrics
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Capacity vs. Cost
Efficiency vs. Resilience etc.
The notion of "optimum" has to be redefined.

Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

* Find a vector of decision variables which satisfies constraints and optimises a vector function

whose elements represent the objective functions.
* Objectives might be in conflict with each other (typically they are)

» Optimise: finding solutions which would give the values of all the objective functions acceptable

to the designer/decision maker
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Mathematical formulation Feasible region

*

—= * *
X = [.\‘1 s g gisivs Ny > Define the feasible region F

Find the vector ]I g(x)20 i=12,...m ‘

Which will satisfy the m inequality constraints

g(x)=20 i=12....m

The p equality constraints

h(¥)=0 i=12,....p

And optimizes the vector function

Non-convex sets

f@E=[AE)ALG).... £E] Ll
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Meaning of optimum

We rarely have an x* such that

L)< f£(F) VReF,i=12,...k

5(x*) ----....,I'/. 7z

f

> I

f.(x*)
We have to estabilish a certain criteria to determine what
would be considered as an optimal solution
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Monte Carlo optimisation approaches

A Monte Carlo simulation is a way to model the probability of different outcomes in a process that
cannot easily be predicted due to the intervention of random variables. It is a technique used to

understand the impact of risk and uncertainty.

Statistical simulation technique that provides
approximate solution to problems expressed
mathematically.

It utilize the sequence of random number to perform
the simulation.

Furnishes the decision-maker with a range of
possible outcomes and the probabilities that will
occur for any choice of action.
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Monte Carlo optimisation approaches
» To understand this technique this is break down in 5

steps.
1. Establishing probability Distribution
Cumulative probability Distribution

1o

5. Setting random number Intervals
4. Generating Random number
5. To find the answer of question asked using the

above four step.

Favourable Outcome
Total Outcomes

Probability =

P @ UNIVERSITYOF
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Example:

We have a coastal city with several bridges vulnerable to climate change impacts like sea-level rise and
storms. The city wants to enhance the resilience of these bridges while balancing multiple objectives:
Minimizing Costs: Reducing the overall cost of adaptation (e.g., retrofitting, rebuilding, or relocating
bridges).

Maximizing Resilience: Ensuring bridges can withstand future climate impacts.

Minimizing Environmental Impact: Reducing the ecological footprint of adaptation efforts.

Optimizing Social Impact: Maintaining accessibility and minimizing disruptions to local communities.
Monte Carlo Simulation Approach

Step 1: Define the Uncertainties

For each objective (cost, resilience, environmental impact, social impact), there are uncertainties
related to future climate scenarios, material costs, technological effectiveness, and community
responses. We assign probability distributions to these uncertainties:

Cost: Distribution based on estimates of material and labor costs.

Resilience: Distribution based on predicted climate impacts and the effectiveness of different
adaptation measures.

Environmental Impact: Distribution based on the ecological effects of various construction methods.
Social Impact: Distribution based on potential disruptions and community responses.

Step 2: Generate Random Samples

Using Monte Carlo simulation, we randomly generate a large number (e.g., 10,000) of possible scenarios.
Each scenario represents that provide the most balanced trade-offs under the uncertainties modeled.
For example: a possible future outcome, with different combinations of the values drawn from the
distributions defined above.

Step 3: Evaluate Solutions

For each randomly generated scenario, we evaluate multiple possible adaptation strategies, such as:
Solution A: High-tech retrofit.
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Solution B: Nature-based solutions.

Solution C: Managed retreat.

Each strategy will produce a set of outcomes for the objectives (cost, resilience, environmental impact,
and social impact) based on the scenario conditions.

Step 4: Identify Pareto Optimal Solutions

After running the simulation, we have a large dataset of possible outcomes for each solution.

We then compare these outcomes to determine which solutions are dominated by others (i.e., which are
worse across all or most objectives).

Pareto Front Identification: The solutions that are not dominated by any other (i.e., those that provide
the best trade-offs across the objectives) form the Pareto front. These are the Pareto optimal solutions.
Step 5: Interpret the Results

The Pareto front represents the set of adaptation strategies

Some solutions might minimize costs but at the expense of resilience.

Others might maximize resilience but with higher costs or environmental impacts.

The Monte Carlo simulation allows decision-makers to visualize and quantify the trade-offs between
different objectives under various possible future scenarios. This approach is particularly valuable when
dealing with the inherent uncertainties of climate change.

Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Monte Carlo optimisation approaches
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This is a visualization of the Monte Carlo simulation results for different adaptation strategies (High-Tech
Retrofit, Nature-Based Solutions, and Managed Retreat) when making decisions about bridge resilience
in a climate change context.

Left Plot: Cost vs. Resilience. X-Axis (Cost): Lower values are better; Y-Axis (Resilience): Higher values
are better.

This plot shows the trade-off between cost and resilience for each strategy. Ideally, we want to minimize
cost while maximizing resilience. You can see the distribution of possible outcomes for each strategy:
High-Tech Retrofit (Yellow): Generally higher resilience but at a higher cost.

Nature-Based Solutions (Orange): Offers a good balance between cost and resilience.

. @ UNIVERSITYOF
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Managed Retreat (Red): Has a widespread, potentially very resilient but often at a high cost.

Right Plot: Environmental Impact vs. Social Impact. X-Axis (Environmental Impact): Lower values are
better; Y-Axis (Social Impact): Higher values are better.

This plot shows the trade-off between environmental and social impacts:

High-Tech Retrofit (Yellow): Tends to have higher environmental impact but also potentially higher social
benefits.

Nature-Based Solutions (Orange): Lower environmental impact with moderate to high social benefits.
Managed Retreat (Red): Generally, has a lower environmental impact but varying social outcomes, often
less favourable.

Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution

Formulated by Vilfredo Pareto:

The concept of Pareto front or set of optimal solutions in the space of

objective functions in multi-objective optimization problems (MOOPSs)
stands for a set of solutions that are non-dominated to each other but h 0

are superior to the rest of solutions in the search space. V. Pareto 1848-1932

A point ¥ e F is Pareto optimal if for In words, this definition says that ¥~ is
every x € F' either Pareto optimal if there exists no feasible
£(®)=rF) i=12..k vector of decision variables X" € F

which would decrease some criterion
without causing a simultaneous increase
in at least one other criterion

or, there is at least one i€ {1,2,....k}
such that

£®)> £F)
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)

Pareto Optimal Solution

A solution x=F is said to dominate y<F if
X is better or equal to y in all attributes

X is strictly better than y in at least one
attribute

Formally, x dominate y (x > y)
®<LE) i=1200k
djef{l2..k: f,(x)< f,(¥)

The Pareto set consists of solutions that
are not dominated by any other solutions

Pareto front
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution
R J2Ax)
X, (minimize)
feasible

objective

/\ A
feasible \.. E

decision B )
space ./\‘ Pareto-optimal front
/ o\_ C
/ — .

b X g
Pareto-optimal solutions fix)
(minimize)

Goals:
Find set of solutions as close as possible to Pareto-optimal front
To find a set of solutions as diverse as possible
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution - Example

A coastal city has several key bridges that are vulnerable to climate change impacts, such as rising sea levels,
increased storm frequency, and heavier rainfall. The city is planning to adapt its infrastructure to improve resilience
while managing costs. The decision-making process involves multiple objectives, including:

1.Cost Minimisation: Minimising the costs of upgrades, maintenance, and any new infrastructure.

2.Resilience Maximisation: Enhancing the ability of the bridges to withstand climate-related stressors.
3.Environmental Impact Minimisation: Reducing the environmental footprint of the adaptation measures.
4.Social Impact Optimisation: Ensuring the adaptation measures have positive or at least neutral impacts on the

local community, including maintaining accessibility and minimizing disruptions.

voe
. UNIVERSITYOF
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution - Example

Possible Solutions

Solution A: High-Tech Retrofit

* Cost: High (Advanced materials and technology are expensive)

* Resilience: Very High (Can withstand extreme climate conditions)

» Environmental Impact: Moderate (Requires energy-intensive materials, but has a long lifespan)
 Social Impact: Moderate (May require temporary closures but offers long-term stability)

Solution B: Natural-Based Solutions (Green Infrastructure)

» Cost: Moderate (Leveraging natural materials and processes)

* Resilience: Moderate (Good protection against sea-level rise and storm surges, but less effective against heavy
loads)

» Environmental Impact: Low (Enhances local ecosystems and biodiversity)

» Social Impact: High (Improves aesthetics, enhances public spaces, and provides recreational opportunities)

Solution C: Managed Retreat

» Cost: Low to Moderate (Depends on the extent of relocation)

* Resilience: High (Avoids future risks by relocating infrastructure away from vulnerable areas)

» Environmental Impact: High (Potential land disruption and loss of current infrastructure)

+ Social Impact: Low to Negative (Relocation might disrupt communities and reduce accessibility)

N Egl UNIVERSITYOF
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution - Example

Pareto Optimal Solution

In resilience-based decision-making for climate change adaptation, a Pareto optimal solution would be
one where no other solution is better in all objectives. In this context:

+ Solution A may be preferred if the city prioritizes long-term resilience over costs, and is willing to
accept moderate environmental impacts and social disruptions.

« Solution B could be the Pareto optimal solution for a balance between moderate costs, good resilience,
low environmental impact, and high social benefits.

+ Solution C might be optimal if the city has limited resources and aims to reduce future risks
significantly, even at the cost of current social and environmental impacts.

In this case, Solution B might be considered Pareto optimal if:

* No other solution provides higher resilience without increasing costs, environmental impact, or
reducing social benefits.

* No other solution has a lower environmental impact without sacrificing too much on resilience
or increasing costs.

This would make Solution B a balanced, Pareto optimal choice, as it optimizes across multiple objectives
without any one solution dominating it completely.

(LY
. UNIVERSITYOF
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Multiobjective optimisation (e.g., MCDA, vector and Pareto front)
Pareto Optimal Solution - Example

3

Non-optimal solutions (e.g.,
Monte Carlo simulations)

Pareto front

minimisation f1 (e.g., cost)

maximisation 2 (e.g., resilience)
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Activity 2. Social impacts and participatory decision making

ACTIVITY 2: Social impacts and participatory decision making

+ Example of a critical asset closure and impact assessment

» Consequence analysis

_-"' UNIVERSITYOF
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Example of a critical asset closure and impact assessment

O1

BRIDGE
CLOSED
BRIDGE
CLOSED
BRIDGE
CLOSED

BRIDGE
CLOSED

& UNIVERSITYOF
®echarged & BIRMINGHAM Source: Mitoulis et al. 2023
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Prioritisation of restoration based on El;?ad network resilience

Blo

100
B2
90
80
70
60
50
40

30

B4

A — Sequence of reconstruction: B4, B3, B1, B2

Traffic of the network (%)

20

10
B — Sequence of reconstruction: B2, B3, B1, B4

0 100 200 300 400 500 600 700 800 900
Time (days)
* 15-20% better traffic performance for the same investment ($)
if restoration strategy B is adopted instead of A
« for limited investment ($) this framework can save 30% of cost

and increase 30-35% the network traffic performance 9 damaged / closed bridge

« prioritisation reduces the cost due to traffic detours by 60%
Q restored / open bridge

Source: Mitoulis et al. 2023

The proposed prioritisation framework of bridge reconstruction can help increase the traffic capacity of
road networks by up to 20%.

