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1. Explanation of the work carried out by the beneficiaries

Overview

The diverse yet complementary expertise of the FellawS(Argyroudis), the Supervisor (Dr S Mitoulis),

the Host Organisation (University of Surrey), and the Partner OrganisationssgdrarResearch

Laboratory, TRL and the Norwegian Geotechnical Institute, NGI) were combined in a niche area of interest

on theresilience of transport infrastructure In this respectTRANSRISK project integrated research

and knowledge frondifferent disciplines, i.e. infrastructure engineering, numerical modelling and

computational mechanics, geotechnical engineeringhgeards, risk analysis and management aspects.

This multisectoral nature of the project also included interaction widimsportation authorities,

stakeholders and industrialises.g. ARUP, Highways England, Network Rail, JBA Trust produce

meaningful and practical research resultse Supervisors from Partner Organisatidr®f MG Winter

(TRL) and Prof AM KaynigNGI) provided training and support to the Fellow during the research project.

The dissemination and outreach activities provided the Fellow with the ability to communicate with

researchers, practitioners, industrialists and stakeholders from differentafieldgith diverse audiences

and openedip new opportunities and collaborations with the academia and the industry.

This research contributed to the enhancement of current practices by moving toward tazaudti

lifetime resilience assessment of infrasture and provided useful insights for the resiliebased design

and management of infrastructure throughout their lifetime, leading to cost savings and improved services.

In particular, thecontribution beyond the state of the artis summarised in thiollowing:

- A new concept for transport infrastructure systems of assets (SoA) in ecosystems exposed to
geotechnical and climatic hazards was introduced.

- A novel methodology for the development of numerical fragility functions for transport SoA exposed
to multiple hazards was proposed.

- New fragility curves/surfaces for transport SoA exposed to multiple hazards were developed based on
advanced numerical models.

- Damage modes for flood critical bridges were defined and new restoration modeldewvelgped
based on an expert elicitation approach.

- A new classification of multiple hazard sequences considering their nature and impacts was proposed.

- A novel framework for the quantitative resilience assessment of critical infrastructure, subjected to
multiple hazards including their temporal variability was proposed, with resilience indices considering
direct and indirect losses.

- The above were applied to walklected case studiesiming to provide to network owners and
operators with robust decisionaking and prioritisation processes for building resilience into their
infrastructure.

- The use of monitoring systems and digital innovation from emerging technologies was also explored,
for enhancing the accuracy, reliability and rapidity of exposure dwzard measures, fragility,
restoration and functionality models and risk management.

Overall, research progressed as planned, and objectives were achieved and exploited beyond the duration

of the project, whilgublicity, visibility andoutreachwere maximised through the following actions:

- Publications in highmpact scientific journals 2 published, anotherlO under review and/or
preparation), and international conferend@pdperspublished, a total of20 publications

- Participation in grant bidding®] and successful research and consulting projécsi¢cessful, foR
decision is pending)

- Participation in conferences and other events (10)

- Seminars and training coursés (

- Organisation of special sessiongriternational conferences (4)

- A new and highly visited website was developedny.infrastructuResilience.com
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http://www.infrastructuresilience.com/

- Periodical posts in social mediRgsearchGatd.inkedin, Facebook)
- Part of theresearch was presented in taught modules at the University of Surrey (5 lectures).

1.1 Objectives

The main aim of th@RANSRISK project against the current statbthe-art wasto develop adaptable
fragility and resiliencenodels forcritical transport Systems of Assets (SoA9xposed to multiple hazard
effects The specific measurable objectives of TRANSRISK project ardas described in section 1.2 of
the DoA:

Obj 1. To create a set of advanced numerical models of representative transportation SoA subjected to
critical combinations of geocand climatic hazards with focus on the resulting geotechnical effects (i.e.,
flooding/scouring, ground movements, dynamic loads);30A models will be validated against models
available in the literature and also on the basis of wieltumented case studies from recent failures
Summary of the work carried out towards the achievement ofObj 1: Advanced numerical mode(2D

and 3D)were generated usingase-of-the-art methods and tools for the detailed numerical modelling of
critical and representative SoA, i(8.a highway/railway embankment/slopes with foundation(SaiA1),

(ii) a bridgewith its components (declabutment, piers and foundationbpackfills and foundation soil
(SoA2). Both examined SoA wemxposed tandividual and combined hazardsg flood, scour antbr
seismic shaking effects. These models includethiled simulation ofmaterials, geometriestructural
variations, nodineatrities, soil structure interaction and combined hazard effiecthave been validated

on the basis of closefdrmed solutions modelsbuilt with different software tools and evidence from
previous failuresThe numericaiodels have been used for the development of fragility models (Obj 2)

Obj 2. To develop and verify a set of fragility models for assessing the vulnerability of specific
transportation infrastructure SoA subjected to critical combinations of ged climatic hazards. These

will be the reference fragility models representing thelesigned and abuilt SOA. These models will

then be extended to adaptable fragility models that will account(&rthe deterioration of assets
depending upon the age of the asset and previous hazard effeqis) emprovements of the assets on the
basis of realistic retrofitting/strengthening methods.

Summary of the work carried out towards the achievement of Obj 2A novel methodology was
proposed for the development of fragility models for transport SoA subjected to multiple hazards
(Argyroudis etal. 201%9). This methodology was applied to devetww multiple hazarfragility models

for the representative SoA and their numerical models as defined in Tliglvas achieved on the basis

of parametric analyses, to account for uncertaintig$)ithe characteristics of multiple hazard actions, i.e.
water level, scour hole formatiofgrces due to water flow and accumulation of debris acting on bridge
piers, seismic loading(ii) the material properties, i.e. sand/clay, saturated/(iiy,the geometry and
structural types of the SoA, e.g. width/height of embankment, type of deck to piers/abutments connection
(integral or through bearingdtvolution of models due to deteritia and/or accumulation of natural
hazard stressors on the asset throughout their lifetiasealso considered. Improvement on the basis of
structural enhancements andgartial or full restoration after the occurrence of damage duprecadent
hazardeffectswere accounteth the models.

Obj 3 To apply the adaptable fragility models to a part of a real transportation network within Europe.
This will help toward estimating the risk and the associated losses due to recorded hazards for different
return periods, as a means to enable the unbiased allocation of resources in detgiog and disaster
managememn

Summary of the work carried out towards the achievement of Obj 3This objective was extended to
include quantification of resilience for transpiofrastructureexposed to multiple hazards. In this respect,

a classification of multiple hazard sequences considering their nature and impacts was proposed.
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Subsequently, aovel framework for the quantitative resilience assessment of critical infrastructure,
subjected to multiple hazards was propd@egyroudis et al. 2020agonsidering the vulnerability of the
assets to hazard actions, and the rapidity of the recoventlaé occurrence of induced consequences and
structural damages, including the temporal variability of the hazards. New restoration models have been
proposed for damaged bridges under scour and earthquake hazards using expert elicitation approaches.
This also put forward weHinformed asset resilience indices, which account for the full, partial or no
restoration of asset damage between the subsequent hazard occurrences as well aqthpailireast)
andindirect (due to traffic detourlosses. The mposed framework was applied (i) on a typical highway
bridge, which is exposed to multiple hazard scendfiosd events followed by earthquakesonsidering
temporal variation of hazards occurrences and pragmatic restoration strategies, (ii) aia pbiotidges

as part ofa real transport network in Thessaloniki, Gredoe different earthquake scenarios, (iii) the
QueensfernCrossingoridge in Scotland, exposed to accumulation ohiddge.This research contributes

to the enhancement of curtepractices for resilienebased management of infrastructure assets, leading

to cost savings and improved services.

1.2 Explanation of the work carried per WP
1.2.1 Work Package 1Documentation of selected case studies

Task 1.1 Selection of critical scenariosAn overview and collection of information concerning critical
hazard effects on railway/highway infrastructure System of Assets (SoA) was carrigtieeffects of

critical hydraulic and geotechnical hazards oad infrastructure, and relevant mitigation measures were
summarised, including common damage moffagyroudis et al. 2018). Critical SoA and hazard
attributes have been defined based on-detlumented recent damagdse effects of the following
hazards were reviewed: fluvial/river flood due to extreme precipitation (including overbank and flash
flooding); pluvial/surface flood due to extreme precipitation; underground water; sea level rise and storms
(flood surge); landslides (rainfall or earthqudkduced, including sliding, debris flow, mudflow);
drought; extreme hot weather; wildfires; snow; cold & freeze; strong winds; earthquakes (ground shaking,
ground failure due to liquefaction or fault rupture); any hazard that leads to impacts due to geograph
interdependencies (mainly in urban environments). The followargsport assetswere included in the
review: tunnels; bridges; retaining walls; embankments and cuttoaps;pavements; signalling and ITS.
Common typologiesf transport assetset in Europe were also defin€fiable 1).

Table 1. Main par amet(Aagymudisdtal.R@fH.d assetsd typo

Asset Typology
High capacity and speed  Horizontal alignment: variable, mainly depends on the design speed
roads (e.g. Controlled Vertical alignment: 3% (desirable max grade)
access motorways) Standard lane width: 3.65m

Standard hard shoulder width: 3.65m

Standard median strip width: 1.0m

Standard total width per direction (inshoulders and median strip): 11.95m for 2 lanes,
15.6m for 3 lanes, 19.3m for 4 lanes.

Speed limit: 110120kmph

Lower capacity and speed Horizontal alignment: variable, mainly depends on the design speed
roads (e.g. Single Vertical alignment: 6% (desirable max grade; in hilly terrain steeper gradients may are
carriageways) present)

Standard lane width: 3.65m

Standard hard strip width: 1.0m

Standard total width (includinstrips): 9.3m (new design), as low as 6.8m (for old design
Speed limit: <=9&mph

Embankment Variable height, depending on local geomorphology;
/Slope/Cutting Typical height classification:-2.5m, 2.55.0m, >5.0m




Typical slope angle: 1.5(H):1(M)2(H):1(V), in some cases 2.5(H):1(VB(H):1(V)
depending on thmaterial and design specifications
Drainage type: None, French drain, Open ditch

Bridge Commonly based on the number of spans and length, particular design considerations
material, type of pier and abutment and deck continuity.
Geometry is variable depeimg on bridge type and local geomorphology.
Typical pier height: 5.0 to 20.0 m.
Typical deck cross section height: 1.0 to 2.0 m.
Typical span length: 15.0 m to 35.0 m.

