THE UNIVERSITY OF

AUCKLAND

eeeeeeee a

NEW ZEALAND

Integration of Resilience and Risk to Natural
Hazards into Transportation Asset Management of
Road Networks: A Systematic Review

14th Aug 2023

Eduardo Allen Binet
Supervised by:
Dr. Seosamh Costello & Dr. Theunis Henning



Paper Review
Methodology

J

Integration
Requirements

S

Content

Risk and
Resilience
Modeling

Integration
Methods

THE UNIVERSITY OF

25273
AUCKLAND

N E W ZEALAND

Limitations in
state of Art
and Practice

J




Integration of Resilience and Risk to Natural
Hazards into Transportation Asset Management of

Road Networks: A Systematic Review

Eduardo Allen®*, Seosamh B. Costello?, Theunis F.P. Henning®, Alondra Chamorro?,
and Tomas Echaveguren®

*Department of Civil and Environmental Engineering, University of Auckland,
Auckland, New Zealand. Email: eall093@aucklanduni.ac.nz; ORCID:
0000-0002-9010-7033. *Corresponding Author
Department of Civil and Environmental Engineering, University of Auckland,
Auckland, New Zealand. Email: s.costello@auckland.ac.nz; ORCID:
0000-0002-8394-5442
“Department of Civil and Environmental Engineering, University of Auckland,
Auckland, New Zealand. Email: t.henning@auckland.ac.nz; ORCID:
0000-0002-0695-9541
dDepartment of Construction Engineering and Management, School of Engineering,
Pontificia Universidad Catélica de Chile, Santiago, Chile and Research Center for

Integrated Disaster Risk Management (CIGIDEN), ANID/FONDAP/15110017, Chile.

Email: achamorro@ing.puc.cl; ORCID: 0000-0001-9466-6468
¢Civil Engineering Department, Faculty of Engineering, Universidad de Concepcion,
Concepci6n, Chile and Research Center for Integrated Disaster Risk Management
(CIGIDEN), ANID/FONDAP/15110017, Chile. Email: techaveg@udec.cl; ORCID:
0000-0003-1632-5988

Publication p

Structure and
Infrastructure Engineering

Maindenance, 8
Ule-cycie Design and Performance

Current State: Accepted, editing process
DOI: 10.1080/15732479.2023.2238281

ISYSYS] THE UNIVERSITY OF

s ) AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

rocess

Authors:

®

Theunis Henning
The University of Auckland

Seosamh Costello
The University of Auckland

Eduardo Allen
The University of Auckland

Alondra Chamorro
PUC, Chile

Tomas Echaveguren
UDeC, Chile



Define research question:

i % g How can transportation resilience be integrated into transportation asset management?
o =
QJ m o -— H .
Moa c Define search words: Define database: ) ,
s 0% . o . WoS, Scopus, IEEE Define Search Filters:
an [] Risk, resilience and Transportation . , . <4
£ AN Asset Management Xplore, Science direct & English
Google Scholar
\/ —
= Scan titles of _>| Exclude paper |
N S _>ean Suitable for
o S identified papers . . e
oo @ 604 inclusion? Initial list of
c (604) Yes
2 = —P papers
2 a (161)
|
Read abstracts —P Exclude
paper
.. &
M o Suitable for
=] . .
S’o 3 inclusion?
o = e L.
s v Scan citations (Forward
w Snowballing) and reference list
Second list of of each paper (Backward
papers (53) Snowballing) (16 new papers)
; !
3 Read full text Suitable for Final I's(ts‘;f) papers
.. O g (69) inclusion?
< S =
D& <
s — < E::L:‘:re Yes > Minimum
“w 2 Review and analyze threshold?
uw © final list