The proposed framework can help reduce the cost of reconstruction by up to 30% and hence help
optimise decisions under budget restraints.

The same framework can be applied for optimising any infrastructure system reconstruction e.g., health
(hospitals- based on people that can be hospitalised), and education (schools- number of students that
can access education).

The framework can incorporate different metrics for this optimisation, for example, external donors’
requirements, societal needs, resilience and sustainability targets, and visualise optimum solutions on
a platform.
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Example of a critical asset closure and impact assessment
Geometry, cost and restoration time for the case study bridges

Bridge Spans Length  Width Area Reconstruction Restoration
(m) (m) (m?) cost* (€) time** (days)

Bl 3 140 26 3640 10,920,000 328

B2 3 120 22 2640 7,920,000 238

B3 2 90 30 2700 8,100,000 243

B4 4 100 10 1000 3,000,000 90

*  cost estimated at 3,000 €/m? for conventional RC/PC bridges
** B4 was the reference bridge, while the restoration time was adjusted based on the area for B1, B2, B3, by a

factor of 3.64, 2.64, 2.70, respectively

o UNIVERSITYOr
.‘OCharged BIRMINGHAM Source: Mitoulis et al. 2023

Example of a critical asset closure and impact assessment

. T . . O-D Alternative Distance Time Serving
Representative Origin-Destination (O-D)
and alternative routes through the tratffic flow routes (km) (i) bridge
case study bridges 11 20.87 40 Bl
1. 01-D 12 32 42 B2
Shortest routes for four representative connections of the case study 16,674 vehiclesiday* 1.3 50 90 B3
B1
o1 1.4 50.5 75 B4
D
32/_8‘,_,_,—’\' 2.1 49.8 60 B1
2.02-D 2.2 34 43 B2
D 5,201 vehicles/day* 2.3 26 31 B3
24 39.2 45 B4
01 to D (route 1.1) 02 to D (route 2.3) 1 = % o
04
3.03-D 32 64 60 B2
03.__/—53’—\5 4,792 vehicles/day* 3.3 56.2 52 B3
B2 3.4 67.6 64 B4
D
4.1 58.4 63 B1
4.04-D 42 56.2 60 B2
03 to D (route 3.3) 04 to D (route 4.2)
5,779 vehicles/day* 4.3 61.5 62 B3
o UNIVERSITYOF 4.4 76.3 75 B4
BIRMINGHAM .
®eCharged Source: Mitoulis et al. 2023 ¥10% of the population
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1.0

Example of a critical asset closure and impact assessment

0.9 (a)
0.8
& o7
£
; 06 10
—-S1: B1, B2, B3, B4
o 05 3 3 3
< 09 . s2:B4,B3, B2, BL (b)
£ .
§ 04 B1, B2, B3, B4, R=062 08 | —-S3:B2 Bl B3, B4
2 -o-S2: B4, B3, B2, B1, R=0.61
g o3 i -
-o-S3: B2, B1, B3, B4, R=0.69 0.7
02 —-S4: B4, B3, B, B2, R=059 3 06
0.1 S5: B3, B2, B1, B4, R=0.67 .g )
—-S6: B2, B3, B, B4, R=0.75 @ 05
0.0 H
0 100 200 300 400 500 600 700 800 900 = O4 10
2 0s --S1: B, B2, B3, B4
Time (days) e O 09 o s2:B4,B3, B2, BL (C)
02 0.8 —-S3:B2, B1, B3, B4
01 ]
0.0 ="
0 100 200 300 400 500 600 700 800 900

Time (days)

Evolution of network performance (a), evolution of resilience index (c) and
resilience normalised with cost over time (e) (equal weighting factors
(y1=Y2=Y3= 1.0) and traffic proportional to the population

&

Resilience normalised with cost

100 200

UNIVERSITY?F T o 300 400 500 600 700 800 900

BIRMINGHAM Source: Mitoulis et al. 2023
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Consequence analysis
Example on bridge closure

Disrupted Transportation:

[J Traffic congestion: Closure of a major bridge can divert traffic onto alternative routes, leading to congestion and
increased travel times.

Limited accessibility: Communities or areas that heavily rely on the closed bridge may experience reduced
access to essential services, businesses, and resources.

Detours: Alternative routes may be less efficient or longer, causing inconvenience and potential delays for
commuters and businesses.

O

O

Economic Impact:

[J Business disruptions: Businesses located near the closed bridge may experience decreased foot traffic and
reduced customer visits, potentially leading to financial losses.

Supply chain disruptions: The movement of goods and supplies can be hindered, affecting manufacturing,
distribution, and retail operations.

Increased transportation costs: longer routes and increased fuel consumption can lead to higher transportation
costs for businesses and consumers.

O
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Consequence analysis
Example on bridge closure

Emergency Response Challenges:

[l Delayed emergency services: Closure of a bridge can impede the response time of emergency services
(firefighters, police, ambulances) to incidents on the other side of the bridge.

[1 Evacuation difficulties: In case of emergencies requiring evacuation, the closure can complicate evacuation routes
and slow down the process

Social and Community Effects: (Chang, 2016)

[1 Isolation: Communities located on opposite sides of the bridge may feel isolated from one another, impacting social
interactions, events, and relationships.

[1 Reduced quality of life: Increased traffic, noise, and pollution from diverted traffic can negatively affect the quality of
life for residents living near alternative routes.