Bridge abutment Based on the structural type of the bridge (e.g. stub, partial alefpth, integral abutment).
Other features: depth and soil conditions of the foundation
Geometry is variable depending on bridge type and local geomorphology.
Typical abutment height: 2.0 to 10.0 m.

Tunnel Commonly based on construction method (bored or minedyralitover, immersed), cross
section shape (circular, rectangular, horseshoe, etc.), depth (surface, shallow, deep),
geological conditions (rock, alluviaBupportingsystem (concrete, masonry, edteetc.)

Retaining wall Common rigid types: gravity, cantilevered, sheet piling, bored pile, anchored,
Flexible types: reinforced soll
Variable height depending on retained soil mass, commonly 3.0 to 15.0 m.

Backfill (bridge abutment,  Soil material, ground anglendwater content are of main interest
retaining wall)/
Embankment/Slope/Cutting

Based on the literature review conducted it veadisedhat the available vulnerability and risk assessment
frameworks typically consider individual assets of the transport infrastructure, exposed to one hazard, and
they are static in the sense that they neglect changes of the asset performance dwingdtstidgnally,

in mostcasesthe available models are simplified, and they focus on bridges. Moreover, they usually ignore
the geomorphological and topographical conditions of the surrounding environment as well as the
classification of the assets inmties of road capacity or speed limits. Nevertheless, infrastructure comprises
Systems of Assets (SoA), i.e. a combination of interdependent assets exposed to multiple hazards,
depending on the environment within which these reside, whilst their perforncaacges due to
deterioration or improvements that take place during their life. In addition, the SoA performance depends
on the classification and typology characteristics of the infrastructure. In this r@spewat concept of the
transport infrastructer SoA inecosystemeas introducedrigure landFigure 3, referring to inteturban

roads and illustrating he different elements that comprise the system and the geotechnical and climatic
hazards to which the system is subjected. The infrastructuressfidd based on: (i) the road capacity

and speed limits, i.e. high capacity and speed roads, such as interstate highways, matohdask
carriageways, and lower capacity and speed roads, such as single carriageways, and, (i) the
geomorphological antbpographical conditions, i.e. mountainous or lowland areas.



@

(b)
Figurel. Transport infrastructure in diverse ecosystems exposed to multiple hazards: High capacity and speed roads (e.g.
motorways)in (a) mountainous areas, (b) lowland ar@agyroudis et al. 2018).

-a)

. ) -(b) .

Figure2. Transport infrastructure in diverse ecosystems exposed to multiple hazards: Lower capacity and speed roads (e.g.
single carriagewaysh (a) mountainous areas, (b) lowland ar@&agyroudis et al. 2018).
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Task 1.2 Definition of benchmark case studies ofd® exposed to hazardsA feasible number of case

studies was selected for modelling and validation purposes within WP2, against antecedanidgeo
climatic events and the generation of fragility models in WB\1 slopes responding interacting with

a road pavement or railway tracks on embankments and supported by retaining structure@igure

3a), exposed to landslides, potentially triggered by precipitation or earthquakes (ground shaking or/and
liguefaction), flooding effects or/and ground shaking. Rotational or slump failure of embankments may
occur due to the same hazards. Degradatiothe SoA, in this case, may be the result of embankment
erosion or foundation scour over flooded sea, lakes or rivers and potential residual dislocations of the
retaining structures. The stability of the SOA may deteriorate during its lifetime aglteofean increase

in the stresses or traffic loads, decrease of soil shear strength due to changes in pore water pressure and
presence of organic materials. Potential improvement measures include shotcreting, soil anchors, nailing,
vegetation, and improdedrainage SoA2 bridge, abutment, foundations, backfill (Figure 3b). The

multiple hazard scenarios may include settlements, heave or/and local sliding of the embankment and
approach fill due to ground shaking or liquefaction among other hazards. Bodig®igents such as the

deck, abutment, piers and foundations, may suffer damage due to seismic shaking, settlements, scouring
and liquefaction. Degradation, in this case, may occur due to corrosion of the reinforced or prestressed
concrete elements, scougif the foundation soil and residual dislocations of the abutments. Similarly,
degradations of the approach fill can be due to traffic loads and residual deflection of the backfill, such as
settlement or heave. Improvements include strengthening ofdteaid/or the abutments, improvement

of the compacted state of the backfill or some means of reinforcement.

Debris flow (raifell
or earthquake induced

7
\ Slope .
Small cutting or/and

N Translationa retaining wall ~ Road or rail bec

\ ; Heave
\\lsllde ; Rotational/Slumy
4 Su B Embank " ’ failure
. N
KN | mbankmen > Retaining
RN v structure
LN Settlement...._ ground shaking or
N liquefaction induced /
> ~
~ ~
=~ ~
T Sea, lake or river
————————— couring (deep and/or fast water
Earthquake%
(a)
Multi span bridge Roadpavement
(continuous or simply supported) or rail bed Heave Approach ) Embankment
l' 7\ slab Approach fill or natural ground

¥

~ Bearingg(for not integral bridge)/7 Settlement*

Abutment~
Rver
(deep and/or fast water) Foundation

(b)
Figure3. Multiple hazard effecten representative transport System of Assets: (a) embankment, slope, retaining structure
(SoAl), (b) bridge, abutment, foundations, backfBbA2) (Argyroudis et al. 2018).

Task 1.1 andask1.2 were performed in collaboration with Prof M.G. Winter, dgrihe secondment of
Dr S. Argyroudis in TRL (Transport Research Laboratory).



1.2.2 Work package 2 Generation and validation of advanced numerical models for SoA

Task 2.1 Advanced numerical simulationsStateof-the-art methods and tools for the detailed numerical
modelling of SoA were evaluated. Initially, simple models that pravad&indamental understanding of
the SoA response to hazamisreemployed. Subsequently, advanced numerical modets gererated

for each critical SoA, modiihg in detail the materials, geometries, structural variations;linearities,

soil structure interaction effects etc. The capacity of the Host Organisasisrfully utilized taking
advantage of the expertise and #wailable advanced software platforms to achieve the aforementioned
simulations.n particular PLAXIS 2D, PLAXIS 3D and SAP2000 software were utilis&presentative

examples of numerical models are showFRigure 4andFigure 5for SoA1 andrigure 6andFigure 7for
SoA2

FEM in PLAXIS 2D ver.2015.02

e e
7t Pt R 7 7 S P P Y P Pt A Pt P S NI LA AL INININ T N N N ) i B P AT N e N
» 29 m
Foundation soil Embankment Input motion
A soft clay type D (EC8) A clay type D (EC8) A 8 real acceleration time
A 9yea= 18 KN/MB, 0.,= 20 KN/M? A 9,00= 18 KN/M3, 9,,= 20 KN/m? histories on rock/very stiff

soil as outcrop motion
A Scaled from 0.15 to 0.75g

6m 2m
1 The water level is gradually increased
to simulate flooding

A g

Areduced shear strength of the saturated (flooded)
layers is considered

Figure4. Numerical model in PlaxigD for SoAl: roadway/railway embankment and foundation soil, subjected to flood and
seismic excitation

A Mohr-Coulomb model

Gradual increase
of the water table

Scour hole extents

Figure5. Numerical model in PlaxigD for SoA1l: embankment and foundation soil, subjected to moisture ingress and scour
effects



FEM in PLAXIS 2D ver.2015.02

36m

Bridge Backfills Foundation soil Input motion

A 3-span pre-stressed A well compacted sand A stiff clay type B (EC8) A 8 real acceleration time

concrete bridge A= 424 9= 185 kN/m® A 9=19.5 kN/m? histories on rock/very stiff
A length: 100.5m A Mohr-Cotlomb model soil as outcrop motion
A deck: box girder A scaled from 0.15 to 0.75g
A width: 13.5m
A abutment height: 8m Beam elements  Rotation fixities

b Py i ) 55 2= Y _—
Ll
Interfaces

Figure6. Numerical model in Rxis 2D for SOA2 bridge, backfills, foundation soil subjected to seismic shaking

backfill

pier foundation
with soil scour

Figure7. Numerical model in Plaxis 3Br SoA2 bridge, backfills, foundation soil, subjected to flood and scour effects

Task 2.2 Validation and calibration of the numerical models of SoAThe selected case studies of Task
1.2 were analysed,and results wereomparel against d-hoc approaches (closéorm solutions),
frequently adopted in the literatuas wellaspreviousstudieqe.g. Argyroudis and Kaynia 28%or SoA1l,
Tsinidis et al. 2@9 for SoA2. Validation also included the comparison of the results using different
software platformsFor example, the response of integral bridges in Plaxis software was compared with
models developed in SAP2000 software and with ckdead solutions for reinforced concrete
frameworks or beam3he calibration of the numerical models included the setup of boundary conditions
interfaces simulation of hazard effects, i.e. water level, scour hole formation, seismic input motion.
Modelling challengef Task 2.1 and Task 2tave been tackled in collaboration with Prof A.M. Kaynia

in NGI (Norwegian Geotechnical Institute). For example, these incltidedefinition of boundary
conditions of dynamic analysis in Plaxis software d@kectionof propertiedor the saturated and scoured
soil material(e.g. strength, damping, stiffnesandmeshing issueand errorgduring the simulationsf

scour hole geometries around the bridge foundations



1.2.3 Work package 3 Generation of adaptble fragility functions for benchmark SoA
exposed to geoand climatic hazards

Task 3.1 Reference fragility functions.A novel methodology was proposed for the development of
fragility functions for transport SoA subjected to gemd climatic multiple hazardg=igure §. This
methodology was applied to develop new multiple hazard fragility models for the representatiok So
WP1 using the numerical models of WHhe key steps for the derivation of new analytical fragility
functions for the benchmark SoA included the followifigDefinition of the basic configurations of the

SoA, including geometry and material of thesats and the components and properties of theFswil.