Allen et al., 2023

THE UNIVERSITY OF

2527
AUCKLAND

Te Whare Wananga o Tamaki Makaurau
ZEALAND

N E W

Review

Methodology



Publications per year

THE UNIVERSITY OF

Some Statistical Analyses AUCKLAND

N E W ZEALAND

Publication Distribution per Year International collaborations

(@) o — o m < LN (o] N~ [e0] (@)] o — o
o — — — — — — — — — — o AN o
o o o (@) (@) o (@) o o o o (@) o o
N AN AN (gl (gl o (gl N (ol AN AN (gl (gl *N
Year of Publication
*: Until June Allen et al., 2023
. @© > 8authors
In 2012 and 2013, FHWA published a . © 4 zuhors <=s
ew <= authors
— series of reports entitled “Risk-based | g 1 collaboration
5 — == 2 collaborations

transportation asset management” — >= 3 collaborations




ISYSYS] THE UNIVERSITY OF

ok

How to integrate risk and resilience into
transportation asset management?



Integration
requirements and
policy guidelines

Risk and Resilience
modeling for
integrated
Transportation
Asset Management

ISYSYs)] THE UNIVERSITY OF

AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

Integration
Methods



THE UNIVERSITY OF

2527
AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

Integration
requirements and
policy guidelines



>Y®] THE UNIVERSITY OF

The Need for Integration aam) AUCKLAND

NEW ZEALAND

Moving ahead for progress in 215t century (MAP-21)
requires states to develop a risk-based asset
management (NHS) to improve or preserve the

condition of the assets and the performance of the The guidance document from the English Highway
system (Liu and McNeil, 2020) Agency explains the importance of risk management,
explains roles and responsibilities and provides policies
of risk management (Saadatmand, Gaj and Proctor, 2012)

In New Zealand, transportation agencies are
mandated by law to implement and report on risks

and management of risk to assets (varma and proctor, 2012)
The Australia Transport agency has introduced and

implemented the ISO 31000 framework as part of its
asset management program (way, 2010)

Transport Scotland (TS)’s Road Asset Management Plan (RAMP) includes a chapter on risk
management, illustrating the common use of risk management (saadatmand, Gaj and Proctor, 2012)



THE UNIVERSITY OF

Policy Guidelines/Manuals (@) AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

Transportation Risk Management:
International Practices for Program
Development and Project Delivery

NZ Transport Agency
Risk management
framework

2010-2013

Risk-Based Transportation
Asset Management:
Achieving Policy Objectives

by Managing Risks Y 7 -

American Association of State Highway
and Transportation Officials

Sponsored by:

National Cooperative Highway
Research Program

REPORT 3: RISKS TO ASSET MANAGEMENT P ) August 2012

/]:.\ International Technology
'S¥ scanning Program

HACIA UN CHILE RESILIENTE —

FRENTE A DESASTRES
JNA OPORTUNIDAD

Estrategia Nacional de Investigacion, Desarrollo e
Innovacion para un Chile resiliente frente a desastres
de origen natural

NZ TRANSPORT AGENCY

L
BB
-

“Una nacién resiliente a desastres
de origen natural es aquella que
abraza transversalmente una

X ’ cultura de resiliencia. entendida
US.Department of Transportation > o . & «como las capacidades de un
Federal Highway Administration SEPTEMBER P W \ sistema, persona, comunidad o

pais. expuestos a una amenaza
de origen natural para anticiparse.
resistir, absorber, adaptarse

y recuperarse de sus efectos

de manera oportuna y eficaz
para lograr la preservacion,
restauracion y mejoramiento de
sus estructuras, funciones basicas
e identidad” (CREDEN, 2016)

Noviembre, 2016
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Policy Guidelines/Manuals

Recommendations

Develop a risk assessment of state’s transportation
infrastructure

Strengthen existing transportation networks
Define risk management leadership (curtis et al, 2012)

Strategically expand transportation networks in order to
create redundancies (curtis et al, 2012)

A disaster data revolution is needed that involves systematic
collection on disaster risk (Henning et al., 2017)
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Benefits

Mitigate the risks asset may present to the management
of transportation networks

Identifying most fragile assets (vangetal, 2019)

Assessment of the greatest hazards based on a probability
and impact assessment (saadatmand et al., 2012)