Tourism and Travel Industry:

[0 Tourism decline: Popular tourist destinations connected by the closed bridge may experience a decrease in visitors
due to reduced accessibility.

[1 Travel disruptions: Travel plans that involve crossing the closed bridge may need to be altered, affecting tourism
and travel-related businesses.

:"' @ UNIVERSITYOF
®eCharged BIRMINGHAM

Consequence analysis
Example on bridge closure

Infrastructure Strain:
| Increased wear on alternative routes: Diverted traffic can lead to accelerated deterioration of roads and
infrastructure not designed to handle high volumes of traffic.
00 Maintenance challenges: If the bridge closure is due to maintenance or repairs, postponing these activities could
lead to further deterioration and potentially more costly repairs in the future.

Environmental Impact: (Chang, 2016)
(1 Air quality: Diverted traffic can lead to increased air pollution and emissions, contributing to environmental and
health concerns.

Project Costs and Delays: (Chang, 2016)
[1 Bridge repair or replacement costs: The closure may be necessary for repair or replacement work, incurring costs
and potentially causing delays in completion.

Politics and Public Relations:

[1 Political fallout: Bridge closures can lead to public dissatisfaction and criticism of local governments and
transportation authorities.

(1 Public relations challenges: Communication and transparency become important to manage public expectations
and provide updates on the closure's progress.

o0 @ UNIVERSITYOF
#Charged BIRMINGHAM
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Economic impact of bridge closure

Running cost associated with a detour on a bridge

T

T
CRun = | CRun,car (1 - m) =+ CRun,truck ﬁ]D x AADT (equation 7)

CRun,car 8N Crun truck are the average costs for running cars and trucks per unit length (£/km);

D is the length of the detour (km); AADT is the annual average daily traffic to detour;

and T the annual average daily truck traffic ratio (AADTT, %).

AADT is related to the functionality level of a bridge under given hazard. For example, if the functionality equals 1.0 or
0.0, it means that all traffic is opened or forced to detour, respectively.

The monetary value of time loss for users and goods traveling through the detour and damaged link

T
) + (CATC Otmck + Cgoods) _:|

T
C'TL = |:CAW Ocar (l - ﬁ 100 )
(equation 2)

X

D ! !
AADT x §+AADE X (S—D - STD)]
caw is the average wage per hour (£/h); c,rc is the average total compensation per hour (£/h);
Cgoods IS the time value of the goods transported in a cargo (£/h);
AADE is the annual average daily traffic remaining on the damaged link; O.,,and Oy are the average vehicle occupancies
for cars and trucks; / is the route segment (i.e., link) containing the bridge (km);
Sy and Sp the average speed on the intact link and damaged link (km/h); and S the average detour speed (km/h).

3 UNIVERSITYOF
L ' Dong & Frangopol (2015
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Economic impact of bridge closure

Environmental cost associated with bridge closure

The total economic consequences (Cro7) is the sum of repair loss (Cgep), running loss of the
detouring vehicles (Cgryn), time loss due to the unavailability of the highway segment (CTL) and
environmental loss (Cgy\); see Equation 3.

Total cost associated with bridge closure

Crotr = Crep + Crun + C1L + CEN (equation 3)
Dong & Frangopol (2015)
ecnarged B3 BIRMINGIAM
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Economic impact of bridge closure — Queensferry Crossing (QFC)

Falling ice causes first Queensferry

Crossing closure https://www.bbe.co.uk/
@11 Fobrumy 2020 f © v & <se

the new bridge was closed for ~41 hours,
indirect losses due to traffic diversion:
> £3.6m/day

The Queensferry Crossing has been closed for the first time since it opened
in 2017 after ice and snow fell from cables on to vehicles below.

The bridge connecting Edinburgh and Fife was shut on Monday night and will
remain closed on Wednesday, the Scottish government said.

Eight vehicles were damaged before the bridge was closed on safety grounds.

2KM e

o UNIVERSITY®F Smith A, Argyroudis SA, Winter MG, Mitoulis SA (2021). Economic impact of bridge functionality loss from a resilience
...Charged E BIRMINGHAM perspective: Queensferry Crossing. ICE Bridge Engineering

Economic impact of bridge closure — Queensferry Crossing (QFC)
The estimated monetary losses are compared with those of past Forth Road Bridge (FRB) closures.

Parameters of the variables associated with the consequences of QFC and FRB closures

BIRMINGHAM

. i . ps://doi.org/10. i .20.
:. .. E UNIVERSITYOF Smith et al. (2021) https://doi.org/10.1680/jbren.20.00041
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Economic impact of bridge closure — Queensferry Crossing (QFC)

Operational cost associated with the detour, Grypn: £ 2944 015 1721646
Cost of time loss for users and goods travelling through the detour, Gri: £ 3021 481 1 766 948
Environmental cost of carbon dioxide emissions, Cey: £ 318 161 186 059
Total economic consequences, Cror: £ 6 283 656 3 674 653
Cost as a percentage of the project value

Project value: £ 1 350 000 000

Losses to project cost ratio: % 0.47

Design life: years 120

Value per day: £ 30 822

The table shows the direct consequential costs estimate for the 47h bridge closure of QFC as well as
the corresponding daily cost and comparison ratio to the original project value.

Smith et al. (2021) https://doi.ora/10.1680/jbren.20.00041

o . UNIVERSITYOF
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Economic impact of bridge closure — Forth Road Bridge (FRB)

Duration 7 h=0.29 days 5 h-0.21 days 2.5 h-0.10 days 19 h-0.79 days

Losses to project cost ratio: % 21 4.99 2.63 20.38

The table shows the direct consequential economic impacts of the FRB closures between 2015 and 2017,
with a total cost of £6.08M and an average cost per day of £4.23M.