SoAl i.e. embankment and foundation sdifferent geometries and soil conditions were selected, while

for S0A2 i.e. lridge, backfillsandfoundation soil, different bridge types, e.qg. isolated through beasings
integral structuresand different soil conditions were examined@he uncertainty in capacityc, was
guantified on the basis of an expgrdgementpproach(ii) Selection of enmpeering demand parameters
(EDPs)for each asset or component and relevant limit states and thresholds for the definition of damage
states. FOBoA1, damage states were defined based on the settlements on the top of the embankment, while
for S0OA2, EDPs intuded the bending moment of the deck, pier and abutments, the settlement of the
foundation and the displacement of the beariRgdevant thresholds for the definition of damage states
(e.g. minor, moderate, extensive, complete) were defined based darttede and/or by applying expert
judgment.These damage states were correlated to restoration works, downtimes and loss of functionality
(see WP4in section 1.2 The uncertainty in limit statedy s, was estimated on the basis of expert
judgment.(iii) Definition of hazard actions and intensity measurgsfficient, efficient and practical
intensity measures were selected for each hazard, such as peak ground acceleration for earthquakes and
flow depth, scour depth or water discharge isecaf flash floods. For flood hazardifdrent flow depths

and scour hole geometries were considesied, he effect of debris accumulation in the scour depth was
also included in the analysé®r seismichazarda suite of strong ground motions was stdg to account

for the uncertainties in hazard effed®mbinations of hazards were defined, such as flood followed by
scour effects and earthquake excitations of different intensities. These combinations were extended in Task
3.2.(iv) 2D and 3D numedal modelsnvere employed to analyse the response of the SoA defined in step

(i) subjected to different hazards or combination of hazard actions of a given sequence defined in step (iii).
A feasible number of parametric numerical analyses of the calibmatdédls of WP2 were conducted to

cover a sufficient range of SoA typologies and hazard effects. The results of the numerical analyses
provided the required EDP for each component or/and asset for the fragility analysis described in the
following steps(V\) Evol uti on of damage ag).drheuasdieaf thadnalyses | n
conducted in step (iv) in terms of EDPs are plotted versus the selected IM (e.g. PGA or peak flow
discharge) for each asset or component representing the evolution of damage with increasing hazard
intensity, usually on a logdhmic scale. A regression model that describes the correlation between the IM
and EDPwas thenused The wuncert ap was galculated bdsedrom thel dispelsion of the
logarithms of IMEDP simulated data with respect to the regressiofivijt.Generation of component,
assetand SoA fragility curvessurfaces for single and multiple hazards corresponditigdgh fragility
functionrequires the definition of two paramet€Esy. 1): IMni, that is the median threshold value of IM
required to cause th& | i mi t s f,avhieh)is tha totdl lognormal standard deviation. The total
uncertaintywascalculated at asset level assuming that the uncertainties in débadrad calculated in

step (v) capacity(bc) as per step Xiand definition of limit stateghs) as per step (ii)are statistically
independent (see EQ). The median value of IMis obtained using the regression model defined in step

(v) and the definitions of damage states for each component/asset defiteol (ii)

Results of this task have been presented in conference papers (Argyroudis et al. 2018a, 204,8b, 2019
Yuan et al. 2019) and further discussed in Task 3.2 below.
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Commonly by expert judgment Uncertainty in demand () SoA fragﬂ;ty curlvt'f: :'orhsmgl:l or surface
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I 3 ’
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Decision making and risk Haz Ty \m'!.‘
management for stakeholders, [+1__[Quantitative Risk Analysis, Reliability . . .
. e . Components/assets in series connection
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 Step (i) |+{ Step (ii) [+ Step(iii) |+ Step (iv) |+{ Step (v) |-+{ Step (vi) |
Figure8. Flowchart for multiple hazarftagility functions of transport systems of asg@tgyroudis et al. 2018).

Task 3.2 Adaptable fragility models.Fragility functions accounting for typicaleterioration scenarips
combinations of hazardmd improvement of Sotveregenerated following the steps described ask

3.1.In particular,the followingscenarios ofleterioration and damage accumulationwere examined:

SoALl: (i) Flooding at different heightgii) combinations of flooding, followed by scour effects at the to

of the embankmen(iii) flooding at different heights followed by variable seismic excitations.

So0A2 Global flooding, followed by gradually increased scouring effddtanly at one pier(ii) only at

one abutmentjii) combinations of scour at the pier(s) and abutment(s) foundgtignncrease of scour
depth and hydraulic forces due to the accumulation of debris at thévpisejsmic excitations following

the scour effects (i to iii).

The study of potentiaimprovements was mainly focused on SoA2, were the following mitigation
measures were analysed:

(a) use of bearings as an isolation meth@) jncrease of the geometry, and therefore the stiffness of the
piers exposed to scour and seismic effgcdsdifferent soil conditions under the bridge foundations, i.e.
sandor clay soil material, to investigate possible mitigation of the hazard effects.

In this task, ollaboration withProf. A.M. T aynia NGI) enalled modelling of advanced constitutive laws

of materials Preliminary results of this task were presented in the papers of Task 3.1. Another one
publication is under review (McKeena et el. 2020), and another two journal publications are under
preparatiorfArgyroudis et al. 2020, Stefanidetial. 202Dincluding the development of adaptive fragility
modelsfor SOA2 Representative examplesfragility modelsare given inFigure 9for SoAl andrigure
10andFigure 11for SoA2.
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railways (right).
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Figure10. Example of multiple hazard fragility functions fapresentativ€oA2 (integralbridge, backfills andoundation soil
exposed to combined scour and seismic effects: (a) deck, (b) pier, (c) abutment, (d) backfill, (e) fragility surface for mino
damage of the bridge pier, (f) SoA, for scour equal to two foundation depths (2Df) and earthquake excitations.
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LHS Pier Scour: LHS Pier u_z displacement

(Tension Bearing 1) LHS Pier Scour: LHS Pier u_z displacement

(Tension Bearing 1)
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Figure1ll Examples of miltiple hazard fragility functions farepresentativeomponents c80A2 (deck section, pier footing,
abutment, bearinyexposedo flood, scour and debris accumulation effeatsa function of scour depttight) and flow depth
(left).

1.2.4 Work package 4 Application of fragility functions to a network scale

This workpackage was extended to include the developmemaiel resilience assessmeframework

for transport infrastructure exposed to individual and multiple hazamdsits application to parts of
transport networksThis development was decidatter undernding that no integrated framework that
accounts for the nature and sequence of multiple hazards and their impacts, the different strategies of
restoration, and hence the quantification of resilience in that respectlexisis respecthis WP proviled

for the first time in the literature, a classification of multiple hazard sequences considering their nature and
impacts. Subsequently, a novel framework for the quantitative resilience assessment of critical
infrastructure, subjected to multiple hadswas proposed, considering the vulnerability of the assets to
hazard actions, and the rapidity of the damage recovery, including the temporal variability of the hazards
(Figure 13. The framework accounts for (i) the robustness of the assets to hatiamnd,dmased on realistic
fragility functions for individual and multiple hazarfss petWP3), and (i) the rapidity of the recovery,

based on realistic reinstatement and restoration models after individual and multiple hazard events. The
framework allowsquantifying the impact on the resilience of alternative restoration strategies following
the occurrence of a hazardous event, including the cases of full, partial and even no restoration. A
generalized index was defined to quantify the resilience infeednvay for different hazard and recovery
scenarios. This index can be used to facilitate decisiaking and prioritisation processes by
infrastructure owners and operators by maximising the resilience of critical infrastructure based on efficient
risk mitigation and restoratin strategies.

(if) Physical vulnerability

(i) Hazard | Fragility curves (IH) |
— (iv) Resilience
| Hazard curves (IH) | |Frag|I|ty surfaces (MH) | — —
7 Resilience curve & indices
Haz(?izdosrc&r:;nos (iii) Recovery (Wlth/ert:Sotl:Jtr ;r:;rs;;nedme
| Reinstatement (IH or MH) |

IH: Individual hazard ;
MH: Multiple hazard | Restoration (IH or MH) |

Figure12. Main steps of the muHnazard resilience assessment framework
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Figure13. Multi-hazard resilience assessment framework including: (i) harealgsis, (i) physical vulnerability, (iii) recovery,

and (iv) resilience analys{g\rgyroudis et al. 2024).
This framework was made adaptive to facilitate timely and-effisient management for allocating the
resources reasonably and enabling adjustsné the initiation and the type of restoration, the later
depending on the hazard(s). This is reflected in the reinstatement and restoration functions, according to
the stakeholder requirements and the loss of functionality after an individual orlenbdigard events.
This adaptive approach accounts for the fact that mitigation measures are not always efficient across
different hazards as it is further explained below. Furthermore, this approach takes into account the
sequence of hazards, and its cep@nding impact on the restoration models, taking into account explicitly
the time of initiation of the restoration for each hazard consid&tigdre 13. This analysis is performed
by combining (i) the information on the identified hazards and IMah@i¥ragility functions for the asset
at hand, and (iii) the restoration models, aiming to generate the resilience curvesiBligd@M) and to
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assess the corresponding resilience indices. The analysis is adaptable to different sequences of hazards: (1)
A series of individual hazard events (HhzHaz2), where the second hazard occurs after the consequences

of the first hazard have been recovered, corresponding to Figuréncluding for example independent
hazards of different or same nature withirekatively long period. (2) The second hazard {@apccurs

without (continuous line in Figur&3M) or partial (dashed line in FiguE8M) damage restoration after

Haz1, including for example correlated or independent hazards of the same or difféwesit na

In this WP new collaborations initiated with Prof D Frangopol (Lehigh University, USA), Dr MA Zanini,

Dr L Hoffer (University of Padova, Italy), Dr E Tubaldi (Strathclyde University, UK). These collaborations
resulted to two publications (Argyroudis al. 2018, Argyroudis et al. 2024).