Avoid “managing by crisis” and promotes proactive
management strategies (proctor et al., 2013)
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Table 1: Overview guidelines and standards

Title Co.u.n try of Framework Hazard Resilience & Recommendations

origin . .

analysis risk
assessment
Risk-Based Transportation As-
set Management (Saadatmand
et al., 2012b; Varma & Proc- .
tor, 2012; Saadatmand et al., United States * * *
2012a, 2013; Proctor et al.,
2013)
ISO 31000 (International Or- .
.. . International

ganization for Standardization, (1SO) ° °
2018)
Risk Management Process
Manual (Transit New Zealand, | New Zealand ) ° °

2004)

Road Transport Management
Framework and Principles | Australia ° °
(Karndacharuk et al., 2017)

Transport Scotland Road As-
set Management Plan (Trans- | Scotland ) °
port Scotland, 2016)

A Risk-based framework for
asset management (Highways | England . ° ° °
Agency, 2010)

Integrating Climate Change .
into Road Asset M N International
into Roa sse anagemen (World Bank)

(Henning et al., 2017) Allen et al., 2023
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Deterministic Approach Probabilistic Approach

Risk Priority Number Strategic importance of each asset
t t
| 1° T MCS for residuals
(125,000 maps}
— / — a3 Importance sampling
b Al - - -
RPN|= Occurrence x seveverity x Strategy 3 | oo s
Chang et al, 2020 % o | \ L Importance sampling and
; K-means clustering (150 maps)
Probability of an asset experiencing at least one extreme climate 5]
Occurence = L S c
event during its service life 5
g
b 0%
Severity = Probability of an asset experiencing failure or damage at the time of E
occurrence of the extreme climate event £
<
10° .
0 2x 10 4x 10t
(a) Travel time delay (hrs)
Conseguerice:level Jayaram and Baker, 2010
Minor Moderate Major Catastrophic
Probability level 1 2 3 4 g
- e 3 4 i Spatially Distributed Network Risk
Medium 2 2 4 6 8 g Assessment
High 3 3 6 9 12 H
Very high 4 4 8 12 i - _ dv: Decision Variable
Apy(dv) = Vf P(DV > av|IM = im) fr;(im)dim IM: Intensity Measure
) o QER™ v : Hazard annual rate (selected set of
Alberti and Fiori, 2019 * Major and O’Grady, 2010 L J ) events)
! Y Apy : Annual rate of exceedance of
Risk matrices consider the consequences to the infrastructure Fragility Hazard decision variable dv

and the probability level (associated to the Hazard likelihood)
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Performance-based Approach

.. 1
Recovery.time /\ >QO RESI/IEI’)CE LOSS:ft (100% - Q(t))dt
Uncertainty )/\ \ 0 Do & Jung, 2018;
"""""""""""""""""""""" e QO Functionality infrastructure/systems <_| |zzaddoost et al., 2021

s, — <Qq

>

Post-disaster functionality

Mean
Functionality
Loss

Uncertainty
/ Annual number of vehicles affected <—I Hazard

777777777777777 X Reconstruction likelihood
i Planning
et Uncertainy Posili AADT * 365 — ANAF - ]
m§ Mean Recovery esitiience = * *
=12 D7 R Time AADT * 365 \
M Uncertainty Herrera et al, 2017
= Vulnerability to identified consequences
tO tl tf
Time (t) Allen et al., 2023
o [o(tle?) = o(tale)
Ny (tr|e ) = ; Ve
These metrics consider the effect of natural hazards on [ (to) — ‘P(td |e )] I
infrastructure over time and allow decision makers to '
use a variety of different performance indicators e/ : disruptive event

15 @(t,) : System performance at t,



How to define and calculate resilience?