The construction of the QFC resulted to increased resilience of the network.

E 3t . UNIVERSITYOF
®ecCharged &b BIRMINGHAM

Smith et al. (2021) https://doi.ora/10.1680/jbren.20.00041
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Activity 3. Case study on a critical infrastructure

ACTIVITY 3: Case study on a critical infrastructure

* Resilience and sustainability may be correlated or independent

+ Case study on optimising resilience and sustainability metrics

o UNIVERSITYOF
»echarged &b BIRMINGHAM

Resilience and sustainability may be correlated or independent

Challenge
Optimisation of climate resilience and sustainability in adaptation

Gap
Resilience and sustainability consolidation is not adopted by
current research and practice in infrastructure adaptation.

Solution

Integrated framework for optimising resilience and
sustainability using low-carbon infrastructure restoration
strategies

:"‘. UNIVERSITYOF
®eCharged BIRMINGHAM

Challenge-Though grey solutions have been streamlined since the concrete era, today we urgently need
greener solutions that lead to less tCO2e and more so in the structural sector to be on track with net-
zero and sustainable requirements

. s UNIVERSITYOF
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Gap - Nevertheless, resilience and sustainability consolidation is neither adopted by current research
and practice. The integration of these two principles has been introduced by previous frameworks.
However, we still lack in practical metrics and representative case studies that facilitate both decision-
making for efficient climate adaptation and lower tCO2e in transport infrastructure sector, whilst
accounting for limited finances and gradual deterioration of assets.

Novelty - To fill this gap, a novel integrated framework is needed, for optimising resilience and
sustainability metrics to minimise the cost using traditional and low-carbon grey restoration strategies
in the event of floods affecting critical transport assets.

Resilience and sustainability: synergies and competencies

Negatively Uncorrelated Positively

Correlated Correlated Sustainability and resilience can be:
£ 1) negatively correlated (competing)
i 2) uncorrelated (not affecting each other) and
4_| 3) positively correlated (synergistically)
: - (1) ! (2 (3) RESILIENCE
Sustainability ‘—' = e
1 H — -,____-m N =
t ] [ sty ]
==
] ] —
Resilience . &=

Linkov et al. 2019

=
E
=
13}
=

Environment
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Today’s discussion focuses on the relationship between sustainability and resilience, which are two
critical goals in managing complex systems such as urban planning, infrastructure development, and
environmental conservation. While both concepts aim to enhance the longevity and functionality of
systems, they don’t always align perfectly. This slide highlights three possible relationships between
sustainability and resilience: negatively correlated, uncorrelated, and positively correlated.

1. Negatively Correlated (Competing Relationship):

In some cases, sustainability and resilience can work against each other, creating a trade-off situation.
This is represented in the red-shaded area of the diagram. Here, increasing resilience (e.g., by building
highly robust infrastructure) can reduce sustainability, perhaps by increasing resource consumption,
carbon emissions, or environmental degradation. For instance, constructing flood barriers might
enhance resilience against flooding, but the environmental impact of the materials used might
compromise sustainability goals. In such scenarios, achieving one objective (either resilience or
sustainability) could be at the cost of the other, leading to a competing relationship.

2. Uncorrelated (No Significant Interaction):

The yellow-shaded area represents situations where sustainability and resilience do not significantly
influence one another. In this uncorrelated relationship, actions taken to improve resilience do not

° Eg UNIVERSITYOF
®eCharged
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directly impact sustainability, and vice versa. For example, improving social resilience through
community engagement might not directly affect environmental sustainability. The system in this case
operates independently in terms of resilience and sustainability, without major synergies or conflicts
between the two goals.

3. Positively Correlated (Synergistic Relationship):

In an ideal scenario, sustainability and resilience support each other, leading to a positive, synergistic
relationship, as shown in the green-shaded area. In this situation, efforts to enhance resilience
simultaneously improve sustainability, and vice versa. For example, promoting renewable energy
systems can both improve resilience (by diversifying energy sources and reducing dependency on fossil
fuels) and enhance sustainability (by reducing carbon emissions). This positive correlation is the desired
outcome, where strategies that target one goal also contribute to the other.

Resilience and sustainability: synergies and competencies

Examples:

A Negatively  Uncorrelated Positively

Correlated Correlated
]
o ™ 1@ @) . . . . . .
Sustainability JEYRSSE=— 2) Using different materials to restore a bridge impacts on tCO2e (i.e.
— f environment / Sustainability) but as long as restoration times remain the same
—s 'y the Resilience of the road/railway network remains the same.
Resilience | -
Linkov et al. 2019
Resilience of network

less tCO2e more Sustainable more tCO2e less Sustainable unaffecte

___________ - = - -

oV P
nforced concrete

rip-rap and gabions rei =W Bridge =W Tunnel

o,
.
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Resilience .