Task 4.1: Estimation of network lossedA roadmap for resilience assessment of critical infrastructure at

the network and national scale was proposed, based on the framework described above. In particular, the
framework described irFigure 13 can be adjusted, extended and applied to the eniijewhy
infrastructure of a region or a country as piggure 14 i.e. to a portfolio of critical highway assets such as
bridges, tunnels, embankments, slopes or retaining walls. Likewise, it can be employed in the resilience
evaluation of critical infrastrcture, such as hubs, ports, airports, railways, electric power or gas networks
toward community resilience. This roadmap in achieving resiliency in regions, countries or continents, is
aligned with international frameworks and policies for disaster edlation, e.g. UNISDR, 2015; NIST,

2016 ; LI oydés Register Foundation, 2019. I-n t his
hazard events at infrastructure scale can be utilised by the network operators and owners to prioritise the
mitigation measures, including retrofitting and/or monitoring of critical assets, optimisation of recovery
strategies and disaster preparedness, insurance of the infrastructure against losses from natural and/or
humaninduced disasters, and planning for extendifigastructure. Decision making may be based on the
resilience assessment, accounting for critical interdependencies between networks, and other factors, such
as sociepolitical criteria, the impact of infrastructure failures to businesses, populatioesanchment.
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Figure14. Roadmap of assspecific resiliencéased assessment providing information to network operators and countries for
decisionmaking in resources allocatigArgyroudis et al. 2020).
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Estimation ofdirect and indirect losses

The resilience assessment described above is extended to include direct and indirect losses for given hazard
scenariogArgyroudis et al. 2020d)which is specified ifrigure 15for bridges (SoA2)Direct cost (@)

due to bridgedamage represents the repair costs, evaluated by multiplying the damage probabilities at
various damage states D®ith damage ratios (DR) and replacement cost of the asset (C). The indirect
cost(G) due to |l oss of the bycadlgted@ascouftingrfar the adlditianali t y ,
costs due to the detour of the traffic. The indirect cost associated with a detour on a bridge can be evaluated
as the summatioof the operating cost of vehicles on detoGs,( and the cost due to vehidiene loss

(Cr) caused by the bridge damage. Alsmeav costbased resilience index was introduced, accounting

for the effect of indirect losses in the resilience of the assets (see Task 4.2)

(IV) Direct & Indirect Losses
(IT) Physical vulnerability Cp = f((damage probabilities, cost of: repair

l Fragility Kinctions | replacement, debris removal, temporary bypass, etc

- | (see Equation 2)

Civ= Cor+ C1L = f(damagc probabilities, cost of
car and truck operation, detour length, average daily
traffic of cars and trucks, velocity on detour, velocity on

(I) Hazard "

| Hazard curves

ceereccccen

damaged and intact bridge, cost of goods transport, etc)
(s‘m’ Equations 3 & 4)
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Figure15. Resilience assessment framework inclusive of direct and indirect [@sggsoudis et al. 2020d)

Restoration models fdiridgesexposed to flood and scour effects

A comprehensive surveyas conductedwhich elicits knowledge from experts in an effort to develop
restoration and reinstatement models for scour critical bridges. This effort of data collection aims to
produce reliable resilience models for representative britlypsarticular, &somprehenive questionnaire

was prepared, and a survey was conducted as a means to develop restoration functions fexoskgs

to scour effects. questionnaire covers the restoration tasks of any river crossing bridge with spread or piled
foundations. The dealf the bridge is considered to be either continuous or shisyghported. The pier to

deck and abutment to deck connection is considered to be either rigid or through bearings. The number of
spans and the geometry of each structural component were nigkecedsn this questionnaire due to their
variability. The reference bridge of this questionnaire has a total length of 101.5m and three equal spans
of 33.5m(Figure 16.
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prestressed deck box girder

Figurel16. The 3span prestressed concredéerence bridge

The experts were requested to provide their estimates for different levels of damage, i.e. minor, moderate,
extensive and complete, for the different bridge components, i.e. foundations, piers, abutments &
wingwalls, bearings, deck, badkf& approach slab. The damage levels are guided by sketches and
guantitative description of the damage for each bridge component as is illustrigigarén18andFigure

19. The experts were requested to provide for each level of damage for each camfifanéllowing
estimationsigure 17:

idle time (column 2, 3), i.e. an estimate of the minimum and the maximum time before the initiation of any
restoration work. This time might include, but is not limited to emergency response, remstaidihg

water, inspection and condition assessment, site investigation, structural and foundation evaluation, design
of measures, including organisational barriers. This time does not include any work or construction on the
bridge.

traffic capacity of the bridge after damage (% of the normal bridge capacityfcolumn 4), is the metric

of "traffic restriction" for the bridge for each level of damage and for each point in time after the
commencement of the restoration works. The experts were asked to previeepected traffic carrying
capacity (0, 50 or 100%) at time 0, 3, 15, 30, and 60 days following the initiation of restoration works. The
selected % traffic capacity, accounts only the effect of damage of that specific component to the functionality
of the bridge, e.g. when considering bearings, it is assumed that columns, footings, and abutments are intact.
On day 0, the traffic capacity is linked solely on the structural capacity of the bridge structural components,
except the case of the deck, whiclght include norstructural obstructions, e.g. accumulation of water or
debris that obstruct the traffic. Thus, the traffic capacity on day 0 is the remaining capacity of the bridge
before any restoration task commences.

restoration task(s) (column 5), i.e the repair tasks that may be applied in order to recover the bridge
component to its normal operation basedtist of tasks Rgiven to the experts.

cost ratio (column 6), i.e. an estimation for the cost of the repair tasks defined in column Btiasoé the
construction cost of the entire bridge.

comments the experts can provide comments on other component damage (deck, columns/piers, abutments,
or foundation) that they might expect to see along with the component damage that is considered.

This survey is orgoing (see also Mitoulis et al. 2019) and a journal publication is under preparation
(Miitoulis et al. 2020)A representative example of restoration functions is showdigure 20
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Idle time in : s LS
Restoration time in days (after the initiation of the
Dansge days restoration works) Restoration Cosot ratio
level (before any tasks & (% of
(see ;(;arble 3 re:ltg::s;)n 0 3 15 30 60 [()ri 5 ’i,lt_i = ;ﬂ (; r)| ri;;gc:;rt):gt
o see Table .
Lot min | max % traffic capacity of the bridge after damage brioge)
(4) (check mark “X”)
) @ ®) 0 (50| 100f O |50|100) O 50| 100} O (50| 100§ O |50 | 100 ®) ©
Minor
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Severe
Comments:

Figure17. Questionnaire for one bridge component, eliciting idle time (columns 2, 3), expected level of allowable traffic
capacity (%) for different damage levels (column 1) and times following the initiation of restoration works (columndijygnclu
correspondingestoration tasks (column 5) and cost ratios (colum(Mijoulis et al. 2020)

Damage

level Description Sketch

- Foundation settlement/sinking: < 20 mm
- Foundation rotation/differential settlement: < 2& scour depth/extent:
- Minor spalling (damage requires no more than cosmetic 1D, rotation <2%o
inor repair): crack width < 0.3mm 's
- Scour hole depth and extent: 1.0Df (where Dt is the
foundation depth)

- Safety Factor: >3
- Foundation settlement/sinking: 20-50 mm
- Foundation rotation/differential settlement: 2-4a scour depthiexdant: '

. . N . 1-1.5D, rotation 2-4%.
- Moderate cracking and spalling (foundation structurally still ‘-

sound): crack width 0.3-0.6mm

- Scour hole depth and extent: 1.0-1.5Ds
- Safety Factor: 2-3
- Foundation settlement/sinking: 50-130 mm
- Foundation rotation/differential settlement: 4-6a scour depthiextent:
- Foundation degrading without collapse i shear failure 1520,
Extensive (foundation structurally unsafe): crack width 0.6-3mm
- Reinforcement yielding
- Scour hole depth and extent: 1.5-2.0Dt
- Safety Factor: 1-2
- Foundation settlement/sinking: >130 mm scour depthiextent:
- Foundation rotation/differential settlement: >6a >20, | rotation >6%s
- Overturning of the foundation: crack width >3mm
- Reinforcement failure
- Scour hole depth and extent: >2.0Ds
- Safety Factor: <1

oderate

rotation 4-6%.

Complete

Figure18. Description of damage levels for hydraulic induced damage to spread foundations
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Damage
level

Hydraulic induced disruptions to bridge deck

- Accumulation of water due to overtopping,
after extensive rainfall or flash flood: depth
of water <50mm

Accumulation of debris due to landsliding
of adjacent slopes or flooding: thickness of
debris layer* <20mm

Minor

accumulation of
water <50mm

= 4\
/AN
accumulation of N
debris <20mm

Moderate | - Accumulation of water due to overtopping,
after extensive rainfall or flash flood: depth
of water 50-125mm

Accumulation of debris due to landsliding
of adjacent slopes or flooding: thickness of
debris layer 20-50mm

accumulation of
water 50-125mm

‘-t-l-'k a-tp

SRR

accumulation of ‘

debris 20-50mm

Extensive| - Accumulation of water due to overtopping,
after extensive rainfall or flash flood: depth
of water 125-300mm

- Accumulation of debris due to landsliding

of adjacent slopes or flooding: thickness of

debris layer 50-100mm

Extensive deterioration of the pavement

Extensive degradation of road markings

and signage (poles, barriers, etc)

accumulation of
water 125-300mm

- Accumulation of water due to overtopping,

after extensive rainfall or flash flood: depth

of water >300mm

Accumulation of debris due to landsliding

of adjacent slopes or flooding: thickness of

debris layer >100mm

- Excessive deterioration of the pavement

- Failure of road markings and signage
(poles, barriers, etc)

Complete

accumulation of
water >300mm

extensive deterioration
of the pavement and
v marking

‘\\\\\
accumulation of
debris 50-100mm

excessive
deterioration of the
pavement

‘\\/‘t

eccumulanon of
debris >100mm g

* The thickness of debris corresponds to the equivalent average thickness of debris on the entire area o fthe

deck if this was uniformly distributed

failure of signage
& markings

Figure19. Description of hydraulic induced disruptions to bridge deck

Restoration Model: Rapid Restoration Process
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Figure20. Example of restoration curves foydraulic induced damage to spread foundations