Attribute-based Approach
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Resilience could also be measured in road agencies in terms of potentials (Hollnagel et al., 2018)

Potential to respond: being able to react correctly to any threats and
hazards

Potential to monitor: monitor all signals from internal and external
environment that may affect an organization’s performance

Potential to learn: being able to draw conclusions from experience

Potential to anticipate: being able to predict future developments

and in particular potential disruptions
Hollnaget et al., 2018

These metrics evaluate the level of resilience pre-event
and are useful to diagnose various aspects of a road
network or agency organization

16

Absorptive capacity: ability of the system to absorb shocks and
stresses and maintain normal functioning

Restorative capacity: ability of the system to recover quickly following
a shock or stress and return to normal functioning

Equitable access: ability of the system to provide opportunity for
access across the entire community during a shock or stress and during
undisrupted times

Adaptive capacity: ability of the system to change in response to
shocks and stresses to maintain normal functioning

Weilant & Strong, 2019



How to define and calculate resilience?

Topology-based Approach

Comparison of two topological metrics at two

Resilience = different times (pre- and post-events)

Examples of topological metrics: network maximum eccentricity
(Schintler et al., 2007), average shortest path (Berche et al., 2009),
average node degree (Zhang et al., 2015), network size (Aydin et
al., 2018)

These metrics represent the structure of a network in a graph-
based environment. That allows decision makers to evaluate a
transportation asset’s topological structural importance within the

17 whole road network before and after disruptions

SYSYS] THE UNIVERSITY OF

ok

N E W ZEALAND

“Edge betweenness centrality is defined as the number of the
shortest paths that go through an edge in a graph network” (Girvan
and Newman, 2002)

_ Oyp; v](e)
EB(e) ZvleVZvJeV v,
i7j

1 1
'} Combination of all pair |
: of nodes that belongs to : between node vi and |, | between node vi and node
1 1
1 1

node vj ' vj which go through e l

______________________________________________________________________________

“Node Closeness Centrality is the reciprocal of the average
shorthest path distance to node n over all other reachable nodes”

Distance from n to every
other node

Shortest path distance
between v and n

______________________________



THE UNIVERSITY OF

2527
AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

Integration
Methods



THE UNIVERSITY OF

Frameworks ' AUCKLAND

Te Whare Wananga o Tamaki Makaurau

N E W ZEALAND

* Input Data

* Processes

e et )
( Chapter 2: ) _ Chapter3: h Chapter 4: Chapters 5-8:
Set the direction Align the organization Develop the TAMP Processes,

tools, systems

Service
Planning

TAMP:
Transportation

* Results & output 1
data

Develop the
change strategy

Integrate TAM into
agency culture

Asset Management
Plan

Life cycle
management

Self-assessment
and gap analysis

fnnne

Climate Demand Long-term TAM integration
Preparatory Avrfess Resz’lienc.e curue~resist¢jm.t et absor;:otive capacity analysis chang= | surge impr%vemtgnt D eﬁn_e scope of Integrate TAM into
’?ﬁrastruct\ne Hazard with knoz<'Statistical frequencies ] il e TAM in the agency business process Information
in:eszf;ry Occurrence distribution o bl denci Topollo:ical - = .
- oint probability density evolution
ingle hazard . . "
function | Establish asset Data collection
ity distributi management roles and management
Extraction of I Intensity distribution ,\J—L\ Disaster-prone area with N g g
network risk categorization technology
configuration Chronic stress .
g: lg\ Multiple hazard Single hazard analysis l adapfpion Performance mgmt
- - ' process Component fragility standards AASHTO, 2011
Designation of One type of natural hazard \_ ’)
. model
operation
mechanism \ Hazard with unknown statistical attributes
Global vulnerability analysis I— . . . .
Interface o — Red dashed lines indicate areas where risk management
(esign betweeh Vulnerability~agalysis Critical component analysis | etwork perlormance
Mfrastruct | e y_ P ok | assessment h Id b . d . h k
ihfrastructufe >
Cystomy T esiicalaizeabiiy sy} should be integrated into the framewor

rR_esilience curna=coberative capacity analysis o (Meyer et GI., 201 2)

ptimization of Commm:nty re'snhence Rest'mtabtlo'n s'trategy Potential C§talog of
restoration process considerations initialization components in fragility