Linkov et al. 2019

...green is more acceptable by the
society (improves sustainability)

but...
- Costs

disasters)
- Constructability, Viability

R o’ 20
o G
®eCharged

UNIVERSITY®F

- Duration, Resilience (e.g. after natural

BIRMINGHAM Justice et al. of Presto Geosystems (2020)

Resilience and sustainability: synergies and competencies

Examples:
A Negatively  Uncorrelated Positively
Correlated Correlated
1
. . o 3) Using Nature-based Solutions for strengthening a road or rail embankment
Sustainability J=3 = g— both reduces tCO2e (improve sustainability) in the long term and improves
L— f the resilience of the road/rail
— 'y

Framework for optimising resilience and sustainability

1. Climate hazard 2. Asset vulnerability 3. Asset recovery 4. Carbon emissions
flash flood — - - (sustainability)
e.g. flash floo: fragility models for as-built and [ dels (capacity) |
deteriorated transport asset Restoraton taeis 1
10
z
Z08
2
os
g 04
Intensity Measures (IM), § A 5
e.g. scour depth, water %02 s 1 10 500
discharge & IPCC RCP H [ H S (e}
trajectories, e.9. 2.6, 4.0, 8.5]| | 2l (0.0 weler dischange) [ reinstatement models (functionality) ]
| ctmate k post-disaster asset 1 T =i H
S /S 0}
projections &/ /& functionality (indicative): ‘ T e i
= 7S 1® e
MINO! I 60+40% E Py R I Total tCO,e scenarios for (i) conventional
moderate NI 40+22% £ (baseline), (i) alternative sustainable interventions
> sisrehe Eoi
TR, B s g || conpieo e
eturn period (years) time (days) - »{ Ancillary tCO,e I
T 7 e Traffic re-routing
4 Pavement degradation
o : . e 3 T Change in travel behaviours
5. Resilience & adaptation 6. Optimised resilience & sustainability Recycing/reuse of demoition waste
P in transport asset cli daptation (sch ic) e
1op Nomaltinclon R courcofuiness  Normal nction . , 4
S| visualisation of resilience [T
g™ ", r= & sustainability over time e
z || G W V| . - a eg.Paretofront . | 7. Global optimisation index
H : g ° 1
3| 3 \¥ SRC
. 33 ) v
§ f ‘,g\\\"“c" “““ 85 nonoptimal | |
: Robustoess| et 3‘ E§ solutions ¢ ’ . i " ¥ e
Hazard Im" Recovery timo " e l 8 RCP8S eat ¥ mpa_c_anb ®
s - . __RCPas ( ¥
% UNIVERSITYOF - _ReP26 and stakeholgers,
=y BIRMINGHAM [ quantification of resilience l hee o= + improved policies,
and decision-making R (reslience) R l'um.,;,,'} ¢ cost « contribute to SDGs: 3, 9, 11, 12, 13
(society, economy, environment)

...l.
I !. .
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Source: Mitoulis, et al. 2023

The framework shown in the Figure describes the approach for quantifying ex-ante adaptation and post-
ante recovery from the lenses of sustainability and resilience in a changing climate. The main steps of

the framework are:

Step 1. In this step, the hazard intensity measures (IM) are defined based on predicted, measured or
estimated hazard data, using e.g., high-resolution flood maps to deduce probabilistic relationships of

o0,
R.’ : W UNIVERSITYOF
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established IM, e.g. peak water depth, streamflow velocity, and discharge, for each one of the affected
assets. The fluctuations in the IM, e.g., peakriver flow, can be linked to the increased annual probability
of exceedance, i.e., the frequency of the hazard, as a result of climate change projections. Based on
these projections, information on the potential range of climate exacerbations of floods in the specific
location, for different return periods, and emission scenarios can be defined.

Step 2. The vulnerability for the as built and the deteriorated asset is estimated using fragility functions
from the literature. The curves correlate the probability of exceeding given damage states (e.g. minor,
moderate, extensive, complete) with the hazard IM (see lecture 2).

Step 3. The asset recovery is evaluated based on restoration (structural capacity) and reinstatement
(traffic capacity) models, which correlate the asset functionality to the recovery time after the event,
considering its typology, damage state, available resources, and post-hazard idle times. In this paper,
the modelling of the recovery strategies followed available models from the literature

Step 4. Carbon emissions are quantified considering grey and green restoration measures. Two main
emission groups are considered: (i) the upfront emissions, correspond with the carbon associated with
the construction works included in the restoration tasks; (ii) the ancillary emissions. refer to the
environmental impacts related to traffic re-routing, pavement degradation, change in travel behaviours
or recycling and reuse of materials from construction and demolition works within a restoration task. In
Step 5 the resilience to hazard occurrences is quantified with focus on the structural capability of the
asset to withstand a hazard occurrence based on a probabilistic assessment, by calculating the
weighted capacity using the occurrence probabilities of different damage states for a given IM.

Step 6 An integrated metric is proposed based on resilience, sustainability, and cost to create analytics
for decision making.

Case study on optimising resilience and sustainability metrics

____ @ancillary

Baseline scenario, without regular maintenance.

(a) Evolution of cumulative tCO,e. Solid line shows
upfront and dashed line shows ancillary tCO2e

(b) resilience, expressed as quality or performance of
infrastructure responding to a hazard occurrence

® upfront

cumulative tCOze

Normal
operation P

Time

0: commencement of construction,
(a) A: completion of construction, bridge open to traffic

AB: bridge operates with minimal maintenance or inspection
L No”r':mﬁ:'cdﬁ;n i& N:f;lﬂ:\fa::::m A'B’: tCQZe increase because_ the bridge operates with decreased functionality and as a result

10 @ ) vehicle detours are required
B BE: bridge is damaged, but no action is taken (idle time)

B’E’: tCO2e increased rapidly as bridge is partially/completely closed and as a result traffic is diverted
EF: restoration measures are being implemented
E’F’: ancillary tCO2e due to the implementation of restoration measures, including traffic detour
FH: post-disaster normal function, no maintenance
F’H’: similar to AB’

Loss of
resilience

Deteriorag,
tion
or Cumento
effots I2tive

minimum
| acceptable
| performance

or performance % (Q)
a
S =}
;