Task 4.2: Loss estimation to enable decisiemaking

The framework described in the previous task has been applied to representative parts of highway networks
exposed to individual and combined hazards to estimate losses and facilitate dwvalsimp The
following case studies were analysed:

(N A river crossing bridge exposed to flood and earthquake e¢a&rdgroudis et al. 201§ Argyroudis

et al.20207)
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The framework was applied to the case study shoviiginre 16exposed to a sequence of hazeifdcts

(flood and earthquake), which are independent hazards different in nature. Fragility functions based on the
results of WP3 and restoration models based on the expert elicitation of the previous case study were used
to estimate the resilience of thedge, and in particular, the impact of consecutive hazards, i.e. flood and
earthquake events, on the bridge resilience index. For this application, it was assumed that flood hazard
occurs first (Hazl) and earthquake second (H&z Moreover, the eartlhigke event is assumed to happen
before or after the end of the recovery process following a flood. All cases are investigated by assuming
three different scour levels, 1.900.50, and 2.0D(where Dis the foundation depth of the pier footing)

and fivelevels of peak ground acceleration (PGA), 0.2g, 0.4g, 0.8g, 1.2g and-ilgAge 21shows the

results of the first case in which seismic scenarios of different magnitude are considered to occur after the
complete bridge recovery from Hdz In all casespamely 1.0[3 1.50 and 2.0D, the time needed for
recovering from the flood is significantly higher than the time for the full restoration for any PGA level.
However, the loss of functionality due to Hazs limited when compared to the one caused by the higher
PGA levels. In genelathe resilience of the bridge decreases with increasing levels of scouring and PGA.
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Figure21. Resilience curves for the case that 2aEQ at PGA levels equal to 0.2. 0.4, 0.8, 1.2 and 1.6 g) occurs after the total
recovey from Hazl: a) Sc = 1.0p b) Sc = 1.5 and c¢) Sc = 2.00{Argyroudis et al. 2020a)
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The second case considered corresponds to the occurrence fnian the recovery from the previous
calamitous event is still ongoing. This second case is more complex than the first since the effect on the
total bridge recovery is strongly influencedthg temporal occurrence of the seismic event. Since the time

of occurrence of Ha2 is a random variable (RV), the restoration process and the resilience index R itself
becomes random. For computing the distribution of R, the time of occurrence-afidabeen uniformly
sampled in the time interval between the occurrence oflHaxd the time of total recovery from Haz

Figure 22shows the effects of five different levels of PGA, randomly occurring during the recovery from
Haz1. In particular, in thease with the lower level of PGA, i.e. 0.2 g, a minor shaking soon after the
flood is sufficient for dropping the bridge functionality to zero. This is caused by a combination of a low
postflood initial functionality and high bridge seismic vulnerabililye to the short time between the two
hazards occurrence. For all five cases, the effect of the earthquake on the resilience lowers when it occurs
a long time after the occurrence of the previous-Haand this is clearly shown by the grey curves
represeting the entire sampled recovery curves. For high PGA levels, greater than 0.8 g, the residual
functionality drops to zero even when the earthquake occurs almost at the end of the restoration process.
Figure 23shows the behaviour of the expected valuR,dE[R], and the coefficient of variatidn,’Y , as

a function of the scour @and the shaking level. For this specific case study, the trend of the resilience
index can be well represented by a plane, where the expected R values decrease for iGcrandiRGA.
Regarding , the variable that most affects the coefficient of variation is the level of scour. Further results
are available in Argyroudis et aR§19c,202@).
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Figure22. Resilience curves for the cattet Haz2 (EQ at PGA levels 0.2. 0.4, 0.8, 1.2, and 1.6 g) occurs during the recovery
phase after Hat (FL), with Sc = 12 The grey lines in the plots at the left correspontth¢cl5,000 recovery curves sampled in
the time interval between the occurterof Hazl and the total recovery from Hdzer andUr in the plots (right), correspond to
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Figure23. Behaviour 6 the resilience indexr, (plots at the top) anithe coefficient of variation,, (plots at the bottomas a
function of the scour (Sc) and the shaking level (P@%yyroudis et al. 2020a)

0.9

0.8

0.75

0.7

5 15

PGA [g]

— 16} Os
]

o 14N

2
0.75 \
1.8+ 0.

0.8
1.2 \ |
I~ | 0.

i 09 85,
0.5 1 1.5
PGA [g]
A R —
& p 8 -
18}, 7
h 6
@
= 1.6 3 5 1
_ ? 4
S h 3 —
“ld z\\
b2 K 2 -
)
1
0.5 1 1.5
PGA [g]

0.9

0.85

0.8

0.75

0.7

0.65

10

(1) A portfolio of bridges located at the ring roadTdiessaloniki, exposed to seismic effects

The framework of Task 4.1 was applied for assessing the resilience of representative bridges in
Thessaloniki, Greece, exposed to earthquékakle?2). The three bridges of this case study are analysed

for two seisnt scenariofNasiopoulos et al. 2019, Argyroudis et al. 20R0he first one refers to an
earthquake with a probability of exceedance equal to 10% in 50 years (Scenario 1) corresponding to a return
period of 475 years and the second with probability 3%0i years (Scenario Il) corresponding to a return
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period of 975 years. e application quantifies the robustnesstaf bridges against different seismic
hazard scenarios, by utilizing realistic fragility functions and the rapidity of the recovery setdsitting
after the occurrence of a certain degree of damage, based on realistic restoration functions. Both direct
losses due to structural dameayed indirect losses due to traffic disruption are included in the analysis
(Table 3). For theestimation of the indirect losse@() due to traffic deviations, an alternative detour is
proposed for each one of the examined bridges, as shadwigure 24 Two different approaches for the
modelling of the restoration tasks were examined: a linegtef(ahinistic) agper FEMA (2009) andh
cumulative normal distribution one (stochastic) on the basis of a Mtanie simulation. Realistic repair
tasks and distributions of repair duratiomere consideretbased on engineering judgement considering
realisic local construction practice$he resilience curves were generated for the two scendimsré¢
25). For the deterministic analysis, these curves are plotted considering trevg@aistunctionality, the
idle and the repair time, weighted with the pbliity of occurrence of each damage state. In the stochastic
analysis, the resilience curves are basea mean and standard deviation of the restoration tiremghted
with the probability of occurrence of eadamage stat&kegarding the R values foifférent bridge types
and locations, the curved-plane bridge (Bridge 3) has the lowest resilience. This is reflected both by the
vulnerability of the structure, which leads to higher loss of functionality, anddimsuming restoration
actions also relted to the difficulty in accessing the bridge, because this is an overpass of the busy ring
road of the city, which makes any restoration tasks more challenging. The other two bridges have similar
resilience. In regard to the impact of indirect lossahéaaresilience of the three bridges, Bridge 2 is most
critical, followed by Bridge 1 and Bridge 3. This is due to the higher vulnerability of Bridge 2 and the
longer detour length for this particular bridge.
As the loss in resilience is not a measure efdinect and indirect monetary losses, a new resilience index
was introduced, 8 which encapsulates soed@onomic consequences (direct and indirect losses) in the
resilience assessmente R the streamlined R index decreased by two factors. The fiesisorlated to
the socieeconomic importance of the indirect loss of the examined bridge compared to its direct one, while
the second factor normalizes this indirect cost of the bridge in accordance with the maximum indirect cost
of the examined portfolioThe R values calculated in the present study are compared with the R values
in Table4, for the two seismic scenarios. It is observed that the higher impact of the indirect losses is
estimated in the resilience of Bridge 2.

Table2. Portfolio ofbridges along the ringpad of Thessaloniki

. . . Construction Length/ Foundation
Bridge Location Construction Method Year Spans Width (m) Type
1 Neapoli's Precastdbeams with 1984 3 120/ Shallow
Valley ' 22
continuous deck slab

Interchange Castin-situ box girder 77/ .

2 K12 deck 1992 3 14 Piles
Interchange Cast insitu box girder 147/

3 K8 deck 2002 7 11 Shallow

The value of the proposed framework and application at the asset level is the encapsulation of the direct
and indirect losses and recovery process in two indices, which can facilitate the efficient allocation of
resources, planning and interventions by theners, toward safer and more resilient transport
infrastructure. Thus, it is essential for the owners to define, with the help of engineers, appropriate
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thresholds for the resilience indices to expedite the deeisaking according to their needs anibpties.
The proposed framework and indices are of particular interest for, but not limited to, controlled access
motorways such as a ring road of a city or a ftspbed road, where there are not many alternative routes.

¢Point,B

Legend
== Thessaloniki Ring Road === Proposed detour ;f Damaged Bridge location @ Start - End of detour

Figure24. Alternative detours for (a) Bridge 1, (b) Bridge 2 and (c) Bridde: & the detour length (blue line) ahi$ the
length of the link (distance from point A to B on the red line).
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Figure25. Representativeesilience curvefor Bridge 1:Deterministic linear (a) and stochastic Monte Carlaéisjoration and
resilience curves and temporal variation of resilience ratios (c)

Table3.Di rect (repair) and indirect costs of the Thessa
Scenario | Scenario Il
Bridge Direct Indirect Total Ratio Direct Indirect Total Ratio
(Cp) (Cin) (Crom) (Cin/Cp) (Cp) (Cn) (CroT) (Cin/Cp)

1 $ 264,651 $ 545,416 $ 810,067 2.1 $702,279 $2,116,326 $2,818,605 3.0

2 $612,670 $13,137,513 $13,750,183 214 $928,214 $22,368,967 $23,297,181 24.1

3 $385,525 $4,444,235  $4,829,760 115 $606,013 $7,145,407 $7,751,420 11.8
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Table4. Costbased resilience indices {Rfor the examined portfolio of bridges

Scenario | Scenario |l
Bridge R Rc Ro/R R Rc Rc/R
1 0.997 0.965 0.968 0.980 0.916 0.935
2 0.914 0.697 0.763 0.848 0.664 0.783
3 0.964 0.939 0.974 0.939 0.831 0.885