Yang et al., 2019
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Risk and Resilience Indices/matrices

RPN

21

Decision making is based on the prioritization of risk
indices or matrices only. Decisions are made based on
each asset’s score

P> Risk Priority Number

(a) Critical roads
before flooding

(b) Critical roads
after 100-year flood

= Occurence x severity x significance ——

Strategic importance
of each asset

Chang et al, 2020

-0.014
-0.012
-0.010
-0.008

- 0.006

Road criticality

- 0.004

-0.002

= 0.000

Gangwal et al, 2022

IR =PrxC ———

» IR: Risk Index
* Pr: Occurrence Probability
» C: Consequences

THE UNIVERSITY OF

AUCKLAND

Te Whare Wananga o Tamaki Makaurau
N E W ZEALAND

— V = f{ESTADO,VEN}

* V: Vulnerability Index
* STATE: Condition of road infrastructure
* VEN: Vulnerability to natural hazards

C=IESXVXE

!

L

IES = {14, ISP,TMDA, JER} E=f{IE,L, L., NE}

» IES: Strategic Importance
* IA: Accessibility Index

¢ ISP: Economic Road Relevance Index

* TMDA: Traffic Index
* JER: Road Hierarchy Index

» IE: Exposition Index

* L,: Length of road link affected by natural events
* L, : Total Length of road link

* NE: Number of natural events

Echaveguren and
Sanhueza, 2011

Macro Zone Region Route IR —
North Arica and Parinacota A-15 52,8

Route 11-CH 47,7

Antofagasta Route 1 41,0
Route 21-CH 41,0
Route 23-CH 41,0 . .
B-207 29,0 Ranking of different
Route 27-CH 27,0

Atacama Route 31-CH 46,3
RO B road segments
C-35 36,6 — . . .
o a0 according to risk index

Center Valparaiso Route 68 34,7

F-30-E 310 for further
F-800 24,4 .. .

Metropolitana G25 50,0 prioritization
G-421 27,0
G-21 32,0
G-251 25,0
G-355 20,0

O'Higgins H-448 32,0 =
H-328 23,0



Cost Benefit analysis

TRi —
(BENEFITS)

Alshboul et al, 2021

j=1

(1+7)u1

U
(1 — DAi)u_1XDAi
i X 2(
u=1

Social Impacts:

1)
2)
3)
4)
5)
6)
7)
8)

Highway accidents

Emergency Access route

Tourism and indistry

Isolated locations

Traffic restrictions

Complaints

Post measure construction activities
Congestion/detour due to post-
measure work

CT;

OCT;

_|_

—yCT Congestion/detour cost (USD) incurred during
L _|—> countermeasure construction in the current

(COsT)

22

deteriorated state

Countermeasure cost in the current
deterioration state (USD)
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This method involves the combination of a
risk/resilience index change (benefit) and the cost of
each intervention

Integrated Asset Management Model

Y i Y Y

[ Definition of Risk ] [ Social Impact ] Risk Evaluation ] [ Model Validation
‘ Highway Accident |<——>| Traffic Restictions | il
Efficiency
Index
Emergency Access Route Complaints
: Congestion/Detour Due to Alshboul et aI, 2021
‘ Tocrmiars Wk st |<_ Post-Measures Work

Isolated Locations Post-Measure
Construction Activities

Highway users’ expected costs caused by highway facilities’
malfunction in service for pavements, bridges, and
dangerous slopes are defined as risk
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Thi thod is b q tochasti lvsis of . Probabilistic hazard analysis
IS Method IS based on a stochastic analysis o . Resilience assessment considers the effect of normal stressors such as normal weather and vehicles load

consequences. Decisions are made based on the +  Performance models are evaluated in a long-term period of analysis and consider annual
expected benefits they may produce deterioration/occurrence models

Uncertainty modeling Pre-event conditions Coupled effect (hazard + stressors)