Robustness Vulnerability

®
S
T
4
2
1
S
H
=
7]
g
&
£

Time

102
o te & ter th tend

completion hazard initiation completion time for which end of (b)
of construction event of recovery of recovery  resilience is life
measured
| |
[ |

resilience
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Case study on optimising resilience and sustainability metrics
Proactive vs reactive adaptation strategies

proactive i o

reactive L ancillary
. -
. -
before the threat after thethreat .~ o
- —“ancmary
e---9
]
1
[ upfront
g Q, upfront
e ) ]
2 > °
E] 2
E =
£ E]
3 £
3
/ Time / -- Time
104 2 m—
0 (@) \(; Ao (@)
o
100 / —
1000 %
28 o ———
T 22
] q e —
08 5
E § 50 minimum @ §
SE "~ acceptable 5550 —7_ minimum
g N | performance s E ~..L | acceptable
[ e e A Moo= H g Sl | performance
€ o 2 e Q----------
-e 0 Time 2
Ey )
to te th tena L Time
completion hazard time for which end of (b) fo e tena
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Case study on optimising resilience and sustainability metrics

To = - T Step 1. In this step, the hazard intensity measures (IM) are
R~ In(1-PR) defined based on predicted, measured or estimated hazard data.
P{(DS2MDS;|IM)=0 [—In( I\}IM >] Step 2. The vulnerability for the as built and the deteriorated asset
Btot m,i is estimated using fragility functions.

Step 3. The asset recovery is evaluated based on restoration (structural capacity) and reinstatement (traffic
capacity) models as per Mitoulis et al. 2021.

Step 4. The whole life carbon emissions are quantified. The impact assessments were undertaken by employing the
Intergovernmental Panel on Climate Change (IPCC, 2021) approach.

As is a scalar factor to account for the restoration task duration (A=1 for mean durations)
tCO2¢; ZZ AQimFim  Qis the quantity of the pollutant emitted to the environment
F is the equivalent carbon factor.
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Case study on optimising resilience and sustainability metrics

n Step 5 the resilience is quantified with focus on the structural

C(T=t)= C(DSilT:t) - P(DS=DS; | IM) capacity of the asset to withstand a hazard occurrence
=0 (probabilistic assessment, by calculating the weighted capacity
using the occurrence probabilities of different DS for a given IM)

where P(DS=DS; |IM) = P(DSzIDS;{iM)&P(DS=MDS; 1 {IM)

Step 6, 7 and 8. These steps optimise the metrics of resilience (R) and

sustainability (S).
Resilience

R=_* fthC(t)dt
1 (th-te) Jig

Sustainability metric

s.=(C02e,(T=ty)
tCO2e n I~ max(tCO2e)
tCOZej(th)zz {CO2e(DS;|T=t) - P(DS=DS; | M)
=0
_ C.(T:th)

i~ max(C)
nA(CO26) = max({tCO2e(T=ty), : j=1,..., k})
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Case study on optimising resilience and sustainability metrics
continuous deck (width = 13.5m)
| n
: : :
:
i ' i
1 ! i
i ! i
i ' 1
T T IR SRRttt : |
: o : ‘
; Q—ZSmI ISC :
‘ :
| i | !
5 : 3x30.5m =101.5m £
10 N - D B - N B [ =
> 08
3 H
i
£ o6 o b
E. g Co—
8 z ;
g ’ 'm--k1!h.lal:L-ﬂu--..........
5
£ —minar
e Com—
8 —moderate
g 02
o extensive
—severe &
0.0
Sc(m): 0.0 1.0 20 3.0 4.0 5.0 6.0 7.0 8.0 1 0 100 . 500 -
Sc/Di time (days) . .
e/Df : 00 04 08 12 16 20 24 28 32 " i ow carbon
Conventional materials
— minor  —— moderate extensive  —— severe solution ";""i’.'“
(mean values of tCO2e) - uration
reStoratlon On-site Trans-
. . . No  Action type Materials > - Total % %
Capacity/performance gain vs time activiies _poraton
amourng
R1 countermeasures and flow- 16.9 63.6 0.1 80.6 -149 +49.8
altering/cofferdam
R2  temporary support per pier 27 49 01 77 9.6 +30.6
temporary support of one B
'. l.' %‘{ UNIVERSITYOF R3 e 31 6.3 0.2 9.7 9.9 +35.3
° S BIRMINGHAM
() 28 ¥ A temporary support of one
®Charged R4 deck span /segment 16 24 01 41 92 1208
(midspan or support)
Tepair cracks and spaling B
RS with epoxy and/or concrete 18.3 11 12 20.6 17.6 +3.8
e (T 34 0.7 01 42 134 +75
levelling of pier - .
R7 re-alignment of bearings 11 0.6 0.0 17 -4.8 +19.1
jacketing or local
R8  strengthening (pier or 26 0.4 0.0 30 78 6.1
abutment or foundation)
Jacketing or local )
R9 strengthening (deck) 27 0.3 0.0 3.0 0.4 3.7
re-alignment of deck
R10 segment 4.2 4.9 0.1 9.2 -10.3 +20.2
erosion protection
R11 e 645.5 29.0 35 678.0 4.6 1.7
Tip-rap and/or gabions for
R12 filling of scour hole and 217 25 0.1 243 1.0 6.1
scour protection
R13  removal of debris 0.0 0.4 0.0 0.4 -4.8 +44.2
ground improvement per R
R14 oo 29.0 5.0 03 343 1.3 7.0
installation of deep
R15 foundation system 235.0 1139 0.4 349.2 -38.3 +10.5
extension of foundation
R16 footing 346.5 16.2 0.2 362.9 -57.4 +1.7
reconstruction/replacement
R17  of the abutment and 902.0 432 17 946.9 -53.7 +1.8
wingwalls
reconstruction/replacement B}
R18 of the pier 382.6 6.7 0.8 390.2 54.8 0.5
temporary support and }
RIS replacement of the bearings 112 05 @z 9 B £