(1N The Queensferry Crossidmidge in Scotland, exposed to accumulation of ice

The Queensferry Crossing was opened in August 2017, replacing the Forth Road Bridge, whggifwas
opened in September 1964. One of the main purposes of the new bridge was to reduce the number of
closures due to, for example, wind and to thus increase the resilience of the critical A90/M90 link from
Edinburgh to Perth, Fife and the noedhst of Scotland. The first weatheelated closure of the
Queensberry Crossing was in February 2020 when ice that had formed on the superstructure fell to the
carriageway creating a safety risk for road usenge bridge was closed for 36 hours and in this cagly's

the economic consequences of the closure based on the framewagkref 15and available data were
estimated(Table 5) The diversion routes can be seerfFigure 26 The total economic consequences

(Cror) is the sum of repair loss k&), running bss of the detouring vehiclesd§), time loss due to the
unavailability of the highway segment«({, and environmental loss £Q).
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Figure26. Diversion routes across the Kincardine Bridge during the closure of Queensferry Crossing from 17 to 19
February 2020

Tableb. Estimated economic consequences

Total (1.5 days)

Cost [£] Per day [£]
Operational cost associated with the
detour, (Crun) 3,051,472 2,034,315
Cost of time loss for users and goods
traveling through the detour, (Cr.) 3,571,034 2,380,689
Environmental cost of Co2 emissions, (Cen) 320 774 219849
Total economic consequences, (Cror) 6.952. 279 4 634.853

Project value

1,350,000,000

L¢ to project cost ratio

0.51%

Since the closure was only for 36 hours the Queensferry Crossing can be seen as a resilient asset compared
to its predecessor. However, due to the dependency on the asset and that it is fundamentally a backbone of
the transportation network in Scotlandeavow duration closures can cause significant social, economic,
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and environmental costs and impacts. This estimate could be used to compare against previous closures on
the Forth crossing road bridge to see how much the costs incurred from closuredrayedckherefore

giving a quantitative indication of the improved resilience of the Queensferry Crossing compared to the
Forth Road Bridge. This could also be extended to examine potential mitigation measures to prevent
closure from occurring or to redutiee restoration/closure time of this critical transportation asset

In this case studyhe industrial partner TRL participated (Prof MG Winter), and Transport Scotland
provided with feedback and data. A journal paper is under preparation (Smith et &l. 2020
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1.3 Impact

TRANSRISK paved the pathways to innovation in resilience engineering by providing a breakthrough in

three main areas of research and advancing the current state of the art as follows.

1 Delivered a primer in rdgence engineering by establishing a novel resilience assessment framework
for transport infrastructure that accounts for the nature of the hazards, including projections for
exacerbation of effects due to climate change, their sequence, the loss iohhlitgt the recovery
strategies and their rapidity and associated losses.

1 Developed adaptable threimensional fragility models illustrated in novel fragility surfaces for
facilitating the assessment of the vulnerability of transport systems of &s8jikposed to multiple
hazards.

9 Built advanced fowdimensional numerical models of transport SoA subjected to critical hazards,
which included the three dimensions of the SOA geometry, but also the evolution of models due to
deterioration and/or accuration of natural hazard stressors on the asset throughout their lifetime.

In this respect, TRANSRI SK compl ement eidtheniciee di ver
area of infrastructure resiliencEheimpact of TRANSRISK in academia, industry and society as well as
int he F edrderadevélagpment is described in the following.

Participation is research projects and continuation plan

As part of TRANRISK research, the Fellow participated in H2BHRA-TA DYMOBRIS project that
provided him with insights into the response of scoured structures to dynamic loads, throughakerge
testing.The above research is currently extended to-dat@n resilience assement based on aerial and
terrestrial monitoring systems through the participation of the Fellow in HRIERDA-IF-2018BriFace
project and a statef-the-art paper is under reviewhis research will be further extended through the
Fell owbs act i ve -NMSCAIE-ROLIRaBounte prioject wHieh@vill §tudy the resilience

of infrastructure on a network scale considering climate change effects. This is expected to have a
significant impact on the weihformed resiliencdased managemenimntenance of infrastructure, and
hence, in minimising losses and improving provided services and quality of life. Also, the Fellow co
supervises &hD project funded by the Tertiary Education Trust (TETFUNRsilienTTS: Resilience

of transport hubs exped to diverse hazards considering interoperability of systems and participates on an
Innovate UK 2020with the SME Winter Associates Limitedn Novel risk analysis tools for transport
infrastructure exposed to geohazards. The above research activites@rgnuation of TRANSRISK
project, and they are expected to facilitate resilidvaged management, of critical infrastructure,
including the impact of climate change toward sustainable development. Also, to promideercial
solutions, through the ingtry-academia collaborations, toward effective probkstving of complex
challenges in critical infrastructure sector. This research developmesmisnd taurgent security and
socioeconomic needs of the EWnd align with the strategic priorities of tih#orizon 2020, i.e. see
Societal ChallengesSecure societieBrotecting freedom and security of Europe and its citizéms
fienhance the resilience of society against natural and matde disasters and develop novel solutions for
the protectiono€ r i t i c al i, andl thus s alignadctd the N éSsistainable Development Goals

Contribution to research proposals

The Fellow considerably improved his understanding of the research and industrial environment and needs

as he was heavily involved in theite -up of research grantson risk and resilience assessment of critical

infrastructure exposed to diverse hazaimduding communication with partners

1 H2020MSCA-RISE-2019, multi-partner project on monitoringnhanced resilience assessment of
energy and transport infrastructurdecision pendingBudget:a 4m, PI: Dr S Mitouli)

1 Innovate UK 2020 with the SME Winter Associates Limited,on Novel risk analysis tools for
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transport infrastructure exposed to geohazastdecessful (Budget: £8.5k, PI: Dr S Mitoulis)

1 H2020 LC-CLA-16-202Q with a 17 partners consortium on Mtitthzard rsk management for risk
informed decisiormakingintheElUideci si on pending (Tot al budget:

1 Marie-Curie MSCA-IF 2019with Dr M Loli on Resilience of bridges exposed to hydratbzards
successful/funde¢Budget: £165k, Supervig: Dr S Mitoulis, | am cesupervisor of the research
fellow)

1 Marie-Curie MSCA-IF 2019with Dr S Stefanidou oResilience of transport hubs exposed to natural
and humarinduced hazardssuccessful/not fundgBudget:£175k, Supervisor: Dr S Mitou)is

T Newton fund - Researcher Links Workshopswith Tongji University, China, on Disaster risk
prevention & resilience enhancement for critical civil infrastructure using digital technolagikbe
submittedn Aug 2020 (Budge£40k,PI: Dr S Mitoulig

i EPSRC Standard grant with the participation of Bristol University, ARUP, JBA Trust, HR
Wallingford, Maccaferri, Transport Scotland, Network Rail, RSSB and Devon County, on the
vulnerability and resilience of bridgeworks exposed to hydraulic haZandsucessful(Budget:
£890k, PI: Dr S Mitoulis)

1 SERA (H202GINFRAIA-20161) - Transnational Access to Experimental Faciliti&s(all, with
Strathclyde Universityon the dynamic identification and monitoring of scoured bridges under
earthquake hazaiidsuccesful (Budget: £20k, | am a @9

1 Marie-Curie MSCA-IF 2018with Dr Mayoral from UNAM (Mexico) on the resilience assessment of
transit transfer stations received a seal of excellence 92.2% (Budget: £165k, Supervisor: Dr S
Mitoulis)

Secondments and researchollaborations
The following secondmentmeetingsand research collaboratiohave beemealised during the project:

1 Secondnentto Transportation Research Laboratory (TRL), Edinburgh, UK (February 2018), and
collaborated with Prof MG Winter, on gdmzard effects to highway infrastructure.

1 Collaboraion and interactionvith Dr AM Kayniain the Norwegian Geotechnical Institute (NGI)
throughout the course of the project wisubstantial online meetings and interactidios, the
advanced numerical modelling ofransportinfrastructure subjeetto geshazardslt was assessed
and decided that the planned work can be fully developed and delivered remotely (emails, online
meetngs).

9 Participaion in the organisation of meetings witidustrial partners such asARUP (Dr J Mian, S
Carluccio and Resilience Shift project), Network Rail (S Abbott), Highways England (M Pooley, V
Pierfrancesco), HR Wallingford (M Roca), JBA Trust (Ratb), and Maccafferri to disseminate the
research output and to discuss collaborations, including the preparation of an EPSRC standard grant
proposal. Also, collabor@in initiated with academicsin Lehigh University (Prof D Frangopol),
Bristol University (Prof A Sextos, Dr M Pregnolato), Strathclyde University (Dr E Tubaldi),
University of Pavia (Dr MA Zanini), and withithe University of Surrey (Prof M Chryssanthopoulos,

Dr B Imam, Dr Y WangDr B Marti-Cardon.

1 Inthe framework oDYMOBRIS H2020-SERA-TA project, participated in the largeeale testing
at the Europroteas facility, Greecé, Bine 2019.

Publications and lectures

The Fellowpublished and/or submitted and/or currently preparing, a tofd journal and9 conference

papers, most of them as the leading autliseefull list in the next section) A stateof-the-art paper has

been published, together with the industrial pagr#TRANSRISK project, which is expected to open

up a new research area on the vulnerability and resilience of transport infrastructure exposed to multiple
hazard effectsAlso, apaper with Prof D Frangop&ilom Lehigh University, who is a world leader in this

topic, introducing and applying a new framework for the resilience analysis of critical infrastructure,
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considering sequences of hazards and alternative mitigation strat#gatser four journal papes on

restoration and fragility of bridges exposed to hydraulic induced hazards and combined scour and
earthquake hazards will be submitted within the rtexd months The Fellow has organised special

sessions and participated in conferences to dissentimateesults of TRANSRISK project (see next

section). He has been invited to delivdeegnote lectureon Quant i fi cati on of Resi
20200 conference in Coventry (13 March 2020) .

The Fellow is currently leading an opinion paper to subimiNature-Climate Change with the
participation of world |leaders in the area of cr
practices, which are the gaps and whatoés next il
climatechange.