- Pristine Pre-event
e Individual assessment Coupled assessment
. g H Postresponse
H =
=
ity . =} - [ S— o
Rapidity uncertainty - : : Adaptive capacity SN Cliree R
‘.’/ distribution g_ : : \ s
100 % T el e e £ g e R ey 2
gl \ U L | 1 100 =1
= Mean Resilience Loss Indicator =5 E_ L ! | coping capacity Chas Claree 5
> [} ~ N ” 5 (7] 1 1 Clygy=Cl
. g g Up) R Target Functionality g1 1 c ssnTwbRee
=4 2 E: é D Time [months] ’I-g Tmax ! Time [hours] g . T
z SIS g G Quar® e Clasec
| SIE =t 2 brec S— — 'y
g gis 3: uncertainty recovery a a | Dtgee : T~ T
s g = history band (a) t T J N
2 3 ! L sh = ol A
= e 100] g =
A —
t, S ——_ o
18 SE R s N o [ Clagee ]
=z Functionality Loss o Pristine A / d
e . . " . o T - /
_&'_3 15 uncertainty distribution 2 S \ Clash S Clorec
- 1= < t T
1S Mean Rapidity 0 Pre-event 5 © Cligec sh
B |wasecinsa e s S o D S S N £ A cl
: ey :Ee‘c 101 aRec 1
+ > £ i b Chient .. o2
ty Iy g_ 1 Postresponse T Clasn s
1 - |
Time (t) £ 1 s . Time g ClyRec,1
% 1 % Postevent i Adaptive capacity o Clasn2=Cligec 2
g i - —d
i ; :
Salem et aI., 2020 “ LI g Coping capacity e Meecy, Daec,
Time [months] ~ I S! pmax > Time [hours] tsns tsnz T
s Time
>
B
e (b)
Levenberg et al., 2016 Izzaddoost et al., 2021
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Multi-criteria Analysis

This method considers a set of different dimensions for
the decision-making process and they are integrated in
a multi dimensional index for subsequent prioritization

——p Relevance of each criterion j

Normalized rating of the

nm segment i for criterion j

8- SHE—

i,j=1

—— QOverall score of each segment i

*  The Delphi Method
. Expert Opinion
. Statistical Analysis

24

Asset Category Priority Assessment
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Scoping Phase: establish context, identify organizational goals and objectives, and identify critical assets

Identify critical asset/hazard
categories (threats)

Review databaseto identify available data (historic data on l
condition, deterioration trend, failure, and consequence)

Elicit expert opinion to establish consensus on
high-risk or critical asset categories adopting:

* TheDelphi method

*  Workshops
* Brainstorming etc.

No Required |

data

Yes

Estimate failure rates and consequences of failure: rank asset categories l
and prioritize critical or high-risk asset categories for integrated .

management |

)

Combine risk elements to

Corridor-level Risk Assessment and Prioritization !
Identify risk types: social, Identify and screen a Determine risk Establish risk
environmental, economic, || comprehensive set elements and element
or operational of risk factors characterize risk categories

Z i

Determine weights for risk

Estimate index for risk

estimate corridor risk factors and elements elements
L . .
Undertake sensitivity Estimate corridor
analysis criticality using ) threats and exposure-
® characteristics such as: vulnerability using
characteristics such as:
Rank risk alternatives € * AV

!

Select programs for
prioritization

e Detour length

¢ Redundancy and
reliability

e  Truck usage

¢ Evacuationroute

e Assetclassdensity

e Assetclass
vulnerability

¢ Public exposure

|
|
|
|
I
|
I
I
|
|
|
Estimate corridor systemic :
|
I
|}
|
|
|
|
I
|
I

Boadi, 2015
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Lack of comprehensive guidelines

Limited indirect loss models

Limitations Of the current Lack of standardised resilience and risk
state Of Art and PraCtice modelling approaches

Integration of asset pre-existing conditions
into resilience or risk assessments

Impact of climate change on natural hazard
event frequency
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