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 / D¢ (Ds: foundation depth). (c) Restoration curves of the bridge as a function
of time (Cpr: post-flood capacity, C,: original capacity), and (d) Sequence of restoration tasks for the four
damage states (minor, moderate, extensive and complete). Description of the activities per task is given

in Table A2.
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Results- Quantification of S,R,C
1.0 2.6 tCO2e/m2
’ Sc =5.0m 1.80
0.9
1.60
0.8
1.40 o
(] L
o 07 . .-
o Sc =5.0m £ 120 : =T
O 06 = - _d
has 1.31CO2e/m2 3 - -1
. e/m
E 0.5 S ﬁ -
2 e i
E 0.4 © .
£ g
5 03 <
< 0.2 0.40 ' Current peak flow
| - = =10% increase of peak flow
0.1 —o—conventional restoration /v 0.20 - - = 25% increase of peak flow
—0— low carbon restoration = e 50% increase of peak flow
0.0 Sc =1.0m 0.00
0.0 0.2 0.4 0.6 0.8 1.0 0.00 0.50 1.00 1.50 2.00 2.50 3.00 3.50
Resilience index / Cost (R/C) IsrRc
Ys> YR @and yc are weighting factors which the decision maker VaRi
Source: Mitoulis, et al. 2023 can adjust to prioritise e.g., Sustainability, Resilience or Cost. ISRCj=Vs'Sj' R—C’
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Discussion points
Threat-agnostic resilience based on stress-testing resilience
Integrated Risk/Resilience Stress
Testing
. “Identify the functions and failures” “Perform the stress test” “Fortify the system”
? g s
Who does analysis? Inputs Risk Resilience Outputs
Policy analysts
. Develop scenarios for shocks g NN
Policy Analysts, - Qualitative information, : ; Identify critical functions of L | “Quick win" |
Generalists T|er 1 component data sgﬁ\::zjﬁﬁ::"e:lmg epedic systems and casc:dlng failures : improvements :
Risk + decision analysts { ' ! : :
Assess risk of component - Identify connections across | System wide |
Risk Assessors, engineers, Tier 2 fg:;eerznitiwc(ure. failure under stress scenario multiple system domains that are | resilience strategy |
fai separately per domain difficult to recover | |
decision analysts . 1 t | |
et listi - Network science/Al tech I :
= il Advance probabilistic risk etwork science. echniques |
Specialists, modelers Tier 3 S\f;fr':]z‘:i:ffxanced assessment across multiple == | toassess failures in | I?;?s:s:nigﬁ:ges |
data domains/compounding threats interconnected networks I__________!
4
Linkov et al., 2022
:"‘ U]\'l\r’l-',R_S_lTYDF
®eCharged £y BIRMINGHAM

A structured approach to conducting integrated risk and resilience stress testing is presented, focusing
on how different tiers of analysts contribute to the process, from gathering inputs to generating
actionable outputs.
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Overview: Who Does the Analysis?
The framework categorizes the analysts involved into three tiers:

o Tier 1: Policy Analysts and Generalists
o Tier 2: Risk Assessors, Engineers, and Decision Analysts
e Tier 3: Specialists and Modelers

Eachtier plays adistinctrole in gathering data, performing analysis, and interpreting results, contributing
to a comprehensive understanding of both risks and resilience within complex systems.

Process Flow: From Inputs to Outputs
The process is divided into three main stages: Inputs, Risk and Resilience Analysis, and Outputs.
1. Inputs: “Identify the Functions and Failures”

e Tier 1: At this stage, policy analysts focus on collecting qualitative information and component-
level data. This might include broad, high-level insights on system operations and potential
vulherabilities.

e Tier 2: Risk assessors and engineers analyze the system’s structure and connectivity,
understanding how different components interact.

e Tier 3: Specialists dive into detailed system information and advanced datasets, which include
precise metrics and probabilistic data to support deeper analysis.

The goal of this stage is to gather arange of data and insights that can feed into a stress test that examines
both risks and resilience.

2. Risk and Resilience Analysis: “Perform the Stress Test”

This stage is the core of the framework, where analysts assess both risks and resilience by simulating
stress scenarios.

o Risk Assessment:
o Tier 1: Analysts develop scenarios that simulate shocks or stresses impacting specific
system vulnerabilities.
o Tier 2: They assess the risk of component failures under these stress scenarios,
examining how different parts of the system might fail under pressure.
o Tier 3: Advanced techniques, including probabilistic risk assessments, are used to
evaluate cascading failures across multiple domains or interacting systems.
o Resilience Assessment:
o Tier 1: Analysts identify critical functions within the system and potential cascading
failures that could compromise resilience.
o Tier 2: They also assess connections between different domains of the system,
pinpointing areas where recovery might be difficult due to high interdependencies.
o Tier 3: Advanced approaches, such as network science and Al, are used to model
resilience across interconnected networks and complex scenarios.

This analysis provides a comprehensive view of the system’s vulnerabilities and its capacity to recover
from disruptions.
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3. Outputs: “Fortify the System”

The outputs from the stress testing process inform strategic decisions to enhance system resilience.
These outputs are categorized into three levels of interventions:

e “Quick Wins” Improvements: Immediate, easily implementable actions that can quickly

enhance resilience.

e System-Wide Resilience Strategy: ... ader, long-term strategies that address resilience
across the entire system.

o Targeted Changes and Interventions: Specific actions focused on high-risk areas or critical
system functions idenrtified during the analysis.
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