Teaching andsupervision of dissertations

The Fellow haslelivered lectures to UG and MSc modules on risk and resilience of critical infrastructures
andhehasco-supervised five UG and seven MSc research projeotsthedistance learning studentse

used stat®f-the-art electronic means and capabilities tmmmunicating, assessing and helping the
studentsHe hasalso deliveredraining seminarsto engineers, consultancies and decision makers dealing
with risk and resiliencdased assessments of critical infrastructure exposed to diverse stressors.
Supenision of UG and MSc research project at the University of Surrey

1 Alec Smith (MEng), topic: The effects of hydraulic hazards on the fragility analysis of RC bearing brdges.
journal paper is under preparation

1 Max Woolcott (MEng), topic: A Resilience Analysis of Integral Bridges Subjected to Multiple Hydraulic
Hazards Using-®imensional Modelling

1 PamelaE Samson(MSc Advanced Geotechnical Engineering), topic: Risk quantification of transportation
infrastructure exposed toultiple hazards: vulnerability assessment of a scour critical integral bridge based on
3D numerical modelling.

1 Greg Mckenna (DL, MSc Advanced Geotechnical Engineering), topic: Fragility analysis for highway slopes of
granular material subject to multighazards: case study on moisture ingress and s&gournal paper is under
review.

1 Luther Blankson (MENgQ), topic: The effects of flood induced local scour on integral bridges.

1 Arjun Baladas(MENg), topic: Integral abutment bridges: influence of britlgekfill interaction under seismic
loading

1 Alexandru Guja (MEng), topic: Multthazard fragility analysis of bridges: the impact of pier scouring on the
seismic fragility of a continuous bridge systeljournal paper is under preparation.

1 Vincent L.F. Yuan (MSc Bridge Engineering), topic: Fragility of bridges exposed to multiple hazards: effect of
pier scour and earthquakeésconference paper has been published.

1 Roman Omar (MEnNg), topic: Vulnerability of an integral bridge subjected to multiple hazardsewigthasis on
abutment scour and subsequent earthquakes.

1 Daniel Delgado(MSc Bridge Engineering), topic: Bridge damage under multiple hazards & repair cost state of
the art review.

1 Hassan Yasin(DL, MSc Bridge Engineering), topic: Seismic design of intedmédiges: effect of bridge
geometry.

1 Alexandru Guja (MEng), summer research project funded by the EPSRC Bursary scheme, topic: Vulnerability
and resilience analysis of bridgeworks exposed to fhaltards.

Participation in Working Groups
During TRANSRISK project, the Fellow was invited to participate enftilowing working groups:

9 University researckhighway structuresiydraulic actions & extreme weather evenggorking
Group in Highways England (M Pooley) aiming to the update of DMRB document. The Fellow
participated in the WG meetings on 16/11/20185/8/19, 3/12/2019.
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1 Member of EAEE (European Association of Earthquake Engineering) Working Group 13
Seismic assessment, design and resilience of industrial facilities (since 2019).
1 Vice-Chair of IABSE Task Group: Design requirements for infrastructureilieace (since 2019).

Reviewer

The Fellowhas beernvited as aeviewer for EPSRC Centre for Doctoral Training (CDT) proposal and
standard Grant proposaHe has been recentlgvited as a membef the Editorial Board of Sustainability
JournalGecti on Board f or & Hehasacted as a&eviesvar ot savieralimidbact i t y 6
scientific journals and ietnational conferences.

Training

Toward developing a greater understanding of the teaching & learning environment, the Fellow attended
the following Continuing Professional Development workshops organised by the Department of Higher
Education at the Univeity of Surrey: 1) Applying Technology to Enhance Learning, 2) Student
Engagement in Lectures and Seminars, 3) Introduction to Teaching and Learning, 4) Introduction to
Concept Mapping, 5) Assessment and Feedback, 6) Building Confidence in Communicatisral$t
attending theGraduate Certificate in Learning & Teaching programme (GCLT) offered by the
Department of Higher Education at the University of Surrey

2. Update of the plan for exploitation and dissemination of result (if applicable)

During the project, the outputs of TRANSRISKere disseminatedo the scientific community,
stakeholdersindustryand general audienceabyoughvariousmeasuresAll measures acknowledged the
MSC actions.

(1) Website the Fellow developed and maintain tew.infrastructuresilience.comvebsite, which has
attracted more than 25,000 visitorBhe website has a separate webpage for TRANSRISK project
providing informatiorabout the objectives, the work phases and outcomes of the pfagate(27, and

and includes information and news for the activities of the research @figupe 28. A project page was
also created in Researchgdtgg(re 29.

(2) Publications. All publications have been published in open access repositories at the University of
Surrey, and other research platforms such as the Researchgate. The MSCA funding was ackihowledge

In highly reputed scientific Journals3 published, 3 under revie\g,under preparation

J1.Argyroudis SA, Mitoulis SA,ChatziS, Linkov |, BakerJW, Brilakis |, GkoumaK, Vousdouka$/, HynesWw,
Carluccio S, Keou O, FrangopolDM (2020). Digital technologies can enhance climate resilience of critical
infrastructurglunderpreparatioi

J2.Argyroudis SA, Mitoulis SA, Hofer L, Zanini MA, Tubaldi E, Frangopol D (2020). Resilience assessment
framework for critical infrastructure in a muhiazard environmengcience of the Total EnvironmeaB6854
(IF: 5.589)

J3.Argyroudis S, Mitodis S, Winter M, Kaynia AM (2019). Fragility of transport assets exposed to multiple
hazards: Statef-the-art review toward infrastructural resilien¢®eliability Engineering and System Safd91,
106567 (IF: 4.039)

J4.Argyroudis S, Mitoulis S, Kaynia AMWinter MG (2018). Fragility assessment of transportation infrastructure
systems subjected to earthquakes. Geotechnical Earthquake Engineering and Soil Dynamics \*13une 10
Austin, Texas, USA, Geotechnical Special Publication (GSP 292), pp834

J5. AchillopoulouD, Mitoulis SA, Argyroudis SA, Wang Y (202 Monitoring of transport infrastructure exposed
to multiple hazards: a roadmap toward resilieismence of the Total Envirornt, 746, 14100XIF: 3.517)

J6.Mitoulis SA, Argyroudis S, Loli M, Imam B (2020). Restoration functions for assessing the resiliersmoof
critical bridges.Engineering Structuregunder review (IF: 3.084)

J7.McKenna GArgyroudis S, Winter M, Mitoulis S (2020). Multiple hazard fragility analysis for granular highwa
embankments: moisture ingress and scour. Transportation Geotechnics
https://doi.org/10.1016/j.trge0.2020.100434: 2.385)
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https://eur02.safelinks.protection.outlook.com/?url=https%3A%2F%2Fwww.mdpi.com%2Fjournal%2Fsustainability%2Fsectioneditors%2Fhazards_%2520sustainability&amp;data=02%7C01%7Cs.argyroudis%40surrey.ac.uk%7C7f03c27f468d4588b75208d7f555505a%7C6b902693107440aa9e21d89446a2ebb5%7C0%7C0%7C637247619096229059&amp;sdata=MWX7esiWaUsIvixIs%2BvzLnhQ0OnOQAmXV6S6d8vcTeQ%3D&amp;reserved=0
http://www.infrastructuresilience.com/

J8.Argyroudis S, Nasiopoulos G, Mantadakis N, Mitou®\ (2020). Cosbased seismic resilience assessment of
bridges.International Journal of Disaster Resilience in the Built Environmel 10.1108/IJDRBED2-2020
0014.

J9.Smith A,Argyroudis SA, Winter MG, Mitoulis SA (2020)Costbased resilience assessinand impact of road
bridge closures: Queensferry Crossil@E Bridge Engineeringunderreview).

J10. Argyroudis SA, Mitoulis SA (2020) Vulnerability of bridges to multiple stressors: floods and earthquakes
Reliability Engineering and System Safétyder peparation 70% (IF: 4.039

J11. Stefanidou SArgyroudis S, MitoulisS (2020). Fragility of bridges in a multipfezard environment: The
effect of scour depth and ground movement. Engineering Structures. (under preparation 50%)

J12. Stefanidou SFragiadakisM, Argyroudis S, Mitoulis S (2020). Probabilistic assessment of bridges with
shallow foundation in a multiple hazard environment accounting for climate change éffiedes. preparation)

| nternational conference proceedings

ClTubaldiE, Lupo R, Mitoulis SArgyroudis S, Gara F, Rag L, Carbonari S, Dezi F (2019). Field tests on a soil
foundationstructure system subjected to scour. ANIDIS2019, Italian National Association of Earthquake
Engineering, 1819 Sept.

C2Argyroudis S, Achillopoulou D, Livina V, Mitoulis S (2020). Datéiven resilience assessment for transport
infrastructure exposed to multiple hazards by integrating multiscale terrestrial and airborne monitoring systems,
10th International Conference on Bridge Maintenance, Safety and Management, IABMAS2020-28uJlyne
Sgpporo, Japan.

C3Argyroudis S, Hofer L, Zanini MA, Mitoulis S (2019). Resilience of critical infrastructure for multiple hazards:
Case study on a highway bridge. 2nd International Conference on Natural Hazards & Infrastructure (ICONHIC),
Chania, Greece, 236 June.

C4 Nasiopoulos G, Mantadakis N, Pitilakis Brgyroudis S, Mitoulis S (2019). Resilience of bridges subjected to
earthquakes: A case study on a portfolio of road bridges. 2nd Intern Conf on Natural Hazards & Infrastructure
(ICONHIC), Chania, Greece, Z% June.

C5Makhoul N, Argyroudis S (2019). Tools for Resilience Assessment: Developments, Limitations and Future
Needs. 2nd International Conference on Natural Hazards & Infrastructure (ICONHIC), Chania, Grex&e, 23
June.

C6Mitoulis S, Argyroudis S, Lamb R (2019). Risk and resilience of bridgeworks exposed to hydraulic
hazards|ABSE2019New York, September-8.

C7Yuan V, Argyroudis S, Tubaldi E, Pregnolato M, Mitoulis S (2019). Fragility of bridges exposed to multiple
hazards and impact on transport netwagilience. SECED2019 Earthquake risk and engineering towards a
resilient world, Greenwich,-20 September.

C8Argyroudis S, Winter MG, Mitoulis S (2019). Transportation infrastructure ecosystems and their vulnerability
to geohazards. XVII European ConferenceSoil Mechanics and Geotechnical Engineering, Reykjavik Iceland,
1-6 September.

C9Argyroudis S, Mitoulis S, Winter MG, KaynigAM (2018). Fragility of critical transportation infrastructure
systems subjected to ghazards. 16th European Conference on Earthquake Engineering, J2ie 18
Thessaloniki, Greece.

(3) Outreach activities, attendance of conferences and other evertsdisseminate the outcomes of the
project in relevant sessions or worksh@pgure 33:
1 Invited keynote lecture6 Quant i fi cati on of Resil i encl8®archR020. 6 Br i dg e

i1 Researchseminar: O Resi |l i ence assessment of transport infras
& Environmental Eng, University of Surrey, 11 February 2020

1 SECED2019 Earthquake risk and engineering towards a resilient world, GreenwichS@ptember 2019 (with
presentation).

1 IABSE Congress2019 6 The Evolving Metropolis: Addressing Str
New York, 46 Septembe2019 (with presentation).

T ICONHIC2019: 2nd International Conference on Natural Hazards & Infrastructure, Chania, Gre@ée]) @3
2019 (with presentations).

1 16ECEE: 6th European Conference on Earthquake Engineering, Thessaloniki, Gre@de)urge 2018with
presentations).

1 GEESDV: Geotechnical Earthquake Engineering and Soil Dynamics V, Austin, Texas, U$3 dithe 2018
(with presentation).

T Resilience Firstds RedilienteiShifgf,u nidre dp aryt nLelrosyhdiéps wRetghi st
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fiLesns | earned: improving resilience in the utilitie
1 AiLl oydds Regi sltnetre rfoautnidoantailonConf erence 20190, London,

1 EPICentreat University College London ( loéultjhazard fiseané nt ad:
resi | i-32Jalyc281® (withZoresentation).

1 LoBEG London Bridges Engineering Group AGM, 10 May 2019 (with presentation).
1 Ground Related Risk to Transportation Infrastructiifee Geological Sociat, London, 2627 October 2017.
(4) Organisation of seminars and special sessions

9 Training Courses. on Risk and Resilience of Bridges aNdtworks and Critical Infrastructure, hdon UK,
1/3/2019, 17/2/2020 and Birmingham, UK, 1/8/2019 with participants from academic institutions, Highways
England, East West Railway, Councils, London Boroughs, Transport Scotland, insurance companies,
governmental bodies and consultancies (e.g. RRDeltares, Rambol(Figure 32.

1 ICONHIC2019 Special SessionLoss and resilience assessment tools for infrastructure exposed to natural
hazards, in the 2nd International Conference on Natural Hazards & Infrastrd€tOndHIC2019 (with N
Makhoul, J Lee), 226/6/2019, Chania, Greece.

1 [IABMAS2020 Special Session 41Monitoring strategies for enhancing transport infrastructure resilience
IABMAS2020(with S Mitoulis, D Achillopoulou, V Livina), July 2020, Sapporo, Jafsostponed due to the
pandemic).

1 16ECEE Special Session X6eismic risk and resilience of critical infrastructure (with A Sextos, F Cavalieri),
in the 16th Europea@onference on Earthquake Engineering, Thessaloniki, Gree@d,/62018.

1 16ECEE Special Session 23oftware for loss estimation: developments and applications (with N Makhoul, J
Lee, zZP Limongelli), in the 16t h ngUThessponiki,Gre€co, 48 er enc
21/6/2018.

(5) A final project report, inclusive of main outputs and results, will be published in open access
repositories at the UoS

(6) Posts in social mediai.e. FaceboolFigure 30, Linkedin (Figure 3}, ResearchGat&.he impact of

the posts was measured through the number of views and the endpigement

infrastructuResilience
from research to applications

HOME CONTACT OUR NEWS
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TRANSRISK (H2020-MSCA-IF-2016): Vulnerability and risk assessment of transport
systems of assets exposed to geo-hazards

Pl: Dr Stergios A Mitoulis | Marie-Curie Research Fellow: Dr Sotirios A Argyroudis

Industrial Partners: Norwegian Geotechnical Institute (NGI), TRL The Future of Transport

3 SURREY B o

Commission

Vulnerability and risk assessment of transport systems of assets exposed to geo-hazards

Dr Stergios A Mitoulis | Dr Sotirios A Argyroudis

www.infrastructuResilience.com

Challenge

+ Multiple hazards. e g food senes over me. food-0arthquske. Aaruake tsunam. are
major Proats 1o transpon infrastructure (Figure 1)

* Resillence ased management should rciuce soecite Memods 1o define and Mmeassro
resibence and New ADHOMNES 1OF COMMUNCAING AS5e8MENts 10 stakehoiders

. owners urgently need for enabing raged
1k and ressence assessments

Objectives

+ To dever advanced numerical madels of ranscort SoA sutjectsd 1o critcal geo- and
climatc hazarcs

+ To Geveion raglity models for assessieg the vinerabisty of transport SOA exposed 1
muttple hazaros

+ To estabian resilience assessment models for Vanapont inrastruclure hat account 1or
the nature of the harads. ther secuence. the Ioss of functonalty e recovery stateges
and hee rapiity. and the associated losses

Numerical model

Methodology for multiple hazard fragility functions in Plais 30

Figure28. TRANSRISK webpage ihttp://www.infrastructuresilience.com/transrisk/
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(A Home  Questions  Jobs Q Q

Project Updates 2
TRANSRISK - Vulnerability and risk assessment of Recommendations 0
transportation systems of assets (SoA) exposed to geo- Followers 50
hazards - Marie Sktodowska-Curie Action (H2020-MSCA-IF- Reads @ an
2016)

@ stergios A Mitoulis - @ Sotirios A Argyroudis - @ Mike G Winter - Il 4 coll I

Goal: Available risk and resilience assessment frameworks typically consider individual assets of
the transportation infrastructure, exposed to just one hazard and they neglect changes in the
asset performance during its life. However, assets exist in systems (SoA) and they are usually
exposed to multiple hazards, whilst their performance changes due to deterioration or
improvements. Also, the vast majority of existing studies is qualitative and focuses on bridges.

Hazards, such as ground debris flow, and floods are major threats to
infrastructure around the world, causmq significant physical and socio-economic losses. Thus,
reliable of the and the risks of to

critical hazards is of paramount importance toward resilient transportation networks.
TRANSRISK aims to fill these acknowledged gaps and provide advanced vulnerability and
resilience assessment of critical transportation SoA subjected to diverse geo- and climatic
hazards with focus on geotechnical effects, taking into account the SoA performance changes

during their life. In this context, ical models of rep SoA subjs to
critical combinations of hazard effects are and based on ded events,
Novel and resil models are p for as-built,

(eg
past hazards) and improved (e.g. strengthened) SoA. These models will be applied to selected
parts of a highway and/or railway network in Europe to estimate lhe risk and associated losses
due to recorded hazards as a means to enable the unbi of in decisi
making and disaster www.i ili com

Mexhods Transportation Engmeeﬁng, Numencal Analysis, Earthquake, Bridges, Seismic Risk,
Flood Risk, Seismic Retrofitting,
Natural Hazards, Deterioration, Fragility analysis

Date: 1 September 2017 - 1 March 2020

Overview Project log References (30) Questions Add research [ v

Figure29. TRANSRISK in Researchgaftattps://www.researchgate.net/project/TRANSRIBHInerability-and
risk-assessmertf-transportatiorsystemsof-assetsSoA-exposeeto-gec-hazardsMarie-SklodowskaCurie-
Action-H2020MSCA-1F-2016
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B\ InfrastructuResilience is in Bristol, United Kingdom.
=~ Published by Sotirios Argyroudis 13 July 2018 - @

Fruitful meeting at the University of Bristol today discussing our research
collaboration on resilience-based bridge assessment !

Behind us the Clifton suspension bridge designed by Brunel, amazing
paradigm of long lasting bridgeworks ! #resilient #infrastructure H2020-
MSCA TRANSRISK project

T

i en
People reached Engagements paideilitind

@ You and 11 others 1 comment
1 Like () comment /> Share -
. InfrastructuResilience
= Published by Sotirios Argyroudis 11 February - @
4 DEC19

Meeting with Highways England: “University research - highway
structures - hydraulic actions & extreme weather events”

We participated in the 4th meeting organised on the 3rd of December by
Highways England, on “University research — highway structures -
hydraulic actions & extreme weather events”. Together with researchers
from the University of Southampton, University of Strathclyde, University
of Exeter, University of Bristol and representatives from Network Rail, JBA
Trust and Highways England we discussed how new research
developments on risk and resilience ment, monitoring sy and
experimental methods can be used to improve the transport assets
management and support the decision-making against hydraulic hazards.
H2020-MSCA-TRANSRISK project

highways
england

o Like () comment /> Share A

_a_ Comment as InfrastructuResilience @ © @ @

to the album 16ECEE, 18-21 June 2018, Thessaloniki, Greece
— in Thessaloniki.
June 2018 o

E . InfrastructuResilience added 4 new photos from June 2018 ***

from our participation in the 16ECEE!

P

Sotiris Argyroudis

16ECEE, 18-21 June 2018, Thessaloniki,
Greece

4 photos

70 w Boost Unavailable
People reached Engagements
. InfrastructuResilience o
= Published by Sotirios Argyroudis 11 February - @
11 SEP 19

Participation in SECED2019-H2020 MSCA project TRANSRISK

We participated in the SECED2019 conference in Greenwich, London, 9-
10 September 2019, presenting a paper on the “Fragility of bridges
exposed to multiple hazards and impact on transport network resilience”
(by Yuan V, Argyroudis S, Tubaldi E, Pr lato M, Mitoulis S) and

organised a session on “Fragility, vulnerability & infrastructure resilience”
with inspiring discussions toward “a resilient world".

People reached Engagements

O:

Figure30. Examples of posti# Facebook

37



Figure31. Examples of posts in Linkedin (continued)